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Dynamic noncovalent interactions are pivotal to the structure and
function of biological proteins and have been used in bioinspired
materials for similar roles. Metal-coordination bonds, in particular,
are especially tunable and enable control over static and dynamic
properties when incorporated into synthetic materials. Despite
growing efforts to engineer metal-coordination bonds to produce
strong, tough, and self-healing materials, the systematic character-
ization of the exact contribution of these bonds towards mechani-
cal strength and the effect of geometric arrangements is missing,
limiting the full design potential of these bonds. In this work, we
engineer the cooperative rupture of metal-coordination bonds to
increase the rupture strength of metal-coordinated peptide
dimers. Utilizing all-atom steered molecular dynamics simulations
on idealized bidentate histidine-Ni?* coordinated peptides, we
show that histidine-Ni?* bonds can rupture cooperatively in groups
of two to three bonds. We find that there is a strength limit, where
adding additional coordination bonds does not contribute to the
additional increase in the protein rupture strength, likely due to
the highly heterogeneous rupture behavior exhibited by the
coordination bonds. Further, we show that this coordination bond
limit is also found natural metal-coordinated biological proteins.
Using these insights, we quantitatively suggest how other proteins
can be rationally designed with dynamic noncovalent interactions
to exhibit cooperative bond breaking behavior. Altogether, this
work provides a quantitative analysis of the cooperativity and
intrinsic strength limit for metal-coordination bonds with the aim
of advancing clear guiding molecular principles for the mechanical
design of metal-coordinated materials.
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Introduction

Biological organisms take advantage of dynamic noncovalent
interactions to form structures with specific mechanical pro-
perties such as strength and toughness.' Metal-coordination
bonds, in particular, offer a larger range of tunability over bond
energy and timescales compared to most dynamic noncovalent
interactions. Simply changing the metal ion present in the
system enables tunable control over static and dynamic
properties.”®> These bonds contribute to the remarkable
strength, toughness, hardness, and extensibility of several
natural protein materials."* The marine worm jaw Nereis virens
and its constitutive proteins, for example, feature as high as
8-12 wt% of metal ion and up to 25 mol% of histidine, an
amino acid with an especially strong propensity towards metal
ion binding.® The worm jaw has the same hardness as the
human cortical bone, despite only using metal-coordination
bonds instead of mineralized regions. Mussel byssal threads, as
another example, utilize metal-coordination for simultaneous
self-healing and high toughness."” Other histidine-rich proteins
also exhibit binding interactions with several metal ions.*°

Inspired by these biological materials, research efforts
using  metal-coordination = bonds have  dramatically
increased.”'® Recent studies have incorporated coordination
bonds in materials to engineer strength, self-healing, and
energy absorbing properties.''™* Despite these significant
advances, both an understanding of the mechanical role of
metal ions in metal-rich proteins and an extrapolation beyond
biological proteins into synthetic materials is missing. This is
in large part due to the smaller number of resolved structures
of proteins with several metal ion binding sites,"” unlike the
well-known structural resolution for hydrogen-bonded alpha
helixes or beta-sheets. This lack of structural resolution,
coupled with additional challenges such as polymorphic
binding states and speciation,'® results in an unclear under-
standing of why natural materials have incorporated metal-
coordination bonds or how to optimize their use in biologi-
cally-inspired materials for mechanical function.

This journal is © The Royal Society of Chemistry 2023
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The goal of this current work is to uncover critical struc-
tural-mechanical principles for metal-coordination bonds. We
investigate whether mechanical cooperativity can be engin-
eered in metal-coordination bonds. Additionally, we seek the
extent to which strength and rupture mechanics can be
modeled, understood, and predicted from fundamental intera-
tomic and chemical principles. While most of the understand-
ing of the cooperativity of such metal-coordination bonds has
been in the context of structure or thermodynamic
stability,"”” " with extensive literature discussing the effects of
multivalent binding,”°>* few systematic studies exist on the
cooperative contribution of multiple metal-coordination bonds
to the mechanical properties of proteins, and broadly bio-
inspired materials engineering.>*>* Developing such a sys-
tematic understanding would enable the rational design of
mechanically robust metal-coordinated proteins and polymers,
complementing the growing experimental work in incorporat-
ing multiple metal-coordination interactions in bio-inspired
proteins or polymers.>®2®

