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ozD is a de novo designed three-helix bundle protein. Like most
naturally occurring helical proteins, it is mechanically labile with an
unfolding force of <15 pN, revealed by atomic force microscopy-
based single-molecule force spectroscopy (AFM-SMFS). This protein
has been further designed with a tri-cysteine metal-binding site,
named ozDIV, which can bind heavy transition metals. Here, we
demonstrate that incorporating such a metal-binding site can trans-
form this mechanically labile protein into a stable one. We show that
zinc binds to the tri-cysteine site and increases the unfolding force to
~160 pN. This force is one order of magnitude higher than that of
the apo-protein (<15 pN). Moreover, the unfolding mechanism of
Zn-a3DIV indicates the correct zinc binding with the tri-cysteine site,
forming three mechanostable Zn-thiolate bonds. Thus, a3DIV could
be a potential a-helical structure-based building block for synthesiz-
ing biomaterials with tunable mechanical properties.

The use of proteins as building blocks for biomaterials is fast
developing due to their excellent biocompatibility, diverse
functionality, and ease of engineering."” Knowledge of protein
mechanics, that is, how much force/stress the protein molecule
can withstand, is one of the important factors that determine
its selection and application.®>* Thanks to the development of
single-molecule force spectroscopy (SMFS) techniques, such as
atomic force microscopy (AFM), and optical and magnetic
tweezers, protein mechanics can be characterized at the
single-molecule level.>® For example, AFM-based SMFS can
capture a single protein and stretch it mechanically. As a result,
the protein will be unfolded, and the corresponding force is
measured.'**® Hundreds of different proteins have been mea-
sured over the past three decades.'’ > It is generally estab-
lished that proteins with a B-strand motif, such as the
immunoglobin domain from the giant muscle protein titin
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and the B-barrel-structured GFP, are more likely to be mechani-
cally stable (with an unfolding force >100 pN).*>® Further-
more, proteins with an a-helical motif, such as spectrin and
ankyrin, are mostly mechanically labile (<30 pN).>>*°

The design of non-natural de novo proteins is of great
interest. Proteins with a B-strand or o-helix motif have both
been designed.’’* They also follow the structure-stability
relationship discovered for naturally occurring proteins, such
as the B-sheet-structured protein Top 7 (150 pN) and the three-
helical bundle protein oz;D (<15 pN).*** In this work, we aim
to develop a method to further design the transformation of the
mechanically labile de novo protein to a stable one, which has
rarely been reported before. Interestingly, it has been found
that several metal-binding proteins show high mechanical
stability due to their stable metal clusters/centers.**™*° In addi-
tion, the design of metal-binding sites within naturally occur-
ring stable proteins further increases their stability.*"*> Thus,
we believe this strategy can also be applied to de novo designed
proteins.

De novo designed protein a;DIV was chosen as our model
system. It is a re-designed protein based on ozD with an
additional tri-cysteine site. a3D is a 73-residue length protein
with a counterclockwise three-helix bundle fold designed by
DeGrado and co-workers (Fig. 1A).** It contains every natural
amino acid residue except cysteine. Moreover, with a solved
protein NMR structure, o;D offers an excellent model to which
further modifications can be added and the structure-function
relationship of protein in a simplified structure be explored.
Indeed, a tri-cysteine site was designed into oz;D later by
Pecoraro, named o;DIV, to mimic the metal-binding site in
several metalloregulatory proteins (Fig. 1B).**> These three
cysteines (Leu18Cys, Leu28Cys, and Leu67Cys) can coordinate
three types of heavy metal ions (Hg>", Pb**, and Cd**).*® Here,
we choose zinc for metal binding in the tri-cysteine motif of
azDIV because zinc is non-toxic and can be better used for
future biological applications.*”™*°

It is noted that the zinc-binding ability of o;DIV has not
been reported before. Since cysteine has a high affinity for zinc,
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Fig. 1 Three-dimensional structure of (A) azD (PDB code: 2a3d) and
(B) holo-a3DIV (PDB code: 2mtq). The metal ion is coloured in green
and the three cysteines, Cysl8, Cys28, and Cys67, are shown as stick
models. (C) Scheme of the AFM-SMFS set-up for polyprotein measure-
ments. First, two proteins were immobilized by ligase OaAEP1 via ligation
between the NGL and GL peptide sequences. Then, the AFM tip
approached the sample-deposited coverslip and formed an intact pulling
handle through the [Coh—-XDoc] interaction. Finally, the tip was withdrawn,
and all the proteins were stretched and measured.

we add ZnCl, in the standard LB (Luria-Bertani) medium
during the protein expression. Indeed, inductively coupled
plasma mass spectrometry (ICP-MS) measurements revealed
that Zn was present in the o3 DIV sample, while no Cd, Hg, or Pb
was detected (ESI,t Table S1).

