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nanomaterials, and protein folding is a versatile basis for
preparing such materials. Previous work demonstrated a
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by one of two subtly different organic linkers (one flexible and
the other rigid). Herein, we investigate the molecular basis for this observation by isolating a single subunit of the supramolecular

ABSTRACT: Modular assembly of bio-inspired supramolec- . 'I‘I’
ular polymers is a powerful technique to develop new soft A”\jj)\N’\/H\n/\,e’ Cg)i‘%ﬂ
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significant difference in the physical properties of closely

related supramolecular polymers composed of building blocks

in which identical coiled-coil-forming peptides are cross-linked

polymer chain and probing its structure and conformational flexibility by double electron—electron resonance (DEER)
spectroscopy. Experimental spin—spin distance distributions for two different labeling sites coupled with molecular dynamics
simulations provide insights into how the linker structure impacts chain dynamics in the coiled-coil supramolecular polymer.

H INTRODUCTION linker (Figure 1).>"** The linker, based on either an

Supramolecular polymers are a class of materials characterized ethylenediamide (EDA) or piperazine (PIP) core, connects

by their polymerization through noncovalent interactions ]

. ¢ L. A self-assembling supramolecular polymer
(hydrogen bonding, metal chelation, hydrophobic interactions, subunit
etc.) as opposed to classical polymers that are connected §
through covalent bonds.' ™ Compared to classical polymers,
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supramolecular polymers can be more readily disassembled by S0 e 6|«
external stimuli,z’4 leading to their use in the design of oS as
environmentally responsive “smart” materials for various " ‘ “,
applications including analytical devices, regenerative medicine H
pp ) g‘ 4_)';( 4 .g 4 S\)LN/\/N\H/\S EDA linker
and organic electronics. Understanding the fundamental H 5 (flexible)
relationship between chain dynamics and macroscopic proper- o or
ties of supramolecular polymer materials is essential to their S\)LN/\I
ongoing use in such applications. N

gomng . PP . ~ N s=Cys) PIPlinker
One promising approach to the construction of supra- o (rigid)

molecular materials involves the use of protein—protein bindin

interactions as the noncovalent forces that drive assembly.9’1 Figure 1. A subunit building block consisting of two a-helical coiled-

In such work, the a-helical coiled-coil folding motif has shown coil-forming peptide sequences can spontaneously self-assemble to

itself to be particularly valuable. The coiled coil is a protein form a supramolecular polymer. The structure of the organic linker
p Y ’ . - p that connects the chains has a significant effect on assembly properties.

quaternary structure made up of short a-helical peptides that

assemble into supramolecular bundles.'’ The sequences that

give rise to these assemblies can be designed with fine control the two peptide domains via solvent-exposed Cys residues. The
over oligomerization state, stability, and topology of the folded EDA and PIP linkers separate the peptide chains by the same
structure.””™"® Prior work has shown that supramolecular number of atoms, but they differ in rigidity (EDA has three
polymers can be prepared from appropriately designed subunits additional freely rotatable bonds compared to PIP). Despite the
containing coiled-coil-forming peptides. Both hollow'” and close structural similarity of subunits based on these two linkers
solid nanofibers” have been prepared using building blocks that (only two added CH, groups in a 8 kDa macromolecule), the
are either strictly peptidic’®'® or made up of multiple chains supramolecular materials formed by each showed very different
connected by an organic linker.2*?! physical properties. Specifically, a subunit based on the PIP
We have recently reported an approach to coiled-coil
supramolecular polymers based on the programmed self- Received: June 6, 2014
assembly of subunits composed of two ~4 kDa coiled-coil- Revised:  July 24, 2014
forming peptides linked at their midpoints by a simple organic Published: July 24, 2014
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linker gave rise to assemblies with a larger apparent
hydrodynamic diameter than a related subunit with the same
peptide domains appended to EDA.*' These results suggest
that linker rigidity is an essential parameter for controlling
supramolecular polymer structure.

An unanswered question in the above-described work is the
physical basis for the different impact of the PIP and EDA
linker structure on the formation of coiled-coil supramolecular
polymers. From first principles, the PIP linker would be
expected to give rise to stiffer supramolecular chains; however,
this hypothesis is difficult to test directly. Underlying this
challenge is the need to obtain precise measurements of the
conformational distributions of the cross-linked subunits in the
context of a supramolecular assembly. In an effort to probe
these characteristics in greater detail, we utilized DEER
spectroscopy, a type of pulsed electron spin resonance (ESR)
spectroscopy that allows interspin distances to be measured.
The DEER method is capable of measuring distance
distributions in the range of 1.5—10 nm,”>~%6 making it
potentially well suited to probe the structure in protein-based
supramolecular polymers.

