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Abstract: Coiled coils (CCs) are powerful supramolecular
building blocks for biomimetic materials, increasingly used for
their mechanical properties. Here, we introduce helix-inducing
macrocyclic constraints, so-called staples, to tune thermody-
namic and mechanical stability of CCs. We show that
thermodynamic stabilization of CCs against helix uncoiling
primarily depends on the number of staples, whereas staple
positioning controls CC mechanical stability. Inserting a cova-
lent lactam staple at one key force application point signifi-
cantly increases the barrier to force-induced CC dissociation
and reduces structural deformity. A reversible His-Ni**-His
metal staple also increases CC stability, but ruptures upon
mechanical loading to allow helix uncoiling. Staple type,
position and number are key design parameters in using helical
macrocyclic templates for fine-tuning CC properties in emerg-
ing biomaterials.

Coiled coils (CCs) are naturally occurring, intertwined
helical structures in proteins important for gene expression
(e.g. transcription factors) and mechanical function (e.g.
extracellular matrix and cytoskeleton proteins).'! CCs are
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supercoils formed from two to seven a-helices with a highly
repetitive sequence motif of seven amino acids (heptads),
designated abcdefg (Figure 1 A).) Amino acids at positions
a and d typically form a hydrophobic core, while charged
amino acids at e and g positions direct CC formation via ionic
interactions. The solvent-exposed positions b, ¢ and f'are well-
suited for modifications without affecting the overall CC
structure.’! Synthetic CC sequences and structurally related
helical assemblies serve as tunable scaffolds for condensation
reactions®” or functional group transfer’! as well as for
molecular switches that sense receptor binding® or the local
ionic strength.”! In recent years, the mechanical properties of
CCs have enabled their application as building blocks for

A gabcdef gabcdef gabcdef gabcdef

EIAALEQ EIAALEK ENAALEW EIAALEQ GGC
KIAALKQ KIAALKY KNAALKK KIAALKQ GG
EIAALEQ EIAALEK ENAALEW EIKALED GGC
KIAALKQ KIAALKY KNAALKK KIKALKD GG
EIAALEQ EIAALEK ENAALEW EIHALEH GGC

) C AexBs

F
B, Ay - =
Ay
+F A - d:—»
AuB, *,éj—’

Figure 1. Coiled coil design. A) Peptide sequences. For immobilization,
Cys was inserted at the C-terminus of the A, peptides and the N-
terminus of the B, peptides. B) Staple design. A helix-inducing macro-
cycle was formed via amide bond formation between Lys and Asp side
chains (X) or via Ni*" coordination to two His residues (H). C) AFM-
SMFS experiments. Each peptide was coupled to the surface via Cys
and the dimeric coiled coil was subjected to shear force (F).
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biomimetic hydrogels,”™ protein origami structures,” artificial
membrane fusion domains!"”! and molecular force sensors.""
To tune the mechanical properties of synthetic CCs, a detailed
understanding of their sequence-structure-mechanical rela-
tionships is crucial. We have recently shown that the helix
propensity of the solvent-exposed amino acids affects the
mechanical stability of a 4-heptad CC heterodimer when
applying a shear force at two opposing termini.'"! Further,
molecular dynamics simulations have shown that CC hetero-
dimers and heterotrimers respond to the applied shear force
with helix uncoiling."*! Simulations with constrained dihedral
angles caused the CC chains to dissociate in helical con-
formations. As the helices remained folded, chain dissociation
occurred at smaller extensions, but required higher forces.!*!
Here, we show that introducing helix constraints (Figure 1),
so-called staples, can also stabilize CCs in experiments and
provide control over their thermodynamic, kinetic and
mechanical properties.

Peptide stapling is a well-established strategy for inducing
a stable a-helical structure in short single-chain peptides.*!”!
Stapling utilizes ionic interactions, for example, Glu-Lys,'
metal-coordination, for example, His-[Metal]**,!'”) or more
robust helix-stabilizing covalent bridges.'*'>1® The partici-
pating amino acids are often introduced in an i —i + 4 spacing
to efficiently constrain one o-helical turn.[415a.16.17.180d.5e]
Stapled peptides were initially developed for investigating
a-helix nucleation, folding and stability."*'®! Peptide stapling
has started to be used for drug development, as helical
constraints improve target binding, resistance to proteases
and, in some cases, cell-penetration.’*<**4) While stapling is
well-established for individual helices, it has been applied
much less to helix assemblies. A few examples show a positive
effect of stapling on the thermodynamic stability of
CCsP-8¢10.18¢e.197 and other helix bundles.”” Here, we establish
that controlled stapling enhances CC stability to mechanical
load. We initially introduced a covalent lactam staple into
a CC heterodimer and characterized the effect of stapling
with atomic force microscope (AFM)-based single-molecule
force spectroscopy (SMFS). Specifically, we focused on
varying the staple position with respect to one force
application point (Figure 1) and compared the extent of
mechanical and thermodynamic stabilization. We further
examined the consequence of replacing the lactam staple with
a reversible metal coordination bond to obtain molecular
insights into the response of stapled CCs to mechanical load.

