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ABSTRACT: The de novo-designed metalloprotein a;DIV binds to mercury
via three cysteine residues under dynamic conditions. An unusual trigonal
three-coordinate HgS; site is formed in the protein in basic solution, whereas
a linear two-coordinate HgS, site is formed in acidic solution. Furthermore, it
is unknown whether the two coordinated cysteines in the HgS, site are fixed
or not, which may lead to more dynamics. However, the signal for HgS, sites
with different cysteines may be similar or may be averaged and
indistinguishable. To circumvent this problem, we adopt a single-molecule
approach to study one mercury site at a time. Using atomic force microscopy-
based single-molecule force spectroscopy, the protein is unfolded, and the
HgS site is ruptured. The results confirm the formation of HgS; and HgS,
sites at different pH values. Moreover, it is found that any two of the three

cysteines in the protein bind to mercury in the HgS, site.

D 1 etal-binding sites play an essential role in maintaining

protein secondary structure and realizing protein
function."”” Many metals can bind to different numbers of
ligands and form different types of binding sites and
geometries in a protein.” > Moreover, heavy metals with a
high affinity for sulthydryl groups, such as mercury, are toxic to
sulfur-rich proteins because they replace the original metal and
bind to the sulfur. To mimic these mercury-binding proteins
for mechanistic study, a simple three-helix bundle metal-
loprotein, a;DIV, with three cysteines was designed de novo.”’
a;DIV provides either two or three cysteines for dynamic
mercury binding to form a HgS; or HgS, site, respectively, at
different pH values (Figure 1A), as revealed by Hg-NMR and
other spectroscopic methods.”® Most interestingly, it is
unknown whether the two binding cysteines in the HgS, site
are fixed or not, which may lead to a more dynamic site in the
protein. However, this information is difficult to obtain by
classic ensemble measurements, as the signals from the same
HgS, site but with different coordinating cysteines can be very
similar and may be averaged if a heterogeneous metalloprotein
sample is present. To overcome this challenge, we used atomic
force microscopy-based single-molecule force spectroscopy
(AFM-SMFS) to investigate the protein at two different pH
values and to characterize the HgS site during protein
unfolding.

a;DIV was redesigned based on a;D, which was one of the
first de novo-designed single-peptide-chain proteins with a
three-helix-bundle-structured native fold. Designed by DeGra-
do and co-workers, a;D is an excellent protein with only 73
residues but containing every natural amino acid except
cysteine.’ Later, Pecoraro and co-workers designed the protein
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a;DIV by introducing a triscysteine motif.” Because of the 3-
fold symmetry of the bundle, this protein is ideal for binding
many toxic metal ions, such as Hg(II), Cd(II), and Pb(II),
which prefer lower coordination numbers, significantly
expanding the field of de novo-designed metalloproteins.’®
Interestingly, the buffer pH determines the charge of the side
chains of charged amino acids, which affects the spatial
morphology of the coordination center/number when it binds
to Hg(II). '’Hg-NMR and other spectroscopic methods have
shown that Hg prefers an unusual trigonal HgS; conformation
at pH 8.6, while it prefers the classic linear HgS, conformation
at pH 5.8. Thus, this protein binds to mononuclear mercury
with different coordination numbers, serving as a simple yet
powerful model to study mercury binding proteins.

Although previous ensemble methods found that the protein
can form two different HgS sites, it is unknown whether the
two coordinating cysteines in the HgS, site are fixed or not.
Herein, we propose to use single-molecule force spectroscopy
(SMFS) to study the dynamic mercury-binding site in a;DIV.
SMES is a powerful nanoscale technique that can be used to
manipulate individual molecules by mechanical force and
measure their stability.”~'* Compared with ensemble measure-
ment methods, this method is used to study one molecule at a
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Figure 1. (A) Three-dimensional structure of Hg-bound a;DIV (PDB code: 2mtq). The mercury atom is colored in gray, and Cys18, Cys28, and
Cys67 are shown in a ball-and-stick model. The defined HgS; site at pH 8.6 and the HgS, site at pH 5.8 were enlarged. (B) Schematic of the
enzymatic immobilization of the target protein on the surface by OaAEP1 ligation and TEV cleavage. (C) Schematic of the high-precision AFM-