B EXPERIMENTAL SECTION

Synthesis of Peptides 1-5 and 10—12. Peptides were
prepared by Fmoc solid-phase peptide synthesis” manually
using a MARS microwave reactor (CEM), in automated fashion
on a Tribute synthesizer (Protein Technologies), or a
combination of both. NovaPEG Rink Amide resin was used
as the solid support. Standard automated couplings were
carried out with S equiv of Fmoc amino acid and 4.9 equiv of 2-
(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3,-tetramethyluronium
hexafluorophosphate (HCTU) in a solvent of 4.4% N-
methylmorpholine in N,N-dimethylformamide (DMF). Stand-
ard microwave couplings were carried out with 5 equiv of Fmoc
amino acid, 4.9 equiv of HCTU, and 7.5 equiv of
diisopropylethylamine (DIEA) in N-methyl-2-pyrrolidinone. A
solution of 20% 4-methylpiperidine in DMF was used for Fmoc
deprotection.

Fmoc-Ahx-OH was incorporated using the standard
automated protocol with benzotriazol-1-yl-oxytripyrrolidino-
phosphonium hexafluorophosphate (PyBOP) in place of
HCTU, and the next two residues were double-coupled.
TOAC was incorporated as the free amino acid using the
standard microwave protocol but with PyBOP in place of
HCTU and double the reaction time. The residue following
TOAC was activated as the acid fluoride®® and subjected to 2—
3 coupling reactions for extended times using microwave
coupling conditions to ensure complete acylation of the highly
hindered N-terminal amine. Acetylation of the peptide N-
terminus was carried out on resin by treatment with 8:2:1 by
volume DMF/DIEA/Ac,O. N-terminal modification with 4-
acetamidobenzoic acid was carried out on resin using standard
microwave coupling conditions but with bromotripyrrol-
idinophosphonium hexafluorophosphate (PyBrOP) in place
of HCTU.

Peptides were cleaved from resin using a solution of
trifluoroacetic acid (TFA) and scavengers for 3—6 h. Scavenger
cocktails were as follows (all ratios by volume): TFA/H,0/
ethanedithiol (EDT)/triisopropylsilane (TIS) in a ratio of
92:3:3:1 for peptides 1, 2, and 4; TFA/H,0/anisole/TIS in a
ratio of 91:3:3:3 for peptide §; TFA/H,0/EDT /anisole/TIS in
a ratio of 90:3:3:3:1 for peptide 10; and TFA/H,0/TIS/
anisole in a ratio of 85:5:5:5 for peptides 11 and 12. Thiol
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scavengers were omitted in cleavage of nitroxide-containing
peptides to avoid an irreversible side reaction.”

Crude peptides were precipitated by addition of ice-cold
ether, centrifuged into a pellet, and purified by preparative
reverse-phase HPLC on a C18 column (Phenomenex) using
gradients between water and acetonitrile with 0.1% TFA. For
peptides containing nitroxides, 10% (v/v) aqueous ammonium
hydroxide was added to regenerate the radical prior to HPLC
purification.””*° Peptides 11 and 12 were further purified by
ion exchange chromatography on a Mono Q 5/50 GL column
(GE Healthcare) using a gradient between 20 mM ammonium
formate, pH 7.7 and 0.5 M ammonium formate, pH 7.7.
Peptide 3 was prepared by reaction of the Cys residue in
purified peptide 2 with (1-oxyl-2,2,5,5-tetramethylpyrroline-3-
methyl)methanethiosulfonate (MTSSL). A S0 uM solution of
peptide 2 was prepared in 50 mM phosphate, 300 mM NaCl,
pH 6.5S; the solution was cooled on ice, and MTSSL was
added to a final concentration of 500 yM. After 20 min, the
mixture was purified by preparative HPLC. The identity and
purity of the final products were confirmed by MALDI-MS and
analytical HPLC, respectively. Peptide stock concentrations
were determined by UV—vis spectroscopy using the extinction
coefficients listed in Table S1, Supporting Information.

X-ray Crystallography. Peptide 4 was crystallized by
hanging drop vapor diffusion. A stock solution of peptide in
water (10 mg/mL) was mixed (0.7 yL + 0.7 uL) with a
crystallization buffer composed of 0.2 M sodium citrate tribasic,
0.1 M sodium cacodylate (pH 6.5), and 30% (v/v) isopropanol
and allowed to equilibrate at room temperature over a well of
0.7 mL of crystallization buffer. A single crystal of 4 was flash
frozen in liquid nitrogen after cryoprotection in a well buffer
containing 30% (v/v) glycerol. Diffraction data were collected
using Cu K, radiation on a Rigaku/MSC diffractometer (FR-E
generator, VariMax optics, Raxis HTC image plate detector)
equipped with an X-Stream 2000 low-temperature system
operated at 100 K. Raw diffraction data were processed with
d*TREK. The structure was solved by molecular replacement
using a published structure of the dimer formed by peptide 1
(PDB 4DMD) as a search model. Refinement was carried out
using the Phenix software suite®’ and manual model building
performed with Coot.** Data collection and refinement
statistics are given in Table S2, Supporting Information.