As a model system, we used the well-established hetero-
dimeric CC A B, (Figure 1). A B, displays a high thermody-
namic stability (T, = 81°C and Kp, < 1.0 x 107'° M at 20°C?!)
and a low dissociation rate (k,;=3.2x107*s™" at 25°Cl),
Despite high overall stability, A,B, has a region of low helix
propensity at the C-terminus of the A, chain®! (Figure S1).
With the goal of maximizing CC stability, we inserted
a covalent Lys,—Asp,,, lactam staple!"*®®! (Figure 1B;
Figures S2, S3) in the solvent-exposed b and f positions of
the C-terminal heptad of A, (As). Another motivation for
stapling at the C-terminus was the observation that C- rather
than N-terminal staples have a larger effect on helix
nucleation and thermodynamic stability."*'®! The stapled
CC was mechanically probed in a shear loading geometry,
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choosing the stapled C-terminal heptad of A as one force
application point in combination with the N-terminal heptad
of B,. To define the force application points, we introduced
a Cys residue® at the C-terminus of A and at the N-
terminus of B, (Figure 1). In the A xB,loading geometry, the
staple is expected to display the largest effect on CC
mechanical stability. As the least helical part of the CC is
stabilized directly at the force application point, we expect
increased resistance to uncoiling and chain separation. To
investigate design principles for heptad stapling, we relocated
the staple to the C-terminus of B, (Figures S4, S5) while
maintaining the force application points (A4B,x). Further, we
investigated the possible synergy of two stapled termini
(A4xByx)- Lastly, we replaced the covalent lactam staple with
a reversible His-Ni’**-His bridge® 7"l across the b and f
positions of the C-terminal heptad of A, (A4B,; Figure 1B;
Figure S6).

To examine the effect of stapling CC heptads, we first
characterized the structure and thermodynamic stability of all
stapled and non-stapled CC-forming peptides, as well as the
resulting heterodimeric CCs with circular dichroism (CD)
spectroscopy. CD spectra showed higher helicity for the
individual lactam-stapled peptides Ay and Bsx (88% and
85%) than for the corresponding unstapled peptides A4 and
B, (31 % and 65 %; Figure STA). A, was largely unfolded with
a minimum at 205 nm, shifting to prominent ellipticity
minima at 208 and 222 nm after stapling in Ax. B, showed
typical minima for a-helical CCs, indicating a tendency to
form homodimers,* ! which was further enhanced upon C-
terminal stapling (Byx).

Inserting the lactam staple also increased helix stabiliza-
tion of the CCs, although less dramatically than for individual
chains (Figure 2 A). For the parent CC A;B, and all stapled
CCs the ratio of the mean residue molar ellipticity [@]ygg at
222 nm and 208 nm is greater than 1 (Table 1), suggesting
formation of stable CCs.¥! At 23°C, a single lactam staple in
either the A or B chain led to a 4 % increase in overall helicity,
while combining them fortified the CC bundle helicity by
about 8%. Covalent stapling also affected the thermody-
namic stability. For singly stapled CCs, A B4 and A;B,x, the
melting temperature T, increased from 77°C (A4By4) to 81°C
and 83°C (Table 1; Figure S10; Table S1), respectively. When
both CC-forming peptides were stapled (AuxBux), T
increased from 77°C to > 95°C, suggesting that two staples
have more than an additive effect. The reversible His-Ni**-
His staple induced higher structural stability in the Ay
peptide, increasing helicity by ~10% upon addition of Ni*"
(Figure S8A). However, the helicity and 7, values for the
Ni*"-complexed CC A B did not increase beyond that of the
parent CC A,B, (Figure 2B, Table 1, Figure S10). It should be
noted that A,yB, was measured in non-coordinating PIPPS-
buffered saline (PIPPS-BS), whereas phosphate-buffered
saline (PBS) was used for the lactam-stapled CCs. The
parent CC A B, showed only small differences in the helicity
and T, when measured in these different buffers (Table 1;
Figures S9, S10).

