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Mismatched covalent and noncovalent templating
leads to large coiled coil-templated macrocyclesy

*

Kyla J. Stingley,i Benjamin A. Carpenter,i Kelsey M. Keanf and Marcey L. Waters

Herein we describe the use of dynamic combinatorial chemistry to self-assemble complex coiled coil
motifs. We amide-coupled a series of peptides designed to form homodimeric coiled coils with 3,5-
dithiobenzoic acid (B) at the N-terminus and then allowed each B-peptide to undergo disulfide
exchange. In the absence of peptide, monomer B forms cyclic trimers and tetramers, and thus we
expected that addition of the peptide to monomer B would shift the equilibrium towards the tetramer to
maximize coiled coil formation. Unexpectedly, we found that internal templation of the B-peptide
through coiled coil formation shifts the equilibrium towards larger macrocycles up to 13 B-peptide
subunits, with a preference for 4, 7, and 10-membered macrocycles. These macrocyclic assemblies
display greater helicity and thermal stability relative to intermolecular coiled coil homodimer controls.
The preference for large macrocycles is driven by the strength of the coiled coil, as increasing the coiled
coil affinity increases the fraction of larger macrocycles. This system represents a hew approach towards
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Introduction

Proteins form a complex array of self-assembled structures,
ranging from discrete structures such as homo- or heterodimers
to extended assemblies such as the protein filaments, keratin,
myosin, and others. De novo protein design has provided insight
into the factors that drive protein assemblies, including discrete
a-helical coiled coil*® and B-sheet assemblies.”* Higher order
supramolecular assemblies of peptides that are driven by
covalent linkage, metal templation, and noncovalent assembly,
which result in the formation of complex 1-, 2- and 3D assem-
blies with interesting materials properties, have also been
investigated.*®'>2¢

The coupling of dynamic combinatorial chemistry (DCC)*
with noncovalent peptide assembly is complementary to de novo
design as it allows for the discovery of new, often unexpected
assemblies and properties. DCC utilizes building blocks that
can reversibly react with one another via covalent bond forma-
tion to produce a dynamic combinatorial library (DCL) whose
speciation is controlled by thermodynamic stability.”” The
introduction of peptide components to a DCC system couples
covalent bond formation with noncovalent assembly to create
new and often unanticipated structures. We and others have
previously reported using this approach to create novel
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the development of complex peptide and protein assemblies.

structures.”®** Among these, globular-like assemblies have been
discovered by coupling B-turns,”®****' and nucleobases, with
DCC while fibril formation has also been observed with short
unstructured peptides and B-strand-templated DCLs via
nonspecific hydrophobic interactions and B-sheet assembly,
respectively.>*”” However, the coupling of DCC with peptides
that are designed to form discrete quaternary structures has
only been minimally explored.*®?*** To this end, we sought to
investigate how the coupling of a DCC building block to
a peptide that favors a discrete quaternary structure influences
the balance between formation of covalent bonds between DCC
monomers and noncovalent interactions between peptides to
give biomimetic peptide assemblies. Herein, we describe the
coupling of a series of peptides, which are designed to form
homodimeric a-helical coiled coils, with a DCC building block
that favors cyclic trimer and tetramer formation via reversible
covalent bond formation (Fig. 1a). When combined, these two
mismatched components, with competing driving forces to
form noncovalent dimers versus covalent trimers and tetramers,
create a new class of oligomeric macrocyclic peptide assemblies
(Fig. 1). Since the coiled coil sequences favor dimerization and
the covalent subunit prefers trimeric and tetrameric species, it
would be reasonable to expect both factors to shift the equi-
librium speciation toward the tetrameric species due to the
creation of two coiled coils (Fig. 1d). However, we find the
interplay between the covalent and noncovalent interactions
also gives rise to significant amounts of larger cyclic oligomers,
overcoming the inherent entropic preference for smaller mac-
rocycles (Fig. 1e). These assemblies represent a middle ground
between uncontrolled aggregates and defined protein
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Fig.1 Cartoon depiction of the (a) speciation of unmodified monomer
B in a dynamic combinatorial library (DCL). (b) Structure and dimer-
ization of control monomer R. (c) Speciation of B-NHep-Def mono-
mers; (d) and (e) Expected and Observed speciation of the DCL of B-
NHep libraries.

assemblies, expanding the scope of peptidic complexity of other
reported systems."** We find that the shift in equilibrium to
larger macrocycles is directly linked to the stability of the coiled
coil and that specific macrocyclic ring sizes are favored over
others. These findings demonstrate the interplay of effective
molarity, binding energy, and degeneracy that give rise to
emergent behavior that mimics the factors that contribute to
complex biological assemblies.