Synthesis of Linker 7. To a stirred solution of PIP (421
mg, 4.9 mmol, 1 equiv) in 4 mL of chloroform at 0 °C were
simultaneously added via addition funnels 1.05 mL of
iodoacetyl chloride (14.7 mmol, 3 equiv) in S mL of
chloroform and 1.68 g of K,CO; (12.25 mmol, 2.5 equiv) in
S mL of water. The solution was allowed to warm to room
temperature and stirred 2 h. The organic layer was isolated by
extraction, concentrated, and purified using column chroma-
tography (50% ethyl acetate in acetone). Fractions containing
the product were concentrated, redissolved in chloroform, and
filtered. The filtrate was concentrated and dried under vacuum
to afford the product as a pale yellow solid (0.451 g, 1.07 mmol,
22% yield). "H NMR (400 MHz, DMSO-d;): 5 3.92 (d, J =
11.6 Hz, 4H), 3.47 (m, 8H). *C NMR (100 MHz, DMSO-d,):
0 166.7,166.5, 46.0, 45.8, 41.2, 41.1, —1.2, and —1.4. HRMS m/
z calculated for CgH;,ILN,0, [M + H]*: 422.9067; found
422.9078.

Synthesis of Subunits 8, 9, 13, and 14. A fresh 2 mM
stock solution of linker 6 (synthesized as previously
described*") or linker 7 was prepared in DMF. Cys-function-
alized peptide (2 or 10) was dissolved at 100 uM concentration
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in 25 mM phosphate buffer at pH 7 and heated to 60—70 °C.
An aliquot of linker (0.1 equiv) was added every 15 min until
five aliquots had been added, for a final linker concentration of
50 uM. After addition of the final aliquot, the reaction was
allowed to continue for another hour and then quenched by
addition of 1:1 water/acetonitrile with 0.1% TFA. The solution
was concentrated by centrifugation through a 3 kDa cutoff
filter, diluted with ~10 mL of water, and then recentrifuged to a
final volume of ~2 mL. Subunits were purified by preparative
reverse-phase HPLC on a C18 column using gradients between
water and acetonitrile with 0.1% (8 and 9) or 1% TFA (13 and
14). The identity and purity of the final products were
confirmed by MALDI-MS and analytical HPLC, respectively.
Subunit stock concentrations were determined by UV—vis
spectroscopy using the extinction coeflicients listed in Table S1,
Supporting Information.

Double Electron—Electron Resonance (DEER) Spec-
troscopy. DEER experiments were performed on either a
Bruker ElexSys E580 or a Bruker ElexSys E680 X-band FT/CW
spectrometer equipped with a Bruker ER4118-MDS or
EN4118X-MD4 resonator, respectively. The sample temper-
ature was regulated using an Oxford ITCS03 temperature
controller and an Oxford CLT650 low-loss transfer tube. For
each measurement, ~150 uL of the appropriate sample was
transferred into a 3 mm inner diameter quartz tube, flash frozen
in liquefied methylacetylene-propadiene and propane (MAPP)
gas, and inserted into a sample cavity precooled to 80 K. The
four-pulse DEER experiments were carried out using a pulse
sequence of (77/2)v,-7,-(7)v,-T-(7)vs-7,- (7)1, -T1-echo.®® The
pump frequency v, was set at the maximum of the nitroxide
spectrum. The observer frequency v, was offset by ~70 MHz.
The lengths of the (7/2)v, and (7)v, pulses were 16 and 32 ns,
respectively. The (7)v, pulse was set to 16 ns. Step sizes of 8
and 16 ns were used to measure shorter and longer distances,
respectively, for 128 data points. Deuterated solvent and
glycerol-dg were used to increase the phase memory time of
samples that were expected to give longer distances. Raw DEER
data were analyzed using the DEERAnalysis2013>* software.
Given the scope of the present work, where general features of
the distance distributions were needed, we analyzed the data
assuming a Gaussian distance distribution. Although model-
dependent, such fits improve the reliability of the analysis.**
The use of Gaussian models also facilitates comparison of
trends in closely related samples and minimizes artifacts arising
from low signal-to-noise, which can complicate data inter-
pretation.

Circular Dichroism (CD) Spectroscopy. CD measure-
ments were performed in 1 mm quartz cuvettes on an Olis
DSM 17 CD spectrometer. All buffer components were
syringe-filtered through a 0.22 um pore filter prior to use.
Scans were acquired at 20 °C in the range of 200—260 nm with
a 2 nm bandwidth, 1 nm increment, and S s integration time.
Thermal melts were measured at 222 nm with a 2 nm
bandwidth and a 2 min equilibration at each temperature. All
samples were baseline-corrected with buffer blanks measured in
the same cuvette. Thermal melts were fit to a two-state
unfolding model using GraphPad Prism.