To examine the role of multiple metal-coordination bonds
on the mechanical properties of proteins, we design de novo
histidine-rich peptides that coordinate to Ni** metal ions in an
ideal manner and test their mechanical strength using all-
atom steered molecular dynamics (SMD) simulations. By ana-
lyzing the rupture force of the different metal-coordinated pep-
tides, we find that multiple rupture pathways exist for these co-
ordinated systems and that a maximum of three bonds can
rupture at one time. This results in a maximum force limit
where adding further metal-coordination bonds does not
increase the strength of the peptide. The number of histidine-
Ni** metal-coordination bonds at which this force limit occurs
is equal to the most probable number of coordination bonds
observed in proteins with excess metal ions. Given this, we
extrapolate our findings to demonstrate how proteins might be
tuned with dynamic noncovalent bonds more broadly to
achieve alternate cooperative bond breaking behavior.

Results and discussion

De novo peptides (ESI File 11) were designed to test whether
metal-coordination bonds could behave cooperatively to
increase to the mechanical strength of a metal-coordinated
peptide dimer. To probe this question, the transient bond
chemistry, number of coordination bonds, and peptide back-
bone architecture were specifically engineered. Histidine-Ni**
bonds were selected as the coordination bond because they
possess a strong binding chemistry and have been widely used
and characterized in both biological and non-biological
polymer contexts (such as the his-tag) using both experimental
and computational methods."®?*°7*? Ni** also has appropriate
parameters for molecular dynamics modeling.****

To inform the number of metal-coordination bonds that
should be placed along the peptide backbone, we applied an
earlier model***” that predicts the number of hydrogen bonds
that break simultaneously (denoted as N,) to our transient his-
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tidine-Ni*>* peptides. The equation is rooted in the application
of energetic arguments originally proposed in the Griffith frac-
ture theory, which dictates that the release of energy during
the fracture process (G) is counterbalanced by the energy
penalty required to create new surfaces (7,).*® The Griffith frac-
ture theory applies to a crack in a plate under tensile loading,
which mimics the tensile pulling conditions
simulations.

Key insights from the earlier model®>*” are briefly summar-
ized here for clarity. The free energy release rate (G) is calcu-
lated from the Marko-Siggia worm-like chain model,*® and the
release rate is dependent on «, the ratio between the end-to-
end length of the free protein chain to its contour length.

in our

G(a) = ]ZB—T((x(l —a) P —(1-a) 4225 -1) (1)

L
The critical free energy release (G.;) is equal to the energy
penalty required to create new surfaces (y;):
SWp
Ger = — Sa =7s (2)
where the energy required to create new surfaces is defined as
the energy required to rupture a single bond (E,) over the dis-
tance between those two bonds (L, o).

Lx,O

s (3)

The critical a., ratio is when (1) is set equal to (3). The
corresponding critical rupture force of a system based on the
WLC model is then:

ksT

a, (1 — ae) > + 4ae — 1] (4)

Fbreak(acr) =

To calculate N, the Bell model is used, and it is assumed

that the energy barrier increases N.-fold when N, bonds

break simultaneously, such that the resulting rupture force of
the system is:

1 1
AR (V) = - [laT () + Bale 5

Setting Fi%! (N¢;) = Fpreqr Tesults in the critical number of

bonds that ruptures simultaneously:
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T
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The following parameters are used to determine the N, pre-
diction for the histidine-Ni*" bonds: characteristic time scale
of 7 = 0.06 s (ref. 40) (for reference, = ~ 0.1 s for a 4PEG-His3
polymer in TRIS buffer which likely forms only 1 coordination
bond),>* applied pulling distance at the moment of rupture xg
of 2 A, persistence length [, of 0.4 nm,""™** and a bond energy
E, of ~11 kcal mol™" based on the SMD studies done in this
work on the (histidine),-Ni** complex (Fig. 1a). These inputs
result in an N, prediction of 2-3 bonds, given a coordination
bond spacing distance (L) of 4-7 A (Fig. 1b). kg is the
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Fig. 1 A set of de novo model peptides are designed to test metal-coordination cooperative rupture behavior under mechanical loading. (a) SMD
on a (histidine),-Ni2* complex (shown in inset) at varying pulling rates shows that the rupture force decreases as the pulling rate decreases. (b) The
Griffith fracture theory, modified to predict the fracture of hydrogen bonds,*® predicts an N, for histidine-Ni?* bonds to be 2—3 bonds based on the
SMD Bell Model energy of the (histidine),-Ni?>* complex shown in (a), and 5-6 bonds for a lower bond energy calculated in literature. (c) Three
peptide systems are designed for study—a purely histidine system (Hx), and a histidine (H) system with a threonine (T) or asparagine (N) as a spacer
residue between the histidine residues. Side chains of each amino acid are shown in the inset, Ni®* atoms are in green, and coordinating nitrogens
on the histidines are shown as spheres. Explicit water molecules are not shown for clarity.