Results
System design

The monomer design couples a DCC building block with
a peptide designed to form a homodimeric coiled coil with the
expectation that speciation of the library and formation of the
coiled coil would be energetically coupled, resulting in novel
protein-like assemblies (Fig. 1). We chose to use 3,5-dithio-
benzoic acid, B, as the DCC building block capable of forming
reversible covalent bonds.** This building block has been
utilized previously in studies where peptides have been coupled
to the B subunit via amide coupling.*****° The two thiol groups
of B allow for disulfide formation in atmospheric oxygen, and
equilibrium is subsequently reached via thiol-disulfide
exchange. Libraries were generated by adding desired monomer
in 50 mM borate buffer (pH 8.4) and equilibrating at room
temperature for at least 7 days before analysis. Each library was
prepared at 150 pM total monomer concentration unless
otherwise noted; the concentration of monomer stocks was
determined via absorbance (Fig. S1t). Under similar conditions,
libraries of unmodified B have been shown to almost exclusively
favor trimeric and tetrameric macrocycles (Fig. 1a), as larger
rings are entropically less favorable.**** As a control, we also
investigated an analog of B, 3-thiobenzoic acid, dubbed
monomer R, which only contains a single thiol (Fig. 1b). Thus,
libraries of R will only form dimeric species and function as
a control for the influence of covalent bond formation on
effective molarity and coiled coil formation.

Homodimeric coiled coil peptide sequences were chosen
based on previously described sequence design from the
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Fig.2 (a) Helical wheel diagram depicting the coiled coil interface and
location of each amino acid position in the heptad. (b—e) Computa-
tional models of possible conformations of B, showing distances
between neighboring carbonyl carbons. (b) "All up”, corresponding to
the orientation in Fig. 1; (c), "1 down”; (d) "1,2-down”; (e) "1,3-
alternating”.

Woolfson group.”” Each peptide consists of heptad repeats
with hydrophobic residues at the a and d position to create the
dimerization interface (Fig. 2a). The placement of Ile (I) at the
a positions and Leu (L) at the d positions, in addition to a single
Asn (N) residue at one a position, has been shown to specify
parallel dimerization due to “knobs-into-holes” packing of the
hydrophobic interface coupled with buried hydrogen bonding
of the Asn residues between two peptides.>* Placing Arg (R) at
the e position and Glu (E) at the g position favors homodime-
rization through complementary electrostatic interactions.>*
The remaining b, ¢, and f positions, which do not participate in
these noncovalent interactions, were respectively populated
with Ala (A) residues to improve helicity, Glu to increase water
solubility, or Trp (W) for concentration determination. A Gly (G)
spacer on the N-terminus was incorporated between the DCC
building block B and the peptide. Structural analysis of
distances between the a positions at the N-termini of a coiled
coil (7.5 A) as well as computational analysis of the distance
between the carbonyl carbon position in the B, macrocycles
(ranging from 5.9-10.5 A, depending on the conformation)
suggests that a single Gly spacer is sufficient to allow coiled coil
formation within the macrocycles, although not all conforma-
tions orient the peptides in the same direction (Fig. 2b-e).
Previous reports have shown that de novo coiled coil peptides
exhibit length dependent affinity; 4-heptad peptides exhibit low
nanomolar affinity, 3-heptad peptides exhibit low micromolar
affinity, and so on.>>** Thus, we utilized a series of peptide
sequences coupled to monomer B that range from 1.5-heptad to
3-heptad in length, referred to as B-NHep where N is the
number of heptads, to systematically vary the strength of the
coiled coil (Table 1, Fig. S2-S57). In doing so, we were able to
vary the relative energetic contribution of the coiled coil
formation versus the covalent DCC linkage on the speciation
preference of the library. Acetyl-capped peptides (Ac-NHep)
were used as controls to evaluate the extent of folding in the
absence of covalent interactions from the DCC building blocks
(Fig. S6-S971). The 2.5 and 3-heptad peptide were also coupled to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Sequences of peptides used in these studies. NHep repre-
sents the number of heptads and Def represents defective sequences.
X is representative of an acetyl group (Ac), monomer B, or monomer R

Peptide Sequence
X-G-gabcdef-gabcdef-gabcdef-NH2

X-1.5Hep X-G-EIAALRE-ENAW-NH;

X-2Hep X-G-EIAALRE-ENAALRW-NH:

X-2Hep-Def X-G-EIAAGRE-ENAAGRW-NH2

X-2.5Hep X-G-EIAALRE-ENAALRW-EIA-NH2

X-2.5Hep-Def X-G-EIAAGRE-ENAAGRW-EIA-NH:

X-3Hep X-G-EIAALRE-ENAALRW-EIAALRE-NH:

building block R to determine the impact of a single covalent
linker on folding (Fig. S10 and S111). Lastly, we synthesized
a set of defective peptides (Ac-NHep-Def and B-NHep-Def) that
cannot form a coiled coil (Fig. S12-S15%) by replacing the Leu
residues at the d positions of each heptad with Gly (G; Table 1).
Below we describe the characterization of the speciation of
these DCLs by mass spectrometry and SDS-PAGE electropho-
resis, as well as the characterization of folding and stability by
circular dichroism (CD) spectroscopy.