Molecular Dynamics (MD)-Aided Modeling of Capped
Subunits. MD simulations were performed using the
GROMACS 4.6.3 software package® and the AMBER99sb-
ildn force field.** Amber-compatible force field parameters for
the EDA and PIP linkers capped with thioethyl groups (EDA-
Et, and PIP-Et,) were prepared using Antechamber®” and
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acpype.®® Three separate simulations of the linkers were
performed, one for EDA-Et,, one for PIP-Et, with the two
amide carbonyls pointing in the same direction (cis-PIP-Et,),
and one with the two amide carbonyls pointing in opposite
directions (trans-PIP-Et,). The two different starting con-
formers of PIP were run separately because tertiary amide
isomerization is not effectively sampled on the time scale of the
simulations. Each system was first energy-minimized for 500 ps,
equilibrated at 298 K in the NVT ensemble for 100 ps, and then
equilibrated at 298 K and 1 atm in the NPT ensemble for 100
ps. Simulations were run for 500 ns in explicit water with the
TIP3P model® at 298 K and 1 atm. A Langevin thermostat was
used for temperature control and a Berendsen barostat for
pressure control.

We prepared coiled-coil models to append to the two ends of
the above set of linker conformers from the published structure
of residues 1—-30 in the dimer formed by peptide 1 (PDB
4DMD). Coordinates for TOAC in an a-helix** were modified
to include a virtual atom at the midpoint of the nitroxide N—O
bond and incorporated in place of residues 4 and 11 in one
chain of the dimer. Residue 14 in the other chain was mutated
to Cys, with the side-chain rotamer set as one of the two most
probable. Residues near the newly introduced Cys were
changed to Ala. All side chains other than those listed above
were removed. The above procedure generated two models (A
and B), each a dimeric coiled coil doubly labeled with TOAC
on one helix. The models differ only in the rotamer of the Cys
that will be the point of attachment to the linker.

Capped subunit models were generated using a set of
custom-written PyMOL scripts. Coiled-coil models A and B
above were first combined with the three different linker
conformational ensembles (10,000 frames each) to generate
nine sets of capped subunit structures: EDA-A,, EDA-AB,
EDA-B,, cis-PIP-A,, cis-PIP-AB, cis-PIP-B,, trans-PIP-A,, trans-
PIP-AB, and trans-PIP-B,. Thioethyl groups at each end of the
linker were replaced with a coiled coil by overlay of Cys C,, Cy,
and S, atoms in the peptide with the corresponding atoms in
the linker. The models were combined based on the core linker
structure to generate three capped subunit ensembles (EDA,
cis-PIP, trans-PIP). The ensembles were filtered to remove
structures with steric clashes, defined as peptide backbone C,
atoms coming within S A of one another or van der Waals
overlap*' involving any pair of atoms.

The resulting ensembles were then filtered further to identify
structures consistent with the observed DEER data. A model
was accepted only if TOAC—TOAC spin—spin distances for
both labeling sites fell within one standard deviation of the
most probable distance observed in the DEER experiment.
Because the N-terminal labeling site for the PIP linker gave a
bimodal distribution in the experiment, capped subunit models
based on PIP were divided into two sets (subsets 1 and 2).
Conformational ensembles for cis-PIP and trans-PIP linkers
were combined to generate the three conformational ensembles
shown in Figure 9 (500—1000 frames were selected at random
for each panel): EDA, PIP (subset 1), and PIP (subset 2). The
fraction of steric-clash-free models accepted as being consistent
with the DEER data by the metrics described above were 43%
for EDA, 83% for PIP (subset 1), and 3% for PIP (subset 2).

B RESULTS AND DISCUSSION

Design, Synthesis, and Characterization of a Spin-
Labeled Homodimeric Coiled Coil. Our first goal was to
identify how best to introduce an unpaired electron for ESR
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spectroscopy into the dimeric coiled-coil peptide (1) that is the
basis for the supramolecular polymer assemblies. A widely used
method for modifying peptides and proteins with spin labels is
the introduction of nitroxide functional groups.*”*’ The
nitroxide functionality is most commonly incorporated into
expressed proteins via the covalent modification of a cysteine
residue with the thiol-reactive reagent MTSSL (termed “site-
directed spin labeling”).**™* In synthetic peptides, nitroxide
functionality can also be introduced through incorporation of
unnatural monomers, such as the a,a-disubstituted cyclic amino
acid TOAC.*” TOAC offers the advantage over MTSSL of
significantly enhanced rigidity. This rigidity enables ESR
measurements to report more directly on backbone structure
and dynamics than in the case of MTSSL-modified Cys, where
side-chain conformational freedom can complicate data
interpretation.*® Drawbacks of TOAC as a spin label include
difficult synthesis and the possibility that the unusual topology
of the amino acid will disrupt folding. In the context of a coiled
coil, the latter issue should not pose a problem due to the high
helix propensity of TOAC.*

We synthesized and characterized two spin-labeled mutants
of peptide 1, bearing either MTSSL-modified Cys or TOAC
(Figure 2). In peptide 2, a Ser;; — Cys mutation is made at the

Ac-RMKQLEDKVEELLSKNYHLENEVZ—\P‘{LKKL\I]GER-NHz (1)
Ac-RMKQLEDKVEELLCKNYHLENEVARLKKLVGER-NH; (2)
Ac-RMKQLEDKVEELLPKNYHLENEVARLKKLVGER-NH, (3)
Ac-RMKQLEDKVXELLSKNYHLENEVARLKKLVGER-NH, (4)
ABA- RMKQLEDKVZELLSKNYHLENEVARLKKLVGER NH; (5)