Boltzmann constant, and w is the natural frequency of bond
vibration 1 x 10" s™". For comparison, the N of 5-6 bonds is
predicted if other bond energies suggested in literature are
also shown.>>**

To most closely mimic prior research efforts on the coop-
erativity in hydrogen bonds in beta-sheets,***> and to isolate
the mechanical contributions of the metal-coordination bonds
from the unwinding of the protein backbone,*® we designed
peptides with a secondary structure of a beta-sheet-like linear
protein. Histidine has a neutral propensity towards beta-sheet
formation, so two molecules were designed with spacer amino
acids (H-), using threonine (T) and asparagine (N), which have
both shown to have a high propensity for producing a flat
beta-sheet when in solvent-exposed conditions (Fig. 1c).*”™*°
Further, though the polarity of threonine and asparagine are
required to aid in solvent-exposed beta-sheet formation, they
exhibit a significantly lower propensity for metal-coordination
interactions with Ni** compared to histidine, which indicates

8580 | Nanoscale, 2023, 15, 8578-8588

that histidine-Ni** interactions should dominate the coordi-
nation binding modes.”®”" The resulting sequences are CGG-
(HT), or CGG-(HN),. In addition, the peptides were designed
such that metal-coordination bonds would have a dominating
effect on the mechanical properties, as opposed to other sec-
ondary structure elements such as interchain hydrogen bonds
(Fig. S17).

In addition to the de novo beta-sheet-like (H-), proteins, we
also tested derivatives of the canonical his-tag system with
regards to their cooperative behavior (Fig. 1c). The his-tag is
typically composed of 6 histidines and it exhibits a high
affinity to Ni*" in a Ni-NTA column that has enabled the his-
tag to be widely used in protein purification.>® His-tags have
been studied with AFM-SMFS>® and significant work has also
elucidated the structural stability of the his-tag given histidyl
mutations."® Given these prior research efforts, we also test
varying numbers of histidine-only H, peptides (CGG-H,) under
applied mechanical force.*

This journal is © The Royal Society of Chemistry 2023
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The maximum rupture force (RF) values for the various de
novo peptide dimers are reported in Fig. 2 as a function of
pulling speed. Consistent with other experimental and compu-
tational studies, the RF values increase as the pulling speed
increases for H,, HT,, and HN,. Further, the RF values
observed in the simulation are in a reasonable force range and
are twice as strong as hydrogen bonds.*® This increase in
strength is unsurprising because the histidine-Ni** coordi-
nation bond is stronger than hydrogen bonds along the
protein backbone based on our SMD calculations for histidine-
Ni** (Fig. 1a) versus the SMD calculations in ref. 36.
Interestingly, all peptides (Hx, HTx, HNx) achieve roughly
similar RF values even though HTx and HNx have twice the
number of amino acids as Hx for the same number of coordi-
nation bonds. This indicates that the strength of the peptides
originates from the coordination bonds themselves.

Generally, we find that increasing the number of coordi-
nation bonds in the peptide increases the observed RF values
to a certain extent. For example, RFy; > RFy, and RFyyng >

View Article Online
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RFyn3, which suggests that adding additional coordination
bonds increases peptide strength. An alternative interpretation
is that having more coordination bonds along a backbone
increases the possible opportunities for cooperative binding.
However, this increase in strength of the peptide is not infi-
nite. All three peptide systems exhibit a rupture force limit,
indicated by the gray transparent box in Fig. 2, where increas-
ing the number of coordination bonds does not increase the
RF of the peptide dimer. This limit occurs around H3/H4 for
the Hx system, HT3/HT4 for the HTx system, and HN4/HN5 for
the HNx system. The location of the RF limit with respect to
the number of coordination bonds on the peptide indicates
that roughly three to four bonds work together to rupture in
these peptide systems. Having the fourth coordination bond in
the case of Hx or HTX, as an example, does not increase the RF
value of the peptide, implying that three coordination bonds
would be enough to reach the strength. The value of three to
four bonds aligns with the N, prediction for Fig. 1b. Note that
the canonical his-tag (H6) in a bidentate trans configuration

a) FAx b)e HTx C)e ANX

5F 8 5k (%) 5k
€ ] o g ® e 9 8
o 4F o o4l o4k [
L o < L ® ?
S ’ ¢ & o & ‘
o 3F o3 K]
2 2 2
g g g
ot cotL coL