Characterization of speciation by LC-MS and MALDI-TOF MS

To assess the influence of each peptide on speciation of the
DCL, we utilized LC-MS analysis to compare speciation of the B-
NHep libraries to the parent B monomer alone. The parent
compound B exhibits two peaks representing B; and B, with B;
as the major species, as has been observed previously
(Fig. S161).**** Similarly the single-thiol monomer R behaved as
expected, forming exclusively R, (Fig. S17t). Because the
peptide sequences favor coiled coil dimer formation in a length-
dependent manner, we expected that the appended peptide
would shift the library toward tetramer, allowing for the
formation of two coiled coils per macrocycle, and that the shift
towards B, would correlate with increasing peptide length.
Analysis of the B-1.5Hep library indicates the formation of B;
and B, with B; as the major species (Fig. S187), similar to B
alone. This suggests that the 1.5Hep peptide is too short to form
significantly stabilizing coiled coils that would perturb the
equilibrium, even when in a covalent complex. However, while
B-2Hep, B-2.5Hep, and B-3Hep also form B3 and B, with a shift
towards B, as expected, additional broad peaks that did not
ionize well are also observed (Fig. S19-S217). Attempts to opti-
mize the chromatography did not improve the peak resolution,
and the species giving rise to these peaks did not ionize well by
ESI-MS. In contrast, the defective B-peptide conjugates, B-2Hep-
Def and B-2.5Hep-Def form only B; and B,, similar to B-1.5Hep
and B alone (Fig. S22 and S237), suggesting that the broad peaks
are not solely due to peptide length but correlate with the ability
to form a coiled coil. Further, R-2.5Hep and R-2.5Hep-Def
libraries showed only the expected peaks for covalent dimers,
suggesting that the unidentified species are not noncovalent
aggregates (Fig. S24 and S257). Based on these data and the size
of some species reported in related systems,**** these
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unidentifiable masses were hypothesized to be large oligomers
or assemblies.

To further characterize the speciation of the libraries, we
analyzed DCLs of B-1.5Hep-3Hep and B-2.5Hep-Def by MALDI-
TOF mass spectrometry using at least 20-fold higher concen-
tration libraries to observe higher mass species (3-8 mM,
Fig. $26-S30t). We also utilized a relatively high laser intensity
to observe higher mass species, sacrificing resolution, such that
the isotopic envelopes were not resolved.'” Analysis of the peak
maxima, representing the isotope average mass, demonstrate
a difference of a single B-NHep unit between each peak (Tables
S2-S6%). This analysis indicates that B-2Hep, B-2.5Hep, and B-
3Hep all show masses up to at least By;, indicating that large
oligomers are formed in these DCLs. By contrast, B-2.5Hep-Def
only shows species up to B;, suggesting the importance of coiled
coil formation in forming higher mass species. As only B; and
B, were observed by LC-MS in the B-2.5Hep-Def library
(Fig. S23t), the presence of some amount of Bs-B; in the MALDI
data may be due to the much higher concentrations of these
experiments. While analysis through MALDI provided evidence
for the formation of higher order oligomers, it did not provide
reliable information regarding relative abundance. Thus, we
turned to gel electrophoresis to gain further insight into the
speciation of these libraries.

Coiled coils shift the equilibrium to higher mass species as
observed by SDS-PAGE analysis

To investigate the higher mass species, we used Bis-Tris SDS-
PAGE to analyze libraries of each of the B-NHep conjugates
(Fig. 3). In addition to its widespread use as a protein and
peptide visualization tool, there also is precedence of SDS-PAGE
use with complex DCC systems.”*"*"** We examined differences
in speciation of the B-NHep DCLs containing different length
peptides, along with the B-2.5Hep-Def (unable to form coiled
coils) and Ac-3Hep (lacking covalent linkages from the DCC
monomer) controls. Libraries of each peptide length were set up
at 150 uM, the same concentration used for the LC-MS.

As seen in Fig. 3, a number of discrete species were visual-
ized on the gel that were not resolved in the LC-MS traces.