SMES setup for the Hg-a;DIV unfolding experiment.
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Figure 2. (A—C) Representative force—extension curves from a;DIV unfolding scenarios at pH 8.6 with a defined HgS; site are shown at the
bottom, and their corresponding mercury site rupture process is shown at the top. (A) Two-step unfolding scenario of #;DIV shows a first 3 nm
peak (colored in orange) corresponding to rupture of the Hg—Scys18 bond and a second 14 nm peak (in purple), corresponding to the stepwise
rupture of the HgS; site, starting from the N-terminus. (B) Another two-step scenario shows a first 14 nm peak from the rupture of the Hg-Scys67
bond and a second 3 nm peak, corresponding to site rupture starting from the C-terminus. (C) A third one-step scenario shows a single 18 nm peak
(in blue), corresponding to the simultaneous rupture of the HgS,; site. (D) The ALc histogram shows three rupture peaks from a;DIV with values
of 3.2 + 0.8, 14.4 + 0.5, and 17.7 + 0.7 nm and CBM with a value of 57.6 + 2.3 nm. (E) The scatter plot of the AFM-SMFS results shows the

unfolding force distribution for each event.

time. Because of its wide applied force range, single-molecule
AFM has been widely used for studying protein (un)folding,
protein—ligand interactions, and chemical bonds.””™*° In
mechanical unfolding experiments, the protein extends from
a small, folded structure to a linear, unfolded structure, leading
to a unique contour length increment (ALc) signal,
corresponding to the number of unfolded and extended
amino acids (aa).**"?*

Similarly, the rupture of the metal—ligand bond in a metal-
binding protein also leads to a unique ALc signal, which can be
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used to identify the metal—ligand bond.””*° Thus, several
metal-binding proteins have been successfully measured by
AFM-SMFS, showing a clear metal—ligand bond rupture
event.”' * Herein, by using AFM-SMFS to study one Hg-
a3DIV molecule at a time, the dynamic Hg—S coordination
condition in a;DIV is revealed.

A high-precision AFM measurement system was used to
study Hg-o;DIV, in which OagAEPI1-mediated enzymatic
ligation was used for target protein immobilization and a
dockerin—cohesin XDoc:Coh interaction pair was used as a

https://doi.org/10.1021/acs.jpclett.2c01316
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Figure 3. (A—C) Force—extension curves of three different &;DIV unfolding scenarios at pH 5.8 with a dynamic HgS, site and the corresponding
rupture process. a;DIV unfolding shows a single 14 nm peak (pink) from rupture of Cys18-Hg-Cys28 site (A), a single 3 nm peak (orange) from
Cys18-Hg-Cys28 site (B), and a single 18 nm peak (red) from Cys18-Hg-Cys67 (pink) (C). Xmodule can be unfolded, sometimes showing a 35
nm peak. (D) The ALc histogram shows three rupture peaks from a;DIV with values of 3.6 + 0.8, 14.4 + 0.5, and 17.9 + 0.7 nm. (E) The scatter

plot shows the unfolding force distribution for each event.

single-molecule pulling handle (Figure 1B,C).*>™** The
enzyme OaAEP1 (Oldenlandia affinis asparaginyl endopepti-
dases 1) ligates two proteins/peptides between their N-
terminal GL (Gly-Leu) dipeptide sequence and C-terminal
NGL (Asp-Gly-Leu) tripeptide sequence.’”*’ After adding
Hg(1I) into ENLYFQGL-a;DIV-NGL in an oxygen-free and
highly acidic (pH 2.7) environment (Figures S1 and S2), Hg-
bound a;DIV was first immobilized on a GL-functionalized
glass coverslip. Then, the N-terminal ENLYFQ/GL peptide
sequence was cleaved by TEV protease, forming a GL-Hg-
a;DIV-surface (Figures 1B and S3). As a result, the acidic-
labile Coh-NGL was connected under neutral pH to avoid
denaturing.