1 1 1

0.1 1 10 100 1000 0.1 1 10 100 1000 0.1 1 10 100 1000
Pulling Speed (m/s) Pulling Speed (m/s) Pulling Speed (m/s)
| Proteins: H(T/N)4 HN5 Max Observed Bonds that Rupture Together: ()1 bond ()2 bonds.a bonds |
2) Z z
Sor £2 <2
o o o
o o Y g
g & b4
o o o
2 e | 2 ° E > o
s | o e ° Elo 0 © |
&1 o it g1 o 21| o @
° ° 'g T €]
S S S
© © ©
£ £ £
S 5 S
4 4 4
0.1 1 10 100 1000 0.1 1 10 100 1000 0.1 1 10 100 1000

Pulling Speed (m/s)

Pulling Speed (m/s)

Pulling Speed (m/s)

Fig. 2 Simulation rupture force (RF) vs. pulling speed shows that increasing metal-coordination increases RF to a certain extent. Maximum force of
bond rupture shows that the RF increases with increasing metal coordination, but only up to a certain extent for the (a) Hx, (b) HTx, and (c) HNx
systems. The increase in rupture force approaches a limit (gray transparent box) around H3/H4, HT3/HT4, and HN4/HN5. The colored data points
indicate the maximum number of bonds that are observed to rupture together, and only a maximum of 3 bonds are observed to rupture at once
even when more metal-coordination bonds are present in the system. H6 was also tested, but is not stable under equilibration and therefore not
shown. (d—f) When the rupture forces are normalized by the number of histidines in each system, the contribution of each histidine to the total
rupture force of the system decreases, indicative of diminishing returns.
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was unstable during equilibration after several attempts to
ensure binding and was therefore not simulated using SMD.

The RF data is normalized to the number of coordination
bonds in the system and is plotted in Fig. 2d-f to demonstrate
the diminishing-returns effect of adding additional coordi-
nation bonds to the peptide. This figure is one way to visualize
how each coordination bond contributes to the rupture of the
system, assuming all coordination bonds equally contribute to
the strength of the dimer. From this normalized figure, we
made two observations. First, H2/H3, HT2/HT3, and HN3/HN4
overlap in their normalized RF contribution. These normalized
threshold values are 1 bond unit below the RF bond threshold
values from Fig. 2a-c. Second, each additional bond contrib-
utes less to the strength of the peptide. If each metal-coordi-
nation bond in an (H), system was to contribute to the mech-
anics of the peptide in the same strength as (H),_;, we would
expect the normalized peptide rupture forces in Fig. 2d-f to be
superimposed. This implies that there is an optimum value of
metal-coordination bonds that achieves maximum strength
without wasting additional resources in the form of extra
coordination bonds.

To explore this further, and to seek empirical evidence from
naturally evolved protein structures, we conducted a search of
representative metal-coordination sites of biological metals
using the MetalPDB database.'®> We examined representative
protein structures with 5 to 10 metal sites and analyzed how
many proteins had consecutively arranged metal ions (Fig. 3a),
where consecutive is defined as separated by a distance of 3 A
but not necessarily on the same protein chain (Fig. 3b and c,
ESI File 21). We only analyzed proteins with 5 to 10 metal ions
to characterize how metal ions were arranged when there is an
“excess” of metal ions above the ~3-4 cooperative bond
threshold discussed above. We found that for this set of 143
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representative metal sites, the most likely number of consecu-
tive bonds observed was three for the biological metal ions.
This finding seems to support that in most of the cases (63%
for biological metal ions) we analyzed, metal ions are orga-
nized with 1, 2 or 3 bonds consecutively. This preliminary ana-
lysis can be further expanded by analyzing proteins with
2-4 metal ions to understand the spatial distribution of metal
ions. Further, we note that MetalPDB mostly includes proteins
of catalytic functions, but not structural functions. A more
refined analysis beyond the scope of this study would include
proteins with mechanical functions once their structures have
been resolved and dimeric structures such as those analyzed
in this investigation. Nonetheless, these biological proteins
seem to confirm the existence of an optimum number of
metal-coordination bonds to maximize properties.

