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Abstract

Thanks to the binding of various metal ions, metalloprotein
plays an essential role in many different biological processes and
represents an indispensable protein subgroup. Thus, the knowl-
edge of the incorporated metal site and metal-ligand coordina-
tion bond in the protein is invaluable for understanding this
critical bio-macromolecule and designing a new one. Over the
last decade, atomic force microscopy-based single-molecule
force spectroscopy (AFM-SMFS) has been used to explore the
metalloprotein as an emerging methodology, focusing on
measuring metal-ligand bond strength. By stretching the protein
molecule along its peptide backbone, AFM-SMFS can unfold
the protein secondary structure and break and quantify the metal-
ligand bond/metal cluster. Moreover, the very recent develop-
ment of enzymatic, site-specific protein conjugation and
immobilization methods for the SMFS system enables the
highly efficient and accurate measurement of the metal-ligand
bond strength in proteins. As a result, comparing the strength
among different types of metal-ligand bonds in proteins
becomes possible, and the trend of their strength is gradually
revealed, such as the Fe(lll)-ligand bond in iron-binding
proteins. Thus, we envision that in the future AFM-SMFS
may provide a unique insight to uncover the general principle of
how protein selectively binds to metal ion.
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Introduction

Single-molecule force spectroscopy, such as single-molecule
atomic force microscopy (AFM), optical and magnetic tweezers,
is a powerful tool in nanoscale that can manipulate single
molecules by mechanical force and measure their stability.'
By studying one molecule at a time, invaluable knowledge of
its molecular mechanics and inter/intramolecular interaction
have been revealed and quantified.>* Due to its wide force
measurement range (tens to thousands of piconewton, pN) and
accurate length resolution (nanometer, nm), AFM-SMFS has
been used to measure the strength of strong interactions/chemical
bonds, such as ligand-receptor (protein-protein) interaction on a
surface and on a cell, metal-ligand coordination complexes,
and even covalent bonds.>*" In addition, it is also widely
applied to study the conformational change of bio-macromole-
cules, such as polysaccharides, DNA, synthetic polymers, and
protein.>>'-® Several excellent reviews have been published
elsewhere.’>7® Here, we focus on the very recent application
of AFM-SMFS to a subgroup of protein, metalloprotein, in
which different types of metal ions/metal-ligand coordination
bonds are present.

Ziyi Wang received his BE degree from Harbin Engineering University in 2020. He is
currently a master student at Nanjing University. His research interests are unfolding studies
of metalloproteins and protein-protein interaction using AFM-SMFS.

At least one-third of the protein binds to metal ions as
metalloprotein/metal-binding protein. The incorporation of tens
of different metal ions, such as iron, zinc, copper, calcium, and
nickel, stabilize the protein structure and add unique functions to
the protein.”*7® Typically, the metal binds to the N, O, or S atom
in the side-chain of amino acid and forms various strong or weak
metal-ligand coordination bonds. For the past decade, AFM-
SMFS has been used to quantify the strength of these metal-
ligand bonds in metalloprotein systems.?””’3% Interestingly,
AFM-SMFS characterization on metalloprotein unfolds the
protein structure as a conformational change of the bio-macro-
molecule and breaks the metal-ligand bonds by rupture of a
chemical bond. Thus, its use combines both features mentioned
above. Moreover, the recent development of enzymatic site-
specific protein conjugation and immobilization enables the
highly efficient and accurate measurement of the strength of
metal-ligand bonds in protein and their comparison. Assisted
by computational calculation and molecular dynamics simula-
tion, AFM-SMFS studies on metalloproteins have started to
uncover the general principle of metal-ligand bond strength in
proteins.

In this review, we will first briefly describe the AFM-SMFS
principle and its characterization of the polyprotein and chemi-
cal bonds containing metal ion in non-biological systems, and
then mainly focus on the studies of metal-ligand bond in
metalloprotein systems as well as the recent development of
enzymatic protein conjugation and immobilization method for
SMFS systems. Finally, we will mention several examples of the
metal-binding effect on protein stability revealed by SMFS.