1 2 3 [kDa] 4 5 [kDa] 6 [kDa]
75 = 75 - 75
50 50 - 50
- 37 - 37 - 37
- - s -
S 20 Bio - 20 - 20
Bio -5 B — -5 - 15
B,
- 10 B.,.B"--m B - 10
B ga B, B; bl o S 84 '
4 3 — 5 3
’83. - - - 2 - 5
- 2
‘ Ac-3Hep| B-1.5Hep B-2Hep B-2.5Hep B-3Hep B-2.5Hep-Def

Fig. 3 Bis-Tris SDS-PAGE analysis of libraries of monomer B with
varying peptide length (B-1.5Hep-3Hep) set up at 150 puM, shown in
order of increasing heptad length. Ac-3Hep was also included as
a mass reference. Gels were stained with Coomassie Blue for
visualization.
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Libraries showed a significant number of higher mass species
beyond B; and B,, excepting the B-1.5Hep and B-2.5Hep-Def
libraries (Fig. 3, lane 2 and 6). In accordance with the LC-MS
trace, the B-1.5Hep libraries exhibit two poorly resolved bands
in the gel, corresponding in mass to the B; and B, species (Table
S771). This indicates that the 1.5-heptad peptides, which are
expected to have the weakest coiled coil interactions, have little
impact on speciation of the DCL. The intensity of these bands
and their relatively small (1524.6 Da) mass difference makes it
difficult to distinguish, but the two separate bands can be seen
more clearly at lower concentrations (Fig. S31,f lane 1-3;
Fig. S32,T lane 3). Similarly, the B-2.5Hep-Def library also results
in bands for only B; and By, with a more intense band for B;, in
agreement with the results from LC-MS and MALDI analysis.
These controls support the importance of coiled coil formation
for the emergence of higher mass species.

Samples of B-2Hep, B-2.5Hep, and B-3Hep monomers (Fig. 3,
lanes 3, 4, 5, respectively) display multiple bands corresponding
to higher mass species in addition to the trimers (B;) and
tetramers (B,4) favored by unmodified monomer B. Thus, coiled
coil formation appears to overcome the entropic restriction to
smaller rings. Moreover, different numbers and patterns of
bands were observed depending on the peptide length. The B-
2Hep library (Fig. 3, lane 3) shows preferential formation of
a species around the B;o mass in addition to B; and By, while
the B-2.5Hep library (Fig. 3, lane 4) favors B, over B; and
exhibits a significant B, band. The B-3Hep library (Fig. 3, lane 5)
more strongly favors the formation of higher mass species than
libraries of other monomers, with a significant preference for
B,, B;, and to a lesser extent, Bs, Bg, and Byo. The Ac-3Hep
peptide, which cannot form covalent linkages, exhibits an
intense band corresponding to the monomeric peptide
(2522.4 Da; Fig. 3, lane 1).

The effect of concentration on this speciation pattern was
analyzed by equilibrating libraries at varied concentrations
(Fig. 831 and S32ft). Overall, changing the monomer concen-
tration over a range of 50 uM up to 675 pM did not cause
significant changes in speciation or relative abundance beyond
a slight increase in higher mass band intensity for the highest
concentration libraries (Fig. S31, lanes 1, 5, 9, 13; S32, lanes 1,
4, 7, 10). Given that coiled coil formation is concentration-
dependent,” this slight difference is expected. Consistent with
the MALDI data, the B-2.5Hep-Def libraries showed faint bands
for Bs-B, in addition to intense bands for B; and B, when
equilibrated at the highest concentration (Fig. S32,1 lane 13).
However, in contrast to all B-NHep DCLs designed to form
coiled coils, B-2.5Hep-Def does not exhibit preferential forma-
tion of any specific higher mass species. In sum, the SDS-PAGE
analysis demonstrates that coiled coil formation perturbs the
speciation of the DCLs in a length-dependent manner and
drives formation of higher-mass oligomers.

Speciation is thermodynamically controlled

We considered the fact that B, could be formed by the reaction
of a B; species with a B, species, resulting from a kinetic pref-
erence rather than representing an equilibrium mixture. To
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Fig. 4 Bis-Tris SDS-PAGE analysis of the parent (lane 1) and re-
equilibrated (partially reduced with 10mol% TCEP and allowed to re-
equilibrate; lane 2) 360 uM B-2.5Hep library. Ac-3Hep peptide was
included as a mass standard. Gels were stained with Coomassie Blue
for visualization.

evaluate whether the speciation of the libraries represents
equilibrium or a kinetic trap, a re-equilibration experiment was
performed using a 360 pM B-2.5Hep library which had previ-
ously equilibrated for over a month. 10 mol% TCEP relative to
total monomer concentration was added to partially reduce the
library. The library was then allowed to re-equilibrate for one
week, and both parent and re-equilibrated samples were
analyzed by gel electrophoresis (Fig. 4). Comparing the parent
and re-equilibrated library samples (Fig. 4, lanes 1 and 2
respectively), the speciation and abundance are virtually iden-
tical, indicating that the higher mass species shown are in fact
thermodynamically favored products and that the libraries in
this study are fully equilibrated.