In our simulations, this optimum number manifests itself
as the maximum number of coordination bonds that rupture
together. Throughout all peptide systems, only a maximum of
three bonds are observed to rupture at once, even when more
coordination bonds are present in the system (Fig. 2). The
shading of the circle (1, 2, or 3 bonds) indicates the maximum
observed bonds that rupture together across all simulation rep-
etitions in a specific peptide at a specific speed. These rupture
events are highly heterogeneous, where different combinations
of bond breaking clusters occur depending on the initial
conditions or velocities.

To illustrate this heterogeneity in breaking events, Fig. 4
shows the heterogeneous breaking that independent simu-
lations of the H3 peptide dimer undergo at various pulling
rates. In Fig. 4a, for example, three bonds rupture together,
but in Fig. 4c, one bond ruptures at a time. Further, even for
the same pulling speed, Fig. 4b and c depict different breaking
pathways, with two bonds breaking in Fig. 4b or sequential

Fig. 3 Biological metals from MetalPDB*® follow trend where structures are more likely to have 1-3 metal ions consecutively arranged than 4-8. (a)
Percent of structures with x number of consecutive metal ions within the 143 structures analyzed. Gaussian fit with a peak at ~2.6 bonds is also
drawn. (b) Metal Site ID 2eul_6 with 3 of the 6 Zn?* ions consecutively arranged. (c) Metal Site ID 3th4_1 with 6 metal ions (5 Ca?*, 1 Mg?*) consecu-

tively arranged.
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(a-d) Representative deformation mechanisms of independent simulations of H3 breaking at different speeds show heterogeneous rupture

behavior. Rupture force diagrams of H3 and the circles indicate the corresponding simulation snapshots with the coordination bond breaking high-
lighted in the gray oval. Various rupture pathways emerge, even at the same pulling speed (b and c).

rupture in Fig. 4c. This surprising heterogeneity can be ration-
alized; the metal-coordination bonds here do not have the
well-defined binding pocket or geometry that hydrogen bonds
have in beta-sheets, enabling several mechanisms of rupture.
Additional contributions to heterogeneity may also arise from
other polymorphic binding states, even though only one
binding state in a bidentate trans configuration is explored
here.

The heterogenous breaking patterns occur with the simul-
taneous breaking of bonds directly next to each other, spaced
one bond apart, or spaced two bonds apart. To better under-
stand how these different positions of bonds may affect the
mechanical strength of the peptide, we conducted simulations
in the H3 and HT3 peptides where the coordination bonds are
placed in different positions (Fig. 5). In almost every simu-

This journal is © The Royal Society of Chemistry 2023

lation (66% for H3, 77% for HT3), the bond closer to the SMD
pulling atom ruptures first. However, the resulting rupture
forces are only weakly dependent on the position of the bond.
The “xMM” systems have moderately higher RF values (p value
~0.15 for H3, ~0.25 for HT3) compared to the other geometric
arrangements because the two coordination bonds are directly
next to each other and away from the SMD pulling atom
(Fig. 5a inset). These two coordination bonds can directly
influence each other’s breaking, and as a result, strengthen
the peptide system. Surprisingly, the “MxM” system with a
coordination bond in the first and third site and the “MMXx”
system with two coordination bonds closer to the SMD pulling
atom have similar RF values. For “MxM”, the coordination
bonds may be too far apart to influence each other without the
presence of the coordination bond in the second site. For the

Nanoscale, 2023,15, 8578-8588 | 8583
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Fig. 5 Peptide strength is weakly dependent on the location of the coordination bonds. (a) H3 and (b) HT3 rupture forces vary weakly based on the
location of the two metal-coordinate bonds at a speed of 25 m s™* ((a), inset). Using a two-tailed, unpaired t-test, the p values of “MxM" versus
"MMx" are 0.99 for H3 and 0.63 for HT3. The p values for “xMM" versus the other geometric arrangements are ~0.15 for H3 and ~0.25 for HT3. (c)
The trends from the bond position-dependent rupture force behavior in (a and b) are conceptualized in the schematic. The rupture force is the
lowest when the metal-coordinate bond is closest to the atom that is pulled, likely because the highest localized force is experienced at this bond.
The rupture force is the slightly higher when the two coordinate bonds are directly next to each other and away from the atom that is pulled.