To investigate the mechanical stability of stapled CCs,
SMEFS was performed (Figure 1 C). As CC chain separation in
shear geometry is loading rate-dependent,®1>% force-exten-
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Figure 2. Circular dichroism spectra of stapled coiled coils. A) Spectra
of the lactam-stapled CCs AxB,, A;B,x and A,B, as well as the parent
CC A,B,. All spectra were measured in PBS (pH 7.4, 23°C). B) Spec-
trum of the His-containing CC A,,B, in the absence and presence of
Ni?* (150 uM NiCl,) in PIPPS-BS (pH 7.4, 23°C). The reducing agent
tris (2-carboxyethyl) phosphine (TCEP) was added in all measurements
to prevent disulfide bond formation.

Table 1: Thermodynamic, kinetic and mechanical parameters obtained
using CD spectroscopy and AFM-based SMFS.

Coiled coil [Olure 222/ Tem F Ax kot
[Olurez0s  ((O)F (PN)[b] (nm) (s7)[

A,B, (PBS) 1.05 76.9+09 28.4 1.77 1.08x107°
AuB, (PBS) 1.09 81.1+£00 419 138 1.04x10™*
A.B. (PBS) 1.05 83.1+£1.0 334 153  596x10~*
AuBax (PBS) 1.1 >950 402 150 4.36x10°
A,B, (PIPPS-BS)  1.01 803402 245 177 1.46x107
A,.B, + Ni*" 1.04 78.94+0.7 34.0 1.90 3.08x10°°
(PIPPS-BS)H

[a] Mean =+ standard error of the mean (n=3 independent measure-
ments). [b] Most probable rupture force for one example data set,
measured at a retract speed of 400 nms™". All values for the extracted
most probable rupture forces and their corresponding loading rates are
shown in Table S2. [c] Ax and k. obtained from a Bell-Evans fit to all data
points (n=3; statistical analysis in Sl). [d] For CD, 150 uM NiCl,; for
SMFS, >500 pM NiCl,.

sion curves were measured at six different cantilever retract
speeds in three independent experiments. Representative
force-extension curves (Figure S11) and rupture force histo-
grams (Figure 3A), measured at 400 nms~', show that all
lactam-stapled CCs have a higher rupture force than the
parent CC A B,. Insertion of the staple directly at the point of
force application (A B,) increased the rupture force by
15 pN (Table S2). When the staple was located in the
complementary helix (A B,), only a 7pN increase was
observed. If both helices were stapled (A xByx), the increase
in rupture force was comparable to A,B, (13 pN). This was
the first indication that heptad stapling affects thermody-
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Figure 3. AFM-based SMFS of lactam-stapled coiled coils. A) Rupture

force histograms, obtained at a retract speed of 400 nms™".

B) Dynamic SMFS data, from three independent experiments, were
fitted to the Bell-Evans model (solid and dashed lines). All measure-
ments were performed in PBS (pH 7.4, 23°C).

namic and mechanical stability of CCs differently, and that
synergistic effects of multiple staples may be overruled by
local helix stabilities at the point of force application.

To obtain the force-free dissociation rate k,; and the
distance to the transition state Ax, the most probable rupture
forces F and the most probable loading rates r=dF/dt were
extracted (Figures S12-S15; Table S2) and the data were
fitted to the Bell-Evans model™' (Figure 3B; Table 1). All
lactam-stapled CCs displayed a significantly different
response to the applied force when compared to A By, as
determined by a Peacock test (Table S3; Figure S18). Specif-
ically, the presence of a lactam staple decreased k,; while
simultaneously making the structure less deformable (re-
duced Ax). This is consistent with our earlier simulation
results with constrained dihedral angles, where we observed
higher rupture forces at the cost of reduced extensibility.'*"!
Comparing the two CCs with one lactam staple, the position
of the staple appears to be crucial. The effect of the staple was
larger when it was inserted directly at the force application
point (AxB, vs. AB,x). However, the significant stabilizing
contribution of stapling the complementary helix (A Byx)
highlights that local helix stability is allosterically transmitted
to the partner helix across the hydrophobic interface. Stapling
both peptides (A,xBsx) did not further increase the mechan-
ical stability (Table S3; Figure S18). In combination, these
results reveal critical differences between thermodynamic
and mechanical consequences of heptad stapling. While
thermodynamic stability was insensitive to staple location in
either the A, or B, helix, mechanical stabilization was larger
when the staple was located at the force application point.