To characterize the stability of Zn-bound o;DIV by AFM-SMFS,
two polyproteins (polymerized proteins) in which several proteins
(domains) are fused together, i.e., GL-CBM-XDoc and Coh-o3DIV-
NGL, were designed for efficient protein immobilization and single-
molecule pick-up. This was achieved using click chemistry and
enzymatic ligation (ESIT).*>> In short, the two target polyproteins
were immobilized to a peptide (GL/NGL)-coated AFM tip/coverslip
by ligase OaAEP1(C247A) (Fig. 1C). This enzyme recognizes the GL
and NGL sequences and ligates them into a peptide bond linkage
(Steps 1 and 2). Thus, the two polyproteins were ligated to the tip or
coverslip, respectively. Then, by approaching the tip to the coverslip,
protein domains XDoc (X-module dockerin) and Coh (cohesion)
form a reversible interaction upon contact, serving as a pulling
handle (Step 3). Finally, the tip was withdrawn, and all the proteins
were unfolded upon stretching (Step 4). Also, a protein CBM
(cellulose-binding module) with a known contour length increment
(AL.) of 57 nm was added as a single-molecule fingerprint (Fig. 1C).
Here, AL is the length increment upon protein unfolding, by which
the conformation of the protein changes from a small, folded
structure to a fully extended polypeptide chain with a large length
increment, and the more residues the protein has, the larger the
contour length increment (AL.) upon unfolding.

To verify whether or not o3DIV is mechanically labile, similar
to a3D, we first measured the stability of apo-o;DIV without the
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Fig. 2 (A) Representative force—extension curves showing the polypro-
tein unfolding. Besides the 57 nm peak from CBM and the 35 nm peak from
XDoc, no other peak was observed. Only a featureless line (coloured in
yellow) from azDIV unfolding appeared at the beginning of the curve.
(B) Schematic of apo-azDIV upon stretching. (C) Unfolding force histo-
gram of apo-azDIV showing a very low force (<15 pN). (D) Force-
extension curves showing the unfolding peaks of Zn-azDIV (18 nm, in
red, marked by red stars). (E) Schematic of holo-azDIV. (F) Force histogram
of holo-a3DIV showing an unfolding force of 160 pN (pulling speed,
400 nm s7Y).

bound metal via AFM-SMFS (pulling speed, 400 nm s~ '). The
reducing agent TCEP was added to break the possible for-
mation of disulphide bonds, and ICP-MS showed that no zinc
was bound (Table S1, ESIt). As expected, besides the unfolding
signals from CBM with AL, of 57 nm and XDoc with a AL, value
of 35 nm, a featureless line appeared at the beginning of the
force-extension curve (Fig. 2A). This indicates that the unfold-
ing force of apo-u;DIV is small, which is below the detection
limit of the AFM system (15 pN) (n = 1050, Fig. 2B and C). This
result agrees with previous AFM measurements on the
mechanically labile a;D (<15 pN), whose mechanical stability
is determined via the hydrophobic core. Compared with ozD,
three hydrophobic residues, Leu18, Leu28, and Leu67, in the
core of a3DIV were mutated to the less hydrophobic cysteine.
These mutations destabilize the core and may even lower the
mechanical stability of a;DIV.

Next, we characterized the zinc-bound holo-o;DIV. Repre-
sentative force-extension curves of the polyprotein are shown
in Fig. 2D. Unlike the apo-form, an additional force peak with a
AL, value of 18 nm was observed (in red). This value agrees with
the theoretical AL. from the unfolding of o;DIV between
the two possible zinc-binding cysteines, Cys18 and Cys67
(50 aa x 0.36 nm per aa - 0.36 nm = 17.6 nm, where 0.36 nm
per aa is the length for one amino acid, and there are
50 residues between Cys18 and Cys67. 0.36 nm is the distance
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between Cys18 and Cys67 in the folded protein, which must be
subtracted, Fig. 2E). Thus, this unfolding event was most likely
caused by the rupture of the two zinc-thiolate bonds in the tri-
cysteine metal-binding site. Moreover, the unfolding force is
160 + 66 pN (ave. £ stdv., n = 122, Fig. 2F), an order of
magnitude higher than that of the apo-a;DIV.