Yy fi
\/q ol Ahx (X)

MTSSL-modified
Cys (p)

TOAC ()

Figure 2. Sequences of peptides 1—S (ABA = 4-acetamidobenzoyl N-
terminal cap; Ac = acetyl N-terminal cap) and structures of unnatural
amino acid residues MTSSL-Cys, Ahx, and TOAC.

solvent-exposed outer surface of the dimer. Modification of the
newly introduced thiol with MTSSL vyields MTSSL-Cys-
functionalized peptide 3. On the basis of analysis of the
published crystal structure of peptide 1,°%°" we identified Glu,,
as a possible site that would tolerate the steric bulk of a TOAC
residue without disrupting the a-helical fold. In order to test
this hypothesis, we first examined peptide 4, in which Glu,, is
replaced by Ahx, a simplified analogue of TOAC.* We grew
diffraction-quality crystals of 4 and solved its structure to 1.8 A
resolution. Comparison of the native and mutant crystal
structures (Figure 3) shows that the coiled-coil quaternary fold
is unperturbed by the cycloalkane backbone modification.
Encouraged by the above observations, we synthesized a
mutant of 4 with a TOAC in place of Ahx,, (peptide S).
With two spin-labeled mutants of peptide 1 in hand, we
performed DEER measurements to compare MTSSL-modified
Cys (peptide 3) and TOAC (peptide S) as probes for
elucidating the structure in the coiled-coil quaternary fold. Both
labeled peptides gave most probable spin—spin distances in the
DEER experiments that were in close agreement with models
(Figure 4). Overlay of published coordinates of the MTSSL-
modified Cys residue from an a-helix in a small protein®> on
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Figure 3. (A) Overlay of the crystal structures of peptide 1 (PDB
4DMD) and peptide 4 (PDB 4TL1). (B) Close-up views of Glu,o and
Ahx;, from the structures of 1 and 4 and a model of the TOAC,,
residue in S.

A peptide 5

TOAC) boPided 10
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® ) & e’ =4
b9 238 { i D \ 4
A I 8 0 RS 195 T\
\‘, = nm )
‘ 9 [ J
peptide 3 peptide 5
(MTSSL-Cys) (TOAC)

Figure 4. DEER data obtained for peptides 3 and 5. (A) Background-
subtracted time domain signals (inset, solid) fit with Gaussian
functions (inset, dashed) and distance distributions resulting from
the fit (main graph). Samples were 100 M peptide in 10 mM HEPES
buffer, pH 7 and 20% v/v glycerol. (B) Predicted spin—spin distances
for the dimers formed by 3 and S based on the structural data for
peptides 1 and 4.

the Sery, residues in the structure of 1 gave a predicted spin—
spin distance for the coiled coil formed by peptide 3 (2.36 nm)
that was in excellent agreement with experiment (mean of 2.40
nm and standard deviation of 0.26 nm). Similar replacement of
the Ahx, residues in the dimer formed by peptide 4 with
published coordinates of TOAC in an a-helix context of a small
peptide* leads to a predicted spin—spin distance for the coiled
coil formed by § (1.95 nm) that also matches well with
experiment (mean of 1.87 nm and standard deviation of 0.07
nm).

Consistent with prior work,*® the use of TOAC yields a
dramatically narrower DEER distance distribution than the
conformationally mobile MTSSL spin label. This difference is
readily apparent in qualitative comparison of the raw time
domain signal for the two peptides (Figure 4A), where at least
four full periods are observed for peptide S versus only one for
peptide 3. On the basis of the above observations, we selected
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the TOAC spin label to explore chain dynamics in the coiled-
coil supramolecular polymers. The TOAC mutation does not
appear to impact the ability of sequence 1 to form its native
dimeric fold. Importantly, the standard deviation of the distance
distribution is sub-A, which should ensure that the observed
distributions in supramolecular assemblies maximally reflect
their conformational preferences.

DEER Analysis of Capped Subunits Based on
Homodimeric Coiled-Coil Peptides. The thiol group in
Cys-functionalized peptide 2 was reacted with symmetric bis-
iodoacetamide linker 6 or 7 to produce subunits 8 and 9

(Figure S), which are the fundamental building blocks of our

B [ (P [ I I
Ac-RMKQLEDKVEELLCKNYHLENEVARLKKLVGER-NH, (2)

s\)L
subunit 8
(cross-linked by EDA)

O,
subunit 9
Figure S. Peptide 2 was used in combination with linker 6 or 7 to

(cross-linked by PIP)
prepare cross-linked subunits 8 and 9.

o
l\)LN/\/N
H o o
eptide 2
pep H,0 / DMF, 65°C

I /\ (o]
_0>_N\—/N—<—|
7

eptide 2
pep H,O / DMF, 85°C

recently reported coiled-coil supramolecular polymers (Figure
1).>' We found in prior work that mixing the cross-linked
subunit with a non-cross-linked analogue (e.g., peptide 1) leads
the latter to serve as a capping group, adhering to ends of the
supramolecular chain.®’ We sought to capitalize on this
observation to compare the influence of the two different
linkers in 8 and 9 on chain dynamics in the supramolecular
polymers that they form upon self-assembly.