“MMXx” system, the force felt by the first coordination bond
near the SMD pulling atom is likely directly felt by the second
coordination bond in its proximity. The schematic in Fig. 5c
illustrates these molecular learnings. The amino acids that are
more closely spaced together have a greater effect on each
other’s conformations. This mechanism, while at a geometri-
cally larger scale, may have similar energetic underpinnings as
the trans/gauche conformations in polymers that are caused by
short-range steric interactions.”*

These mechanistic breaking pathways, the observation of
an increase in RF followed by a plateau, and the comparison
to biological metal-coordinated proteins suggest the presence
of a critical number of metal-coordination bonds in these
peptide systems. Given that this critical number for histidine-
Ni*" generally follows the predictions from the N, in Fig. 1b
for our specific idealizing binding arrangement, we further
parameterize the N, prediction to characterize how changing
protein parameters can affect the cooperative strength or
number of bonds that simultaneously rupture in other transi-
ent systems where the Griffith fracture theory is also appli-
cable. As in hydrogen bonded beta-sheets,*® only a cluster of
transient bonds break at once along a linear peptide, even if
more bonds are present in the system (Fig. 6a). This may be
why several biological materials have evolved to feature nonco-
valent interaction size effects,® enabling an optimization of
properties with limited mass or weight.

Fig. 1b shows that the spacing of the bonds along the back-
bone (L.,) and energy of the bond (E,) have the largest effects
on the resulting N,,. Decreasing the spacing helps the bonds
more effectively mechanically “communicate” with each other,
such that local steric interactions are directly affected by neigh-
boring residues. Further, decreasing the energy of the bond
allows the force to be distributed amongst the bonds of the
backbone such that high stress or strain is not concentrated at
the first bond that the force encounters. This is likely why the

8584 | Nanoscale, 2023, 15, 8578-8588

predicted N, value in our work, where the E, of coordination
bonds is ~3x greater than for hydrogen bonds, is less than the
N of ~3-4 bonds observed for hydrogen bonded systems.*®
Increasing the 7, the characteristic time scale of bond rupture,
also increases N, and various values are plotted in Fig. 6c.
This increase is likely due to the idea that increasing r
increases the residence time of the coordination bonds in an
area, which would increase their likelihood of rupturing
together. The N, can also be tuned by changing the persist-
ence length (I,), where an increased protein backbone rigidity
(Ip), causes a decrease in N, (Fig. 6b). This may be because the
energy required to compensate the change in a rigid backbone
(higher I;) upon additional metal-coordination binding
penalty is too high, similar to the binding affinity decreases
observed in Hebel et al.>* Various vertical lines on Fig. 6b
show critical [, values discussed in literature®*° to suggest
possible backbones that could be used in further experimental
or computational studies. Further, the effect of I, is shown
with varying xg, or the applied pulling distance at the moment
of rupture.

To demonstrate one aspect of this N tunability, we
changed the van der Waals interaction strength (epsilon) of
the Ni*" ions to directly simulate how the energy of the bond
(E,) affects N, and RF. We tested the H, and (HT), systems, as
these proteins demonstrated the most opportunities for coop-
erative rupture. Our simulations show that as expected,
increasing E decreases N, in both H, (Fig. 6d) and (HT),
(Fig. 6e). Interestingly, the trend of N, versus the strength of
the interaction potential follows a pseudo-parabolic shape.
Our simulations showed that this is because the low inter-
action potentials are too weak to keep the bonds intact, result-
ing in natural dissociation of the bonds before they can be
pulled for cooperative rupture. These N, trends result in a
similar parabolic shape in the rupture force (Fig. 6f). The
decrease in RF even at high interaction potentials which