In addition to the one-step unfolding event of holo-o; DIV,
we observed another unfolding scenario, which further verifies
the formation of the zinc tri-cysteine binding site. As shown
in Fig. 3A, an unfolding peak with a AL. value of 14 nm
was observed instead of the 18 nm peak. This value agrees
with the partial unfolding of o;DIV from Cys28 to Cys67
(40 x 0.36 - 0.55 = 13.9 nm, Fig. 3B), which was caused by
the rupture of the Zn-thiolate (Cys28) bond and the Zn-thiolate
(Cys67) bond. The unfolding force is 157 + 77 pN (n = 243,
Fig. 3C).

Taken together, the two unfolding scenarios of o; DIV with
respective AL. values of 14.5 + 0.4 nm and 17.6 + 0.5 nm
(Fig. 3D) were observed at the single-molecule level. Both these
values can be explained well by the rupture of the Zn-thiolate
bonds in the tri-cysteine site, showing high rupture forces
(~160 pN). Also, they can be supported by the detection of a
clear CBM unfolding event (56.8 + 2.2 nm, Fig. 3E). It is noted
that 50% of o3;DIV was added with the zinc ion as holo-0;DIV
during the preparation and a fraction of similar featureless
curves was observed, as in the results of apo-0;DIV, which were
from these apo-proteins.

Finally, we performed a dynamic force spectroscopy experi-
ment on o3 DIV by stretching the protein under different speeds
to extract its kinetics. The rupture forces and corresponding
force loading rates (log) are plotted (Fig. 4 and Fig. S2, Table S2,
ESIY). The rupture force of the Zn-S bond is dependent on the
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Fig. 3 (A) Curves showing an unfolding scenario of holo-azDIV with a AL
value of 14 nm (in pink, marked by pink stars). (B) Schematic of the 14 nm
peak from the rupture of the Zn-Cys28 to Zn—-Cys67 bond in azDIV.
(C) Force histogram of the 14 nm peak from azDIV showing a rupture force
of 157 pN (pulling speed, 400 nm s7%). (D) AL, histogram of holo-azDIV
showing the bimodal distribution. (E) AL. histogram of CBM.
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Fig. 4 Dynamic force spectrum for Zn-azDIV. The unfolding/rupture
force has a linear relationship with the logarithm of the force loading rate.
ko is 0.49 s~ for the 14 nm length peak (A) and 0.22 s~* for the 18 nm
length peak (B).

loading rate, as expected. The Bell-Evans model was used to fit
the experimental force data. For the one-step unfolding event
(18 nm), Ax = 0.19 nm, and k, = 0.22 s '. For the partial
unfolding event (14 nm), Ax = 0.18 nm, and &, = 0.49 s~ .
Compared with the result of azD (ky = 2.0 s™'), Zn-o;DIV
showed a lower ko, indicating an increase in kinetic stability
upon zinc binding.

Here, we demonstrated that incorporating a zinc-binding site
into a mechanically labile de novo protein transforms it into a stable
one. Compared with a low unfolding force (<15 pN) for a3D, AFM-
SMFS showed that the unfolding force of Zn-ozDIV increases to
160 pN, an order of magnitude higher than ozD. In addition to the
higher unfolding force, the kinetic data also confirm the change.
Our work on de novo protein is similar to previous studies on
naturally occurring proteins. For example, GB1 is a mechanically
stable protein that has been well studied. A bis-histidine motif is
added into GB1, which chelates a variety of metal ions. AFM-SMFS
showed an unfolding force increase from 120 pN to 250 pN upon
Ni** binding, which is one of the highest absolute force increments
upon metal addition.> In addition, a staple-insertion strategy has
been demonstrated in a natural coiled coil motif leading to a force
increment of ~15 pN upon Ni** binding.>* Here, using a de novo
protein, we transform a mechanically labile a-helical protein into a
stable protein with a force increment of ~140 pN upon zinc
binding, which is one order of magnitude higher. Thus, we confirm
that this general metal-binding strategy for increasing the mechan-
ical stability of naturally occurring protein can also be applied to de
novo designed proteins. Finally, we demonstrated that o«;DIV and
other de novo proteins could be a potential building block for
designing novel biomaterials with tunable mechanical stability,
which is currently needed.
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