We mixed TOAC-labeled peptide § with cross-linked subunit
8 or 9 in a ratio intended to give a statistical distribution of
products: a homodimeric coiled-coil formed by §, a “capped
subunit” where two copies of 5 associate with a single cross-
linked subunit, and larger oligomers (Figure 6A). On the basis
of our prior observations, we anticipated the 2predommant
species in solution would be the capped subunit.”" The larger
oligomers should involve nitroxide—nitroxide distances beyond
the range accessible by DEER, and the homodimeric assembly
formed by 5 was characterized above. Thus, we hypothesized
that any difference that we saw in the ESR data for mixtures of
5 + 8 and 5 + 9 could be attributed to differences in how the
organic linkers display the coiled-coil domains.

The DEER data upon mixing spin-labeled probe peptide $§
with cross-linked subunit 8 or 9 are shown in Figure 6B,C. We
anticipated a bimodal distribution centered at two distances, a
short ~1.9 nm spin—spin separation corresponding to the
homodimer formed by $§ and a longer separation of ~4—5 nm
corresponding to the capped subunit. Initial DEER experiments
were carried out with an acquisition time of ~2.5 us in an effort
to observe both predicted distances; however, a period
corresponding to the longer spin—spin separation was not
observed in either sample. In order to obtain a more definitive
measure of the shorter distance, we repeated the experiments
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Figure 6. (A) Possible assemblies that can be formed in a mixture of
TOAC-labeled peptide S with subunit 8 or 9. (A) Background-
subtracted DEER time domain signals (solid) fit with Gaussian
functions (dashed) and (B) the distance distributions resulting from
the fit. Samples were 100 uM capping peptide S and a 33.3 uM
subunit (8 or 9) in D,O with 10 mM HEPES buffer, pH 7 and 20% v/
v glycerol-dj.

with a shorter acquisition time (~1 ps). The result for both
samples was a single Gaussian distribution with an average
distance of ~1.9 nm. We interpret this result as suggesting that
the equilibrium composition of the mixtures has very little of
the desired capped subunit (5 + 8 or 5 + 9). Instead, we believe
the mixtures favor two other species, the homodimer formed by
5 and longer supramolecular polymers of 8 or 9 capped at their
ends by S. Strong evidence for the presence of the homodimer
of § is apparent in the similarity between the observed distance
distributions for the binary mixtures and the data for § alone
(Figure 6C). We infer the presence of longer supramolecular
polymers based on the lower signal-to-noise for the binary
mixtures compared to that for § alone (Figure 6B versus Figure
4A); spins trapped in longer chains would not contribute to the
DEER signal due to the very long interspin distances.

The deviation of the equilibrium mixtures away from the
desired capped subunit may be a result of an increase in coiled-
coil folded stability upon TOAC incorporation. The homo-
dimer formed by 5 showed an unfolding temperature midpoint
(T,) at 71 °C in CD thermal denaturation experiments,
compared to 62 °C for wild-type peptide 1 (Figure SI,
Supporting Information); we reason that the heterodimer
formed by S + 1 resides somewhere between these values. This
difference in folded stability may be sufficient to skew the
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expected statistical product distribution that we observed
previously when 8 or 9 was mixed with 1.*!

Although it may be possible to increase the population of the
desired capped subunit by tuning experimental conditions, the
above analysis suggested a solution that would be more general,
devise a system where the coiled-coil heterodimerization
leading to the capped subunit is more favorable than either
of the other two possible homodimerization events.

DEER Analysis of Capped Subunits Based on
Heterodimeric Coiled-Coil Peptides. We adapted a pair
of previously reported heterodimeric coiled-coil sequences from
the literature based on peptide 1 for the selective assembly of
capped subunits (Figure 7).”> The peptides ACID,, and

Ac-AQLKKKLQALKKKNAQLKWKLQALKKKLAQ-NH, (BASE,,)
ABA-AQLKKKLQALKCKNAQLKAKLQALKKKLAQ-NH, (10)

Ac-AQLEKELQALEKENAQLEWELQALEKELAQ-NH, (ACID,,)
ABA-AQLEKELQELEKENAQLEAELQALEKELAQ-NH, (11)
ABA-AZLEKELQALEKENAQLEAELQALEKELAQ-NH, (12)

R
0 + () = @
RO WA -

peptide 10 peptide 11 or 12 10+11 or 10+12
heterodimer
C 2 H
I\)LN/\/N\n/\I o
. H 6 (o} H
peptide ______° ~ o S\)LN/\/N\H/\S
10 H,O / DMF, 65°C H o
subunit 13
(cross-linked by EDA)
1 /. QO
—O>—N\_/N—<_I . o
: 7 7N\
peptide —>—N N—<_
10 H,0 / DMF, 65°C o -/ s

subunit 14
(cross-linked by PIP)

Figure 7. (A) Sequences of peptides 10—12 (X = TOAC; ABA = 4-
acetamidobenzoic acid as an N-terminal chromophore cap). (B)
Sequences were designed with electrostatic interactions that favor
selective formation of heterodimeric assemblies. (C) Peptide 10 was
used in combination with linker 6 or 7 to generate cross-linked
subunits 13 and 14.