The Working Principle of AFM-SMFS and
Its Characterization on Proteins

In AFM-SMFS measurement, the target molecule/protein
solution with an appropriate concentration is typically deposited
on a clean glass coverslip substrate (Figure 1A). And the
substrate is controlled by a piezoelectric actuator which can
move with a sub-nanometer resolution. In addition, a soft and
small AFM cantilever with a sharp tip is the essential part for
capturing a single-molecule and measuring the corresponding
pN level force (Figure 1B). To detect the tiny force, a laser
system is used. A laser is shined on the back of the cantilever,
whose bending/movement (z) can be magnified and recorded by
a split photodiode detector. If the spring constant (k) of the AFM
cantilever is known, the exerted force on the molecule can be
calculated based on Hooke’s law (F = k*z).85-%7 By approaching
the substrate vertically to the AFM cantilever/tip, a (protein)
molecule can be captured between the tip and the substrate from
the two ends. Then, by moving the substrate away from the tip,
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Figure 1. A) A simplified schematic of an AFM instrument
for SMFS measurement. B) A SEM image of the sharp tip on an
AFM cantilever. C) Schematic (top) and force-extension curve
(bottom) from a polyprotein unfolding by AFM-SMES. It shows
multiple unfolding force peaks, which can yield the character-
istic contour length increment (ALc) corresponding to the
unfolding of each protein domain. D) Direct measurement of the
strength of a chemical bond/metal complex using NTA-Ni-
Histag as an example. The NTA-Ni?* group functionalized on
the end of a polymer is immobilized on the AFM tip and the
Histag part is immobilized on a gold substrate. When the tip and
substrate contact each other, target NTA-Ni**-Histag complex
forms. And when they are pulled away, the complex breaks,
leading to one force peak (marked by a star). The force value
is the binding force between the NTA-Ni’* and the Histag. E)
The AFM-SMFS characterization of metalloprotein shows both
features from protein unfolding and chemical bond rupture.
Here, the first force peak with ALcl corresponds to the
unfolding of protein structure before the metal center, while
the second with ALc2 corresponds to the extension of protein
structure previously enclosed by the metal center. The value of
peak 2 (marked by star) is the rupture force for the metal center.

the molecule will be stretched, and the force will be applied,
leading to a conformational change of the molecule, such as the
unfolding of proteins or mechanophores.®-%3

For example, a polyprotein with three domains is captured
and measured by AFM-SMEFS in Figure 1C. The three domains
are unfolded one by one under mechanical manipulation, leading
to three force peaks with the same contour length increment
(ALc). Here, ALc corresponds to the extension of the folded
protein structure after unfolding, which equals the number of
amino acids (N) times the backbone length of one amino acid,
minus its original length when folded (L0O) (N*0.34 nm/aa-L0).
This value has become an unambiguous signature for single-
molecule detection of protein (un)folding. Using this so-called
polyprotein strategy and the unique ALc as the signature,
SMFS characterization on proteins has over the past decades
shown significant progress and revealed a wealth of informa-
tion on protein mechanics, (un)folding pathways, and energy
landscapes.’*1%6

AFM-SMFS Measurement on Chemical
Bond Strength in Non-biological Systems

Besides proteins, AFM-SMFS have been used for probing
inter/intramolecular interactions and chemical bonds since
its invention. The binding between metal ions and NTA
(Nitrilotriacetate) /Histag system is one of the earliest metal-
ligand bond complexes quantified by AFM-SMFS.!?7:19%8 Thijg

system is the most widely used tag for protein purification,
taking advantage of the well-known metal-ligand coordination
interaction. Thus, several research groups have performed
pioneering work for its strength measurement at the same time.
Unlike protein unfolding, the two parts of the target bond/
interaction are usually immobilized to the tip/substrate sepa-
rately (Figure 1D). For example, The NTA-Ni?* is bound to the
tip via tri(ethylene glycol (EG3))-terminated alkanethiols, while
the Histag is bound to the substrate. The target metal complex is
formed when these two parts are brought into contact. Then, they
are pulled away from each other, the spacer is extended, and the
entropic force will act directly on the metal complex and break.
Several different metal ions, such Ni?t, Co?*, Zn?*, and Cu?*
have been tested, showing a rupture force from 50pN to
200pN.2® However, the measurement for kinetic information
and accurate comparison between the complex with different
metal ions were challenging at early on due to the limited and
inefficient immobilization method and clear single-molecule
event signature. Nevertheless, it demonstrates the great potential
of AFM-SFMS to study metal-ligand bond/complex and the
diverse metal complexes it can study.