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 N, can be tuned by changing several design parameters with a major influence of energy of the bond (E) and L,,o, and a minor influence
from [, xy,, 7. (a) Adapted from ref. 36, the schematic illustration depicts that only N, bonds break in a structure, even if more transient bonds are
present. To increase the force at rupture, N, bonds should be placed in parallel. In Fig. 1b, we show that N, is most sensitive to the values of E, the
energy of the bond and L, o, or the distance between bonds. Here we characterize other variables that affect the N, to show how design parameters
such as polymer backbone or bond relaxation time can be tuned to change the N,. (b) N, increases as a function of z, the characteristic time scale
of bond rupture. This dependence is plotted across multiple values of bond energy, which specific E values highlighted as: (i) 2.83 kcal mol™ for
hydrogen bonds,?® (i) ~11 kcal mol™ for the metal-coordination bonds in this study, (iii) 25 kcal mol™ for Zn?*(N-methylacetamide),-(N-methyl-
acetamide),”? (iv) 64 kcal mol™ for HS—SH,”® and (v) 100 kcal mol™ for C—H.”* (c) N, as a function of persistence length (l,) demonstrates that as
the [, increases, N, decreases. We plot this dependence for various x,, or the applied pulling distance at the moment of rupture and include the
inset to show how L, o and x,, are conceptually related. Vertical lines are drawn at critical [, values discussed in literature at (i) 0.13 nm for myosin
fragments,>® (i) 0.4 nm for elastin-like polypeptides or other proteins,*¢*%42 (jii) 2 nm for a single disrupted amino acid chain,>® (iv) 45 nm for 1000
base pair DNA,%” and (v) 100 nm for an alpha helix or worm-like fibrils.5>¢° Changing the strength of the van der Waals potential of the Ni>* metal
ion, equivalent to changing the energy of the bond (E), decreases the N, and rupture force of Hy (d) and (HT),4 (e and f). A multiple of 1 is the original

van der Waals parameter for Ni?* used throughout the paper.

should require large forces to rupture is surprising, but con-
firms that the RF is highly dependent on the number of bonds
that rupture together. Together, these parameters suggest how
de novo proteins may be designed with other protein back-
bones or dynamic noncovalent interactions to tune the coop-
erative rupture of bond clusters.

Conclusions

In this study, we sought to engineer the cooperative rupture of
metal-coordination bonds to increase the strength of co-
ordinated protein structures. Selecting de novo linear histidine-
Ni*" coordinated peptides as a model system, we have shown
simultaneous rupture and how the rupture strength of the pep-
tides can be tuned by adjusting the number of metal-coordi-
nation bonds in the protein. We designed idealized linear de
novo Hx, HTX, and HNx peptide dimers in trans bidentate

This journal is © The Royal Society of Chemistry 2023

coordination geometries and showed that by increasing the
amount of metal-coordination in the peptides, we could
increase the rupture force of the peptides. We found that there
was a strength limit in these peptides, at around three to four
bonds for all three systems, where increasing the number of
coordination bonds beyond this value did not contribute to
increased strength of the system. To corroborate this finding,
we used mechanistic insight into the metal-coordination
breaking mechanisms found in simulation to show that only a
maximum three bonds are observed to rupture in each system,
even if there are more coordination bonds present in the
system. These mechanisms revealed that a heterogenous
breaking pattern emerged for the metal-coordinated peptides,
where even under the same pulling conditions, different
numbers or combinations bonds may break.

These findings indicate important design insights into the
use of metal-coordination bonds in natural and synthetic
systems. There is a balance between achieving high strength

Nanoscale, 2023,15, 8578-8588 | 8585
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and optimizing the resources, such as the number of coordi-
nation bonds used, in a protein structure. Despite the fact that
the cooperative rupture limit in our work is dependent on
protein structure and microenvironment, similar principles
have been found for hydrogen bonded structures, where the
most effective use of hydrogen bonds towards mechanical
strength is when the bonds are clustered in groups of three to
four to enable cooperative deformation.*®®"®? Further, this
optimization results in several design principles, some of
which are demonstrated here through the Griffith fracture
theory if applicable to the system of interest, to influence
mechanical strength. As such, the mechanistic insights gained
here have a much larger relevance to the rational design of
metal-coordinated or dynamic noncovalent material
mechanics.

Perhaps most importantly, we find that metal-coordination
bonds show extremely heterogeneous breaking mechanisms
and that designing well-defined binding pockets could force
specific rupture pathways. Future studies could design alterna-
tive protein backbones to program these rupture pathways,
such as alpha helices where cooperativity has been observed in
hydrogen bonds.®® Further, the simulations presented here
were an idealized hydrogen-bonded beta-sheet-like configur-
ation, and additional research should be tested on real metal-
coordinated proteins systems once structures are character-
ized. Researchers can also apply methodologies similar to the
one shown here to predict the cooperative rupture of other
specific protein structures or bond chemistries. Such selec-
tively engineered proteins can later be used to build hydrogels
or polymer networks with high strength, toughness, and fast
recovery for applications in recyclable polymers, self-healing
polymers, artificial muscle actuators or electronic skin, as
shown in early examples in literature with such bonds.?**%%
Additional improvements in metal-ion force fields can also
help improve these predictions.®*

Altogether, this work contributes clear and fundamental
molecular design principles for utilizing multiple metal-
coordination bonds for increasing the strength a metal-co-
ordinated protein dimer. These principles help contextualize
the structural role of metal ions both within the context of
natural systems, as well as in bioinspired synthetic proteins
and polymers. Broadly, the systematic understanding from this
work contributes to the rational design of cooperativity in
metal-coordinated proteins and polymers with mechanical
function and expands insights into other dynamic noncovalent
interactions.