Next, an AFM tip functionalized with CBM-XDoc was used
as a pulling handle to pick up the target protein upon
approaching the surface by forming a reversible XDoc:Coh
interaction. XDoc is the abbreviation for protein complex
XModule-dockerin.”” Here, a previously characterized protein
CBM (cellulose-binding module) with a unique ALc of ~57
nm was fused, serving as a single-molecule event marker. Next,
by moving the tip up at a constant speed, Hg-a;DIV and CBM
(~150 pN) were stretched and unfolded, followed by rupture
of the strongest XDoc:Coh pair (>500 pN). Then, the tip was
moved to another location to measure a new protein molecule.

To verify the potential of AFM-SMFS to detect the
coordination condition of the mercury-binding site in a;DIV,
we first performed an unfolding experiment under alkaline
conditions (pH 8.6), in which the geometry of the HgS; site
with three defined bound cysteines is fully understood. The
force—extension curve showed a clear CBM unfolding peak
with a ALc of ~57 nm and a high peak (~500 pN) from the
rupture of XDoc:Coh, indicating that a single molecule was
stretched and that Hg-a;DIV was unfolded (Figure 2). In
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addition to these auxiliary signals, a stepwise unfolding
scenario with the first peak with ALc of ~3 nm and the
second peak with ALc of ~14 nm was observed, which must
result from the unfolding of @;DIV (Figure 24, bottom curve).
Considering the mercury coordination condition in the
protein, the 3.2 nm peak agrees well with the rupture of the
Hg-Scys18 bond in the HgS; site (Figure 2A, top scheme),
which allows the unfolding and extension of residues from
Cys18 to Cys28 (1laa X 0.36 nm/aa — 0.67 nm = 3.3 nm;
there are 11 residues between Cys18 and Cys28, the average
length of one amino acid is 0.36, and the distance in the folded
protein is 0.67 nm, which should be subtracted to yield ALc).
The 14.4 nm peak corresponds to the rupture of the remaining
HgS, site, leading to the extension of residues between Cys28
and Cys67 (40 X 0.36—0.55 = 13.9 nm). Thus, these stepwise
unfolding peaks correspond to the rupture of the HgS; site,
starting from the N-terminus. On the other hand, this result
supports the previous conclusion from spectroscopic measure-
ments that a HgS; site is formed in @;DIV in a basic solution.

Moreover, further evidence was obtained from the
observation of rupture of the HgS; site from the protein C-
terminus. Similarly, a stepwise unfolding peak was observed
but with an opposite sequence, with the 14 nm peak first,
followed by the 3 nm peak (Figure 2B). Here, the 14 nm peak
resulted from the rupture of the Hg—Scys67 bond, and the 3
nm peak resulted from the subsequent rupture of the
remaining mercury site. Finally, a one-step unfolding scenario
with a single 18 nm force peak was observed. This was
expected to correspond to the simultaneous rupture of Hg—S
bonds in the site, in which residues between Cys18 and Cys67
are extended (50 X 0.36 — 0.36 = 17.6 nm).

In addition to identifying the metal coordination condition,
the bond strength of Hg—S in the HgS; site at pH 8.6 was

https://doi.org/10.1021/acs.jpclett.2c01316
J. Phys. Chem. Lett. 2022, 13, 5372-5378
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Figure 4. Dynamic force spectrum results for Hg-a;DIV. The rupture force follows a linear relationship with the logarithm of the force loading rate.
Plots are fitted by the Bell-Evans model. Most events can be fitted well by a Ax of ~0.08 nm, while k, varies. At pH 8.6 (A—C), k, is 0.91 s™* for the
3 nm peak, 4.7 s for the 14 nm peak and 8.7 s~ for the 18 nm peak. At pH 5.8 (D—F), k; is 0.63 s™* for the 3 nm peak, 3.3 s for the 14 nm

peak, and 2.8 s™! for the 18 nm peak.

measured (Figure 2E). The rupture force for the Hg—Scys18
bond (3 nm peak) is 280 + 97 pN (ave. + stdv.; N = 82), and
the force for the Hg—Scys67 bond (14 nm peak) is 213 + 97
pN (N = 250); the force for the complete site is 171 + 75 pN
(N = 150).