Denaturing conditions confirm that the higher mass species
are covalent oligomers

While the SDS in Bis-Tris gels is denaturing, we wanted to
ensure that all noncovalent interactions in the libraries were
fully disrupted and that the larger mass species are covalent
oligomers. To do this, we compared our standard gel system
(Bis-Tris SDS-PAGE; Fig. S33b¥) to a gel containing 6 M urea
(Fig. S33at), which has previously been shown to be an effective
denaturing agent for a variety of parallel, dimeric coiled
coils.**” Additionally, our own CD analysis showed that adding
6 M urea thoroughly eliminated coiled coil formation for 150
uM B-2.5Hep and Ac-3Hep library samples (Fig. S34, Table S81).
The addition of 6 M urea to the gel did not cause any significant
changes to the number or resolution of bands compared to our
standard conditions, further validating that the higher mass
species are covalent oligomers.

Cyclic oligomers are formed

To confirm that these higher-mass species are cyclic, as has
been observed in other DCLs using dithiols, we treated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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equilibrated libraries with 5-iodoacetamidofluorescein (5-IAF),
a fluorescent tag capable of reacting with any remaining free
thiol. Any acyclic oligomers would contain two thiols that would
react with 5-IAF, resulting in both a shift in the mass of the
oligomer and a fluorescent signal for bands corresponding to
these species on a gel. In comparison, a cyclic macrocycle would
not contain any free thiols and would not react with 5-IAF,
leaving the library unchanged. We thus compared the fluores-
cence tagging of a library of B-2.5Hep with 5-IAF to a control
without added 5-IAF (Fig. 5). We also compared the results to
several other controls, including B-2.5Hep-Def, reduced B-
2.5Hep, and an equilibrated B-2.5Hep library with added
oxidant (sodium perborate).

All 5-IAF labeling experiments utilized equilibrated 450 pM
B-2.5Hep and B-2.5Hep-Def libraries which were then diluted to
a concentration of 360 pM library with the addition of 90 uM 5-
IAF (0.25 equivalents). Incubation of the library with 5-IAF did
not cause any measurable shifts in the bands in the Coomassie-
stained gel as compared to libraries without 5-IAF (Fig. 5, lanes
1vs. 2 and 5 vs. 6), suggesting that the bands that correspond to
B; and larger ring sizes are cyclic and thus unreactive toward 5-
IAF. The comparison between lanes 1, 2, 5 and 6 also reveals
that B-2.5Hep and B-2.5Hep-Def libraries respond similarly to
the addition of 5-IAF, indicating that closed macrocycles form
regardless of the presence of coiled coils (Fig. 5c). Fluorescence
imaging does not show labeling of any higher mass species. The
5-IAF control sample exhibits two fluorescence bands at low
molecular weights (~1.5 kDa and 4 kDa, Fig. 5b and c, lane 7).
These same two bands are the only fluorescent bands observed
when 5-IAF is mixed with B-2.5Hep or B-2.5Hep-Def (Fig. 5,
lanes 2, 4, and 6) indicating that none of the B-2.5Hep species
are labeled.

As positive and negative controls, we also investigated the
labeling of a reduced library (Fig. 5, lane 3) and an “oxidized”
library, in which sodium perborate was added after equilibra-
tion in air to ensure that the library was fully oxidized (Fig. 5,
lane 4). The reduced sample contained 2.1 equiv. TCEP, while
the fully oxidized library contained 2.1 equiv. sodium perborate.
An overlay of the Coomassie-stained and fluorescent-imaged
gels demonstrates that the reduced library (Fig. 5, lane 3)
contains labeled species at low molecular weight that are not
seen in standard conditions or in the 5-IAF control (Fig. 5, lane
7). Interestingly, a band for B; is also apparent, suggesting rapid
re-oxidation to B; after reduction with TCEP. In contrast, the
oxidized library (Fig. 5, lane 4) looks identical to the equili-
brated libraries with or without 5-IAF (Fig. 5, lanes 1 and 2),
further supporting that those libraries were fully oxidized and
contain only cyclic species.

To further validate these results, we analyzed the libraries
corresponding to the standard conditions (Fig. 5, lane 2),
reduced library (positive control; Fig. 5, lane 3), and oxidized
library (negative control; Fig. 5, lane 4) by LC-MS (Fig. S351). The
LC-MS traces of the oxidized and standard libraries were nearly
identical with no identifiable masses corresponding to new 5-
IAF labeled oligomers (Fig. S35a and ct), consistent with the
Coomassie-stained and fluorescent imaged gels showing no
labeling by 5-IAF (Fig. 5, lanes 1 and 2). The LC-MS trace of the
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Fig. 5 Bis-Tris SDS-PAGE analysis of the B-2.5Hep and B-2.5Hep-Def
450 uM libraries following reaction with 5-1AF. Gels were visualized
using (a) Coomassie blue stain and (b) fluorescent-imaging (c) overlay
of Coomassie-stained (orange, top) and fluorescent (blue, bottom)
images of SDS-PAGE analysis of B-2.5Hep and B-2.5Hep-Def libraries
following reaction with 5-IAF. Purple bands are places of overlap
(outlined with purple squares), blue bands are fluorescent bands
without Coomassie overlap, and orange bands are Coomassie bands
without fluorescent overlap. Reduced libraries contained 756 uM TCEP
(2.1 equivalents), while oxidized libraries 756 pM sodium perborate (2.1
equivalents).