Angew. Chem. Int. Ed. 2021, 6o, 232236
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Interestingly, insertion of two staples synergistically increased
the thermodynamic stability of the CC, but did not further
enhance mechanical stabilization. While these results validate
our rational design approach for the specific CC chosen,
limitations are that the observed amount of stabilization at
the force application point may depend on peptide sequence
and staple position. In this work, the helix stabilizing Lys;,—
Asp,,, lactam bridge was used at the C-terminus, as it is the
terminus with the lower helix propensity (Figure S1). Further,
the lactam staple is more effective at the C-terminus than at
the N-terminus!"®7 due to its unique helix stabilizing mecha-
nism."® To generalize our finding that a staple is most
efficient when inserted directly at the force application point,
different CC sequences and more effective N-terminal staples
could also be tested.

For the specific sequence used here, the reduction of Ax
supports our hypothesis that A,B, chain separation in shear
geometry initiates with helix uncoiling at the C-terminal force
application point, followed by dissociation of partially
uncoiled chains perpendicular to the force axis.* Inserting
the lactam staple at the weakest point shifts the location of
initial uncoiling to a different, originally more stable, position
in the structure. This directly increases the energy barrier to
dissociation (lower k), accompanied with a smaller toler-
ance to deformation (reduced Ax). To increase the versatility
of CC stapling and to further test this hypothesis, we replaced
the covalent lactam stapled Lys; and Asp;, , residues in A4 with
metal-stapled His; and His,,, residues (A,q). In non-coordi-
nating PIPPS-BS, the rupture force of A B, increased by
~7 pN in the presence of Ni** when compared to the parent
CC A B, (Figure 4 A; Figure S16, S17; Table S2). A decrease

m AB,
B AyyB, + NiZ

Frequency

60 80
Rupture force (pN)

B 60-
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Figure 4. AFM-based SMFS of the His-Ni*"-His stapled coiled coil in
PIPPS-BS. A) Rupture force histogram (retract speed 400 nms™).

B) Dynamic SMFS data (n=3) fitted to the Bell-Evans model (dashed
lines). Ni**: >500 uM NiCl,.
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in k. was observed, similar to the lactam-stapled CC, A xB,
(Figure 4B; Figure S19). In contrast to AxB,, however, Ax
was not reduced when compared to the non-stapled parent
CC A,B, (Table 1; Table S4). These results highlight that the
metal staple most likely breaks as a result of the applied force.
Forces between 40-300 pN were reported for interactions
between Ni>*-NTA and His,-tags,”® but less force is required
here as only one imidazole-Ni*" bond needs to be broken.
Forced rupture of the reversible staple explains the lower k.,
as additional energy is required to break a metal-His bond.
Once the staple is open, CC uncoiling can proceed as in the
absence of the staple. This interpretation is consistent with
previous experiments where two His-Ni*"-His staples were
inserted into A4B,, one at each force application point. These
previous experiments also showed a reduced k., combined
with a small, insignificant reduction in Ax.[

In summary, staple insertion is a robust strategy to
enhance the thermodynamic, kinetic and mechanical stability
of heterodimeric CCs. While the presence of two staples
synergistically increased the thermodynamic stability of the
stapled CC, no such effect was observed when the CC was
exposed to mechanical force. Considering the previously
established force-induced chain separation mechanism, we
propose that the applied force probes the weakest point in the
CC structure. Constraining the least stable part increased the
rupture force and reduced the force-free dissociation rate by
one order of magnitude. Both the lactam staple and the
reversible metal staple increased the energy barrier to
uncoiling-assisted dissociation to a similar extent, but the
force-induced chain dissociation pathway was different. The
His-Ni**-His staple opened up when force was applied and
allowed helix uncoiling from the force application point,
whereas the covalent staple most likely shifted CC uncoiling
to a different position in the CC structure. In the future,
testing different staple positions with respect to the force
application point, comparing effective staples at the C- versus
N-terminus and inserting multiple staples into the same helix,
can help to further define the effect of helix stabilization on
CC mechanical stability. From a biological perspective, these
findings make it conceivable that ionic interactions located in
i—i+ 4 spacing also increase local helix stabilities in naturally
occurring CCs and may define the regions that uncoil with
higher probability in response to axial forces. Helix-inducing
staples appear to be excellent tools for tuning the mechanical
stability of CCs to enable a diverse range of applications. In
particular, metal staples can be reversibly formed in situ and
may thus be employed for tuning CC nanomechanical
building blocks, for example as crosslinks in biomimetic
hydrogels.
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