After demonstrating the utility of AFM in the study of the
coordination of the metal center, we explored the HgS, site in
which the exact coordination of cysteine is unknown. The
same AFM-SMEFS experiment was performed on Hg-a;DIV
under acidic conditions (pH S5.8). As shown in the
corresponding force—extension curves, the most significant
difference is that the two-step unfolding scenario of a;DIV was
not observed again. Instead, we observed three different one-
step unfolding scenarios, with a single force peak with ALc
values of ~14, ~ 3, and ~18 nm, respectively (Figure 3A—C).
These results first confirm that the protein did not form a HgS,
site at pH 5.8. Moreover, given the previous observations of a
HgS, center by ensemble measurements, the 14 nm peak was
attributed to rupture of the Cys28-Hg-Cys67 site, the 3 nm
peak was attributed to rupture of the Cys18-Hg-Cys28 site,
and the 18 nm peak was attributed to rupture of the Cys18-
Hg-Cys67 site. Sometimes, an additional 35 nm length peak
with force of 200 pN can be observed, which was from the
unfolding of Xmodule in the pulling handle XDoc-Coh
complex before the complex unbinding (Figure 3A).”
Consequently, our AFM unfolding experiment demonstrates
that Hg(II) can coordinate between any two cysteines among
Cys18, Cys28, and Cys67 in the protein in a highly dynamic
way.

In addition, the strength of three different HgS, sites at pH
5.8 was measured (Figure 3E). The rupture force for the
Cys18-Hg-Cys28 site (3 nm peak) was 215 + 132 pN (N =
57), the force for the Cys28-Hg-Cys67 site (14 nm peak) was
214 + 97 pN (N = 153), and the force for the Cys18-Hg-
Cys67 (18 nm) site was 158 + 82 pN (N = 155).

To further understand each individual Hg—S bond in
different Hg-binding sites, we performed a dynamic force
spectroscopy experiment to determine the bond dissociation
kinetics (Figure 4). Upon stretching the chemical bonds at
various velocities, the rupture force was linearly dependent on
the logarithm of the force loading rates. Based on theoretical
models describing their relationship, two key kinetic
parameters, the bond dissociation rate at zero force, k,, and
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the distance between the bonded state and transition state, Ax,
were obtained.*'™*

We then stretched Hg-a;DIV at different velocities during a
force loading rate experiment. As expected, the rupture force
for each unfolding scenario was dependent on the loading rate.
The Bell-Evans model was used to fit the experimental force—
force loading rate data. Ax for each event was close to 0.8 nm,
which is due to the nature of the Hg—S bond. In contrast, the
ko value varies significantly, ranging from 0.6 to 10 s/,
indicating that the strength of the Hg—S bond(s) is different.
The exact values are summarized in Table 1.

Table 1. Kinetics of the HgS,/HgS; Site in a;DIV

pH ALc (nm) Ax (nm) ko (s74)
8.6 18 0.07 £ 0.01 8.7 +£ 2.0
8.6 14 0.08 + 0.01 4.7 £ 09
8.6 3 0.09 + 0.01 09 + 0.1
5.8 18 0.11 + 0.01 2.8 + 0.7
5.8 14 0.08 + 0.01 33+05
5.8 3 0.08 + 0.01 0.6 + 0.3

Herein, we used AFM-SMES to identify the coordination
number and cysteine of the mercury-binding site in a;DIV
under two different pH conditions. The observation of a
stepwise rupture scenario of the mercury site unambiguously
demonstrated the presence of HgS; at pH 8.6. The three
cysteines (Cys18, Cys28, and Cys67) coordinated with Hg(II)
simultaneously (Figure SA). In addition, the rupture of the site
started from both termini, leading to two unfolding patterns (3
+ 14 nm and 14 + 3 nm), consistent with the stochastic nature
of most metal sites in metalloproteins. This observation verifies
previous NMR and other spectroscopic results that an unusual
HgS; site is present under basic conditions, proving the
potential of AFM to identify metal coordination sites.