Methods

The initial structures of the de novo peptide dimers (Fig. 1, ESI
File 17) in a parallel orientation were first predicted using
AlphaFold v2.0.°>%” Three additional amino acids (CGG) were
attached on either side of the peptide to mimic the cysteine
that is often used for immobilization in AFM-SMFS experi-
ments and to ensure that the histidine-Ni** bonds were not

8586 | Nanoscale, 2023, 15, 8578-8588
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directly being pulled. Ni** ions were added to the system, such
that the histidine nitrogen atoms coordinate in a bidentate or
tetradentate geometry to the Ni** ion. Histidine amino acids
were modeled in the correct protonation state to match physio-
logical pH and experiments where the histidine-Ni*" dis-
sociation time of z = 0.06 s (ref. 40) has been measured.
Simulations were implemented with Nanoscale Molecular
Dynamics (NAMD) and all simulations utilized the
CHARMM?22 force field®® with Ni** parameters from Babu
et al.*® and a 2 fs timestep. The Ni*" ions were balanced with
Cl™ ions for charge neutrality and the peptide dimer was sol-
vated with TIP3P water molecules with a 15 A skin. Periodic
boundary conditions are used with the Particle Mesh Ewald
full system electrostatics method. After careful energy minimiz-
ation using the conjugate gradient algorithm in NAMD, the
simulations are equilibrated for 50 ns under NPT (1 atm,
Nose-Hoover Langevin piston pressure control), followed by 50
ns in NVT (Langevin dynamics).

Independent simulations under this procedure were carried
out for subsequent SMD tests. The TIP3P water molecule box
was extended by 60 A to account for deformation in the
pulling direction. The C, atom on the N-terminus near the
cysteine residue was selected as the SMD pulling atom, and
the C, atom on the opposite strand C-terminus was selected as
the fixed atom. The structure was energy minimized for 10 000
steps. Then SMD data were collected every picosecond with
pulling rates from 0.25 m s ' to 250 m s~ ' under an NVT
ensemble and 2 fs timestep. The simulation was run until the
parallel proteins were fully separated and all intermolecular
metal-coordination bonds fully ruptured. The rupture of a
metal-coordinate bond was defined as a distance of 3 A or
more between the coordinating nitrogen of histidine and the
Ni*" ion. The time, distance, force, and type of bond rupture
was recorded for each rupture event in each simulation.
Simultaneous rupture was defined as multiple bond breaking
events within 1 ps of each other in the visual file with the
rupture force peaks that were indistinguishable from each
other.

We found that tetradentate structures were not stable
during the initial equilibration, and the metal-coordination
binding sites would quickly dissociate into tridentate, biden-
tate, or monodentate structures during the equilibration
process. As a result, we continued SMD tests with only biden-
tate coordination. While this lack of tetradentate stability may
be due to challenges with the force field modeling for metal
ions, speciation models predict a dominance of bidentate
coordination stoichiometry in aqueous conditions between
histidine and Ni*".*>%%7° Further, though the short peptides
are equilibrated for a significant amount of time, we note that
the peptide structures used in this paper are not necessarily
the equilibrium binding state of the peptide with the metal
ion, because the peptide may be trapped in a local minima.
We also enforce a trans bidentate binding configurations on
the metal ions to most closely replicate the hydrogen-bonded
beta-sheets. Despite these limitations, we proceed with our
simulations because the goal of this paper is to determine

This journal is © The Royal Society of Chemistry 2023
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whether cooperativity can exist in these bonds under “ideal”
conditions, where “ideal” conditions represent the closest geo-
metry to hydrogen bonds due to the cooperativity seen in beta-
sheets with trans coordination along the backbone. Further,
preliminary simulations of a single peptide (H,, (HT);, and
(HN),) show that internal metal-coordination bonds are
improbable (Fig. S27), likely due to an entropic penalty of loop
formation.”*
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