BASE,; have a similar hydrophobic core composition as
sequence 1, but they differ in residues at the periphery of the
interhelical interface of the coiled-coil as well as the solvent-
exposed outer surface. In BASE,,, eight lysine residues are
introduced at positions flanking the coiled-coil interface in the
folded state to generate a highly cationic sequence. Peptide
ACID,, is identical to BASE,,, but the lysine residues are
replaced with glutamic acids to produce a highly anionic
sequence. As a result of the above mutations, homodimeriza-
tion of either sequence is disfavored by charge repulsion, and
the heterodimeric assembly is stabilized by a network of
complementary electrostatic interactions.

We prepared three peptides (10—13) based on the ACID,,,/
BASE,; sequences for use in the selective assembly of a capped
subunit for DEER analysis. We introduced a Cys mutation into
BASE,, at a position corresponding to the cross-linking site in
peptide 2 to generate peptide 10. We modified the ACID,,;
sequence with TOAC at two different positions to generate
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peptides 11 and 12. The other differences between 10—13 and
the parent ACID,,;/BASE,; sequences are mutation of Trp;, to
Ala and the incorporation of 4-acetamidobenzoic acid as a
chromophore and N-terminal cap. These alterations were made
to facilitate concentration determination and aid in the
preparation of mixed samples with accurate stoichiometry.
Analysis of the folding behavior of 10—13 by CD suggests that,
by analogy to the known sequences on which they are based,>®
the 10 + 11 and 10 + 12 heterodimers are more stable than any
of the corresponding homodimeric coiled coils (Figure S2,
Supporting Information).

We reacted peptide 10 with linker 6 or 7 to produce subunits
13 and 14. These two subunits were combined with the two
different TOAC-functionalized capping peptides 11 and 12 to
produce four binary mixtures (Figure 8A). In these four

A

> 2 i
H
EDA O
H o)
O
11+13 (EDA linker) o g 12+13 (EDA linker)
11+14 (PIP linker) PIP 12+14 (PIP linker)
B
: 12+13
—12+14

I(t)

A stmampr NV A

T T T T T 1 T ¥ T . T v 1
00 05 10 15 20 25 0 1 2 3
Time (psec) Time (psec)
C 11+13 12+13
—11+14 —12+14
o
) v |} v I v ) L}
2 3 4 5 6 2 3 4 5 6

Distance (nm) Distance (nm)

Figure 8. (A) The major species formed upon mixing of capping
peptide 11 or 12 with subunit 13 or 14. (B) Background-subtracted
DEER time domain signals (solid) fit with Gaussian functions
(dashed) and (C) the distance distributions resulting from the fit.
Samples were 100 M capping peptide (11 or 12) and 50 M subunit
(13 or 14) in D,0 with 10 mM HEPES buffer, pH 7 and 20% v/v
glycerol-dy.

samples, the identity of the linker and the placement of the
nitroxide spin label were systematically varied. On the basis of
the preferential heterodimer formation observed upon mixing
10 with 11 or 12, we reason that the desired capped cross-
linked subunit should be the dominant species in solution in
each case. The DEER data obtained for the binary mixtures
(Figures 8B,C and S3, Supporting Information) were of much
higher quality than the statistically controlled homodimer
system. Both the placement of the TOAC label and the identity
of the linker influenced the distance distribution obtained. With
spin-label placement near the cross-linking site (peptide 11 as
the capping sequence), the EDA and PIP linkers gave similar
most probable distances at ~4.2 nm; however, the more rigid
PIP linker gave a wider distribution. When the spin label was
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placed near the N-terminus (peptide 12 as the capping
sequence), the PIP linker exhibited a bimodal distribution
with peaks centered at around ~4.2 and ~2.3 nm, while the
EDA linker showed a single broad distribution at ~4.2 nm. We
chose to use a double Gaussian model to fit the data for 12 +
14 as two modulation periods were observed in the DEER
signal; truncation of the data preserves the proportions of the
bimodal distribution. The other three samples fit well to a
single Gaussian distance distribution. Analysis of the data for 12
+ 13 by Tikhanov regularization (Figure S3, Supporting
Information) indicated the possibility of a small population
with a spin—spin distance of ~2.3 nm; however, the impact of
suppressing this peak on the quality of the fit was small,
suggesting a minimal population at most.