Most importantly, AFM-SMFS was then used to explore the
coordination condition of the mercury-binding site under
acidic conditions (pH $.8). In this case, no stepwise rupture
event was observed, indicating the disappearance of the three-
coordination HgS; site. Instead, only the one-step unfolding
event was observed. Together, these results confirm the
transformation of the HgS; site to the HgS, site in the protein
when the solution environment changed from basic to acidic,
again agreeing with previous ensemble measurements. More-

https://doi.org/10.1021/acs.jpclett.2c01316
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Figure S. Schematic diagrams of the three-coordinate HgS; site at pH
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over, three different one-step unfolding scenarios were
observed, with ALc values of 3, 14, and 18 nm (Figure SB).
More curves are shown in Figure S4. These values agree with
mercury bonding between any two cysteines in the protein.
Thus, this proves for the first time that mercury binding with
cysteine is dynamic, with three different coordination
conditions. Our force spectroscopy work provides new
evidence for this metal-binding protein based on previous
ensemble measurements.

Because of the high-precision AFM measurement system,
the Hg—S bond strength in a protein was accurately measured
and compared for the first time. Previous AFM-SMES
experiments showed that the protein structure is mechanically
labile, with an unfolding force <15 pN. Thus, the measured
force was mainly attributed to the Hg—S bond/site. For the
HgS; site, the rupture force was 280 pN for the single Hg—
Scys18 bond (3 nm peak), 213 pN for the single Hg—Scys67
bond (14 nm peak), and 171 pN for the complete site. These
results clearly show that the strength of different Hg—S bonds
in the same Hg—S site can be different. Similarly, for the
different HgS, sites, their rupture forces were also found to be
different. The rupture force for the Cys18-Hg-Cys28 site was
215 pN (3 nm peak), the force for the Cys28-Hg-Cys67 site
was 214 pN (14 nm peak), and the force for the Cys18-Hg-
Cys67 site was 158 pN (18 nm peak).

Moreover, the force values further support that the two
mercury-binding sites are different. Indeed, two unfolding
events cannot be solely identified by the ALc value. First, the
18 nm peak was observed at both pH 8.6 and pH 5.8. This
peak was attributed to rupture of either the complete three-
coordinate HgS; site or the two-coordinate HgS, with a
Cys18-Hg-Cys67 site. Nevertheless, the force for the two
events at different pH values was different (171 vs 158 pN).
Thus, considering these results together with the evidence of
previous ensemble measurements, it was concluded that the
same 18 nm peak originated from different HgS sites. Second,
many unfolding curves of a;DIV at pH 8.6 showed only the 14
nm peak (Figure S4). We believe that these curves describe the
stepwise rupture scenario, while the 3 nm peak was undetected
because 3 nm is near the spatial detection limit of AFM.
Moreover, two pieces of evidence were found from the ALc
values: we never observed the 3 nm peak at pH 8.6, and no
stepwise unfolding peak was observed at pH 5.8. In addition,
the force values for the 3 nm peak were quite different (280 vs
215 pN). Thus, the different rupture force values and
characteristic ALc could be used to unambiguously identify
the mercury coordination condition. Notably, the strength of

several other metal—thiolate bonds in protein system have
been measured showing a smaller force than the Hg—S bond.
The rupture force of Zn—S bonds in @;DIV is ~160 pN, and
that of Fe(II[)—S bonds in rubredoxin is ~210 pN.***>

De novo protein design is a powerful strategy to understand
and expand our knowledge of metalloprotein structure and
function. a;D/a;DIV is one of the first de novo-designed
single-peptide-chain proteins with a three-helix-bundle-struc-
tured native fold. This protein is ideal for binding a range of
metal ions and allowing the development of de novo-designed
metalloproteins able to bind porphyrins, iron—sulfur centers,
and polynuclear cofactors.***> Herein, we demonstrate that
AFM-SMES is suitable for the characterization of these
promising metalloproteins and provides unique molecular
information. Similar to its very recent applications in naturally
occurring metalloproteins, AFM-SMFS will be an alternative to
investigating this important type of protein.'**°

In conclusion, we used single-molecule force spectroscopy to
investigate the mercury-binding site in the de novo-designed
protein a;DIV. The strength of different single Hg—S bonds in
HgS sites was measured, showing varied stability. Furthermore,
with the unique unfolding contour length difference, the
dynamic binding condition, coordination number, and binding
cysteines of the HgS site in the protein were determined at the
single-molecule level.
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