reduced sample shows a mixture of unlabeled, 5-IAF-
monolabeled, and 5-IAF-dilabeled monomer (Fig. S35bf¥),
consistent with expectations based on the 0.25 equivalents of 5-
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Fig. 6 (a) CD spectra of acetylated coiled coil peptides. (b) CD spectra
of B-NHep libraries. Concentration of peptide is 150 mM, 50 mM
borate buffer, pH 8.5. Spectra measured at 20 °C.

IAF used and the appearance of overlapping Coomassie-labeled
and fluorescent bands on the gel (Fig. 5, lane 3). Taken together,
these results show that the oligomers observed in these B-NHep
libraries do not possess free thiol groups. This indicates that
large discrete macrocycles with up to 13 subunits are formed.

Effect of salt on oligomerization. Individual coiled coils are
driven by a combination of hydrophobic and electrostatic
interactions. To evaluate the contributions of these two types of
interactions to macrocycle formation, B-2.5Hep and B-2.5Hep-
Def libraries were equilibrated in sodium borate buffer with and
without 100 mM NaCl. SDS-PAGE analysis shows an increase in
higher order species with the addition of salt (Fig. S367).
Interestingly, the B-2.5Hep library maintains similar speciation
patterns as with low salt (Fig. S36,T lanes 1 and 2), suggesting
that, even in more polar solvent, specific coiled coil interactions
rather than generic hydrophobic affinity are key. Further, the B-
2.5Hep-Def libraries showed significantly less higher-mass
species than the coiled coil-forming equivalent (Fig. S36,%
lanes 3 and 4). These results suggest that stabilizing the
hydrophobic interactions in the coiled coils can further increase
favorability of large rings by further increasing the contribution
of the coiled coil formation.

Characterization of DCLs by circular dichroism (CD)
spectroscopy

The importance of coiled coil formation on speciation has been
suggested by all analyses. Thus, we used CD to characterize the
extent of coiled coil formation in the DCLs, as monomeric
peptides adopt a random coil conformation whereas binding
induces a helical structure, forming a coiled coil. a-Helical
coiled coil peptides exhibit a maximum at 190 nm and minima

4940 | Chem. Sci,, 2023, 14, 4935-4944

View Article Online

Edge Article

at 208 and 222 nm, whereas random coil structures exhibit
a minimum at about 195 nm.**

As controls for the B-NHep DCLs, we utilized acetyl-capped
peptides (Ac-NHep) to characterize the degree of coiled coil
formation in the absence of a covalent linkage and Ac-NHep-Def
peptides as negative controls for peptides that cannot form
coiled coils. An equilibrated R-2.5Hep DCL was used to char-
acterize coiled coil formation with only a single disulfide, which
exclusively forms a dimer. Thus, comparing the degree of hel-
icity of Ac-2.5Hep to the R-2.5Hep dimer and the B-2.5Hep DCL
correlates with the effect of adding a disulfide linkage and
forming a macrocycle, respectively.

As expected, Ac-3Hep-Def CD analysis shows a random coil
minimum at 198 nm (Fig. S371). Analysis of the acetylated
peptides shows that only the Ac-3Hep is able to form coiled coils
at 150 pM, whereas the shorter acetylated peptides remain
unfolded as random coils, as expected (Fig. 6a).** The 4-residue
difference between the Ac-2.5Hep and Ac-3Hep appears to have
a significant influence on folding under these conditions, in
agreement with similar sequences that have previously been
reported.®

To determine the influence of covalent templation arising
from the macrocycles formed via DCC on coiled coil formation,
we compared the CD spectra of equilibrated B-NHep DCLs with
the appropriate Ac-NHep control peptide (Fig. 6). The B-NHep
DCLs represent a mixture of species, so the CD spectra repre-
sent the average signal arising from the speciation of the library.
Comparison of the B-1.5Hep to the Ac-1.5Hep peptide indicates
that covalent templation has little effect on the extent of coiled
coil formation at this length (blue lines, Fig. 6a and b), which is
consistent with the speciation studies that show that, like
unmodified B, B-1.5Hep forms only B; and B,. However, as the
peptide length increases, coiled coil formation is stabilized in
the B-NHep peptides (Fig. 6b). This is consistent with increased
effective molarity of the covalently linked peptides and has been
observed in other covalently templated coiled coils.>>*¢ B-
2.5Hep exhibits the greatest improvement in folding/binding
relative to Ac-2.5Hep, indicating that it is the most coopera-
tive at this concentration. In contrast, B-3Hep only exhibits
a modest increase in folding relative to Ac-3Hep because Ac-
3Hep forms a dimer in the absence of a covalent linkage at this