MD-Aided Modeling of Capped Subunits. In an effort
to gain additional insights into the structure and dynamics in
the supramolecular polymers from the ESR data, we carried out
MD-aided modeling to identify capped subunit models
consistent with the experimental DEER distance distributions.
Our approach began with thorough sampling of possible
conformations available to each linker alone. We performed
separate 500 ns MD simulations on the EDA and PIP linkers
with a simple thioethyl moiety attached to the ends. We
extracted a random subset of structures from those trajectories
and appended coiled coils derived from the known structure of
peptide 1 to either end. The resulting ensemble was then
filtered to remove frames containing steric clashes involving the
newly introduced peptide chains. In a final step, we selected for
models in each ensemble that matched the experimental DEER
distributions within a standard deviation of the most probable
distance for both labeling sites. Because the DEER distribution
for the PIP linker and N-terminal labeling site was bimodal, we
generated a separate set of structures corresponding to each
peak.

Using the above method, we obtained a representative
ensemble of ~1000 models (at ~4 nm) and ~500 models (at
~2.3 nm) for the capped subunits formed by 1 + 8 (EDA
linker) and 1 + 9 (PIP linker). It is important to note that while
the structures generated sample the conformational space
accessible to the supramolecular assemblies based on each
linker, they are not true equilibrium distributions. Our
approach focused on fine atomistic detail in the linker regions
and coarse steric-exclusion effects arising from the two coiled
coils being attached in close proximity. We chose the simplified
method over more rigorous simulation of the full system due to
the computational demands imposed by the latter. The above
limitations notwithstanding, there are valuable structural
insights to be gained from modeling informed by the ESR
experimental data.

In order to visualize dynamics in the supramolecular polymer
chain, we focused on the relationship between the backbone C,
atom of Ser), in the two outer helices of the capped subunit
(Figure 9A). This position would correspond to the site of
cross-linking to the next coiled coil in a larger supramolecular
assembly. The most significant difference in the experimental
DEER data for capped subunits based on the two linkers was
observed when a spin label was incorporated near the N-
terminus (Figure 8). The EDA linker showed a unimodal
distribution with a most probable spin—spin distance of ~4 nm,
while the PIP linker gave rise to a bimodal distribution with
peaks centered at ~4 and ~2.3 nm. The capped subunit models
for both linkers with a distance between the N-termini of ~4
nm show a random relative orientation of the two coiled coils
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EDA

PIP

Figure 9. (A) Model of a capped subunit with Ser,, residues on the
outer helices shown as orange spheres. (B—D) Representative
ensemble for a capped subunit with an EDA linker (B) or a PIP
linker (C,D). For each panel, models are superimposed based on one
of the two coiled coils (cartoon), and the position of the second coiled
coil is indicated by a single orange sphere, the point of attachment to
the next link in the supramolecular polymer chain. (E) Simplified
schematic showing different chain stiffness in the supramolecular
polymers based on the EDA versus PIP linker.

and a wide distribution of possible ways that the supra-
molecular polymer chain can progress at the junction. By
contrast, the shorter ~2.3 nm distance between N-termini
observed for the PIP linker corresponds to a set of structures
where the two coiled coils are oriented roughly parallel and the
positioning of cross-linking sites on the outer helices is severely
restricted.

We hypothesize that the subpopulation of PIP-linked coiled
coils with restricted motions along the chain would propagate
the polymer in approximately the same direction at each such
subunit, thereby increasing the chain stiffness and persistence
length (Figure 9E). For the EDA linker, the relative positioning
of cross-linking sites is more randomly distributed, giving rise to
a supramolecular chain capable of forming more compact
structures with shorter persistence length. The above analysis
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provides direct structural explanation as to how small
differences in linker rigidity in cross-linked subunits 8 and 9
can propagate along the supramolecular polymer chain.

B CONCLUSIONS

In summary, we have reported here the application of DEER
spectroscopy to probe the structure and chain flexibility in
supramolecular polymers based on coiled-coil-forming peptide
domains bridged by small organic linkers. Our results provide
insights into how subtle changes to linker flexibility can
influence the relationship between adjacent coiled coils in the
supramolecular polymer chain. The key experimental consid-
erations necessary to obtain high-quality ESR data bearing on
these questions was the use of the rigid nitroxide spin label
TOAC in a system of peptides that is capable of highly selective
self-assembly to form a capped subunit with minimal
contamination by other species in solution.

Our results reveal that a linker with fewer rotational degrees
of freedom appears to stabilize a folded population of cross-
linked coiled coils with N-termini of adjacent dimers in close
proximity. MD simulations, guided by the experimental DEER
data, suggest a structural picture as to how this population of
conformers stiffens the supramolecular polymer chain, giving
rise to a larger apparent hydrodynamic diameter without an
accompanying increase in chain length. Our findings show how
very small changes in covalent structure of a self-assembling
subunit (addition of two CH, groups to an 8 kDa monomer)
can have a pronounced effect on the physical properties of a
chain formed upon supramolecular polymerization of that
subunit. Moreover, these results highlight the value of DEER
spectroscopy for elucidating complex dynamics in designed
protein-based materials.
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Coordinates and structure factors for peptide 4 have been
deposited in the PDB under accession code 4TL1. Figures S1—
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diffraction data, circular dichroism thermal melts, circular
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