30000
25000
20000 «~
15000 ™
10000
5000
0
-5000190
-10000
-15000

B-2.5Hep

====-R-2.5Hep

MRE (deg*cm#dmol)

Wavelength (nm)

Fig. 7 CD spectrum comparing R-2.5Hep and B-2.5Hep. Concen-
tration of peptides is 150 puM, scans taken at 20 °C in 50 mM borate
buffer, pH 8.5. DCLs were equilibrated for at least 7 days.
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Fig. 8 CD spectrum comparing B-2.5Hep from 20-200 uM,
demonstrating lack of dependence on concentration. Scans taken at
20 °C in 50 mM borate buffer, pH 8.5. DCLs were equilibrated for at
least 7 days.

concentration. As expected, the B-2Hep-Def and B-2.5Hep-Def
samples (Fig. $S38 and $397) remain random coil in the context
of the library, indicating that increased effective molarity alone
is incapable of inducing coiled coil formation.

To determine whether the formation of macrocycles in B-
NHep influences the extent of coiled coil formation, we
compared the helicity of the B-2.5Hep DCL to that of the R-
2.5Hep disulfide-linked dimer. Overlays of the CD spectra are
virtually identical, indicating that the templation effect in the
acyclic R-2.5Hep dimer is equivalent to that in the mixture of
cyclic species formed in the DCL of B-2.5Hep (Fig. 7). Impor-
tantly, this observation confirms that coiled coil formation is
optimized in the DCL.

Taken together, the CD data suggests a scenario in which the
magnitude of the coiled coil interaction, as defined by its
length, and the effective molarity due to covalent bond forma-
tion, are maximized in B-2.5Hep to give the greatest improve-
ment in folding due to maximized cooperativity. If the inherent
strength of the coiled coil interaction is too low, as in B-1.5Hep,
the covalent linkage will have little effect and if the coiled coil
interaction is too strong, as in B-3Hep, the covalent linkage is
not necessary to induce folding.

To complement the urea denaturation gel experiments, we
measured the concentration dependance of the CD spectrum of

1.00

0.80 B-3Hep
s = = = Ac-3Hep
3 B-2.5Hep
S 0.60 — = =R-2.5Hep
| =3
S
£ 0.40
©
frn

0.20

0.00

0 20 40 60 80 100

Temperature, °C

Fig. 9 Melting curve for Ac-3Hep (purple dashed), B-3Hep (dark
purple), B-2.5Hep (red), and R-2.5Hep (black dashed). Measurements
taken at 222 nm, 150 uM equilibrated samples.
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B-2Hep, B-2.5Hep and R-2.5Hep from 30-200 mM (Fig. 8, S40,
and S41%) to verify that helicity arises from intramolecular
interactions. If coiled coil formation is intermolecular, it would
be expected to be concentration dependent. However, no
change in the CD spectrum was observed, consistent with
folding being driven by intramolecular interactions in the B-
NHep peptides.

Thermal denaturation studies

To evaluate the effect of covalent linkage on the stability of the
coiled coil assemblies, thermal denaturation experiments were
run on the DCLs by monitoring the MRE signal at 222 nm over
a range of temperatures. Melts were performed on Ac-3Hep, B-
3Hep, and B-2.5Hep, as each exhibit significant folding at room
temperature, as well as the R-2.5Hep to compare dimer to
oligomer folding. The B-3Hep library is the most thermally
stable (Fig. 9) with a Ty > 60 °C, which is a ~30 °C shift in Ty
relative to Ac-3Hep. Interestingly, the B-3Hep library appears to
exhibit another thermal transition between 5 °C and 35 °C,
which may arise from different thermal stabilities of different
species in the library. Comparison of the melting curves of B-
2.5Hep and R-2.5Hep indicates that the coiled coil stability of
these two libraries is virtually identical (Fig. 9). This suggests
that, on average across the species, macrocyclization does not
template coiled coil formation any better than the single
disulfide bond in the R-2.5Hep dimer. Furthermore, the simi-
larity between Ac-3Hep and B-2.5Hep suggests that covalently
linking the 2.5-heptad peptide through disulfide linkages
stabilizes the coiled coil approximately as much as adding a half
of a heptad in length (Fig. 9).

(a) Even-numbered macrocycles

Fig. 10 Cartoon depiction of the proposed dynamic multivalency in
macrocycles with (a) even and (b) odd numbers of monomers. Dashed
lines show intramolecular coiled coil formation between peptides.
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Discussion and conclusions

This investigation demonstrates that an interplay between the
mismatched energetic preferences of reversible covalent (a DCC
monomer) and noncovalent components (coiled coil peptides)
leads to complex behavior. Rather than resulting in the simplest
outcome - templation of tetramer B, through formation of two
coiled coils-the equilibrium is shifted to a series of macrocyclic
species from B, up to By;, despite the entropic cost of forming
larger macrocycles. In addition to By, there is also a notable
preference for the B, macrocycle, which is unexpected as an
odd-numbered macrocycle prevents all peptides from having
a binding partner. The importance of the coiled coil formation
in these species is evident by the significant differences in the
abundance and range of higher mass covalent assemblies
between the B-2.5Hep and B-2.5Hep-Def DCLs (Fig. 3), corre-
lating with increased helicity compared to the acetylated control
peptides. Concentration dependence studies support that the
macrocyclic species are intramolecularly templated. These data,
in addition to the fluorescent-labeling experiments (Fig. 5),
identify the higher mass species as discrete, internally tem-
plated macrocycles.

CD analysis of libraries containing these larger macrocycles
does not reveal any significant change to helicity compared to
the dimeric R-NHep controls (Fig. 7), indicating that the
peptides access similar coiled coil dimer structures within the
context of the B-NHep libraries. The thermal denaturation data
indicate increased stability of the coiled coil in B-NHep libraries
when compared to the corresponding acetylated peptides
(Fig. 9) and nearly identical denaturation to the R-NHep dimer
(Fig. S4071). These data demonstrate that the macrocyclic cova-
lent linkages stabilize the coiled coils due to the higher effective
concentration of the peptides from the covalent linkages.
However, the similar degree of helicity in the B-NHep macro-
cycles as in the R-NHep dimers indicates that formation of
higher-mass macrocycles is not driven by an increase in coiled
coil formation beyond that of a simple dimer.

As the degree of helicity is no different in the R-NHep dimer
versus B-NHep DCL, suggesting that larger macrocycles are not
driven by better-templated coiled coils, we considered other
factors that may stabilize larger macrocycles. One possibility is
that in a small macrocycle, the environment is too crowded or
the orientation of the B-monomers is unfavorable for optimal
coiled coil formation, driving the equilibrium towards larger
macrocycles to optimize coiled coils. An additional source of
stability may come from dynamic multivalency, which is known
to contribute to the binding interactions of some intrinsically
disordered proteins.”””® In such protein-protein interactions,
dynamic multivalency arises when there is more than one
degenerate binding epitope that can bind to a single partner
protein. Similarly, in B-macrocycles reported here, the ability to
form multiple degenerate folded states may provide an addi-
tional driving force for forming large macrocycles. Coiled coils
are known to have rapid folding and unfolding rates.®® Thus,
each peptide likely exists in a rapid equilibrium of dimeric
partners with the peptide on either side. This results in
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increased dynamic multivalency as ring size and peptide
components in the ring increase. Making the simplifying
assumption that the peptides can only form coiled coils with
adjacent peptides and that each coiled coil is energetically
identical, this dynamic multivalency results in each macrocycle
having at least two enthalpically degenerate states in even-
numbered macrocycles, resulting in a more entropically
favored assembly (Fig. 10). Odd -numbered rings can exist in
more than 2 degenerate states due to the presence of an
unpaired peptide (Fig. 10b), increasing their entropic favor-
ability. Furthermore, specific macrocycles may be favored due
to optimization of intramolecular interactions within the
aromatic core, as it has been shown that such disulfide-linked
macrocycles can take on specific folded structures mediated
by m-m stacking between the subunits.***“** Furthermore,
cross-macrocycle coiled coils between non-adjacent monomers
may also be possible. Together, these combined factors
contribute to the increased stability of large macrocycles.

In summary, we describe the coupling of mismatched
covalent and noncovalent templation that results in emergent
behavior beyond the individual preferences of each component.
Although the peptide forms coiled coil dimers, differences in
conformational preferences of different ring size that influence
interactions between neighboring peptides as well as dynamic
exchange between coiled coils within the covalent macrocycle
may provide an additional driving force for assembly into larger
rings. The size and speciation of the macrocycles correlates with
the length, and hence extent of folding and binding, of the
coiled coil peptides, resulting in a greater shift towards higher-
mass species with more stable coiled coils. Moreover, specific
ring sizes are favored over others, presumably due to other
conformational preferences. The outcome of this mismatched
templation is access to discrete yet complex protein-like
assemblies not readily accessible using other methods."* The
changes in assembly based on heptad length and coiled coil
stability suggest a wealth of novel behavior still to be accessed,
given the broad array of coiled coil designs that can be incor-
porated. Work towards exploring this line of inquiry is currently
underway.
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