Indeed, the metal-terpyridine complex is another widely
studied metal-ligand bond/interaction system by SMEFS, in
which a range of metal ions is tested, such as ruthenium,
osmium, palladium, further demonstrating the diverse metal-
complexes.!%?%109-111' Recently, the Fe-cyclopentadienyl inter-
action in ferrocene was quantified, showing a different force
when pulled from different directions.'!?!!3

The Au-S bond is another widely studied example. Using
an amylose polysaccharide as a molecular linker and a gold
evaporated surface activated with an aminothiol, Au-S bonds
form between the AFM tip and the surface based on carbodii-
mide chemistry. Its first direct measurement showed a high
rupture force of ~1.4nN in 1999.2° Later studies revealed that
environmental factors such as solution pH and the gold surface
could also modulate its stability and rupture mechanism.''

It is worth mentioning that the accurate measurement of
chemical bond strength is challenging by SMFS, which is
different from the unfolding study on polyproteins, showing a
unique ALc value. Nevertheless, guided by theoretical models,
computational calculations, and careful experimental design,
they provide invaluable knowledge for chemical bonds/inter-
actions at the single-molecule/bond level.''>137

Quantification of Metal-Ligand Bond
Strength in Proteins by AFM-SMFS

As a unique protein subgroup, metalloprotein contains a
metal site(s) bound to its structure.'*® As a result, both protein
secondary structure and the metal cluster/metal-ligand bond can
be unfolded/ruptured during AFM-SMFS measurement. More-
over, the rupture of a metal cluster will lead to the further exten-
sion of the amino acids which are previously enclosed. Thus,
unlike previous metal-ligand bond rupture events in non-bio-
logical systems, a force peak with a unique ALc will be obtained
similar to protein unfolding (Figure 1E). In 2011, a small iron-
sulfur protein rubredoxin was characterized by AFM-SMFS.?’ In
rubredoxin, the iron is coordinated by four sulfur atoms from
cysteine residue as a Fe(SCys), metal center and 37 amino acids
(residues 5—41) is enclosed by the center (Figure 2A)."3°-14! The
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Figure 2. Iron-binding proteins characterized by AFM-SMFS,
including A) rubredoxin with a four-coordinated Fe(SCys)4
center, B) superoxide reductase with a six-coordinated
Fe(OGlu);(NHis)4(SCys); center, C) ferredoxin with a Fe,S;-
(SCys)4 cluster, and D) mitoNEET with a Fe,S;(NHis);(SCys);
cluster.

strength of Fe-thiolate bonds/iron center was measured, which is
one of the first metal-ligand coordination bonds/system quanti-
fied in a metalloprotein by AFM-SMEFS. It showed a rupture force
of ~200 pN from the metal center break, in which at least two Fe-
thiolate bonds were ruptured. Moreover, a 13 nm-length force
peak was observed, which agreed well with the extension of 37
amino acids. It indicates these metal-ligand bonds in protein can
be ruptured, and its signature can be supported by protein
unfolding signal.

Another mononuclear iron-contain protein superoxide re-
ductase (SOR) was studied.’”® Tts iron is coordinated by four
imidazole nitrogens, one cysteinyl sulfur, and one glutamic
carboxylate, forming a six-coordinate, octahedral iron center,
Fe(His)sCysGlu. Thus, it contains the three major Fe-ligand
bonds in a protein. We found the Fe-O(Glu) bond was
mechanically stable with a rupture force of ~220pN, while
the Fe-N(His) bond was much weaker (<15pN). Studies on
other iron-sulfur proteins with more complex iron clusters,
such as 2Fe2S-ferredoxin (Figure 2C) and a unique type of
mitoNEET (Figure 2D) with a single Fe-N bond shows similar
bond strength for the Fe-S bond and Fe-N bond 30142144
Altogether, a general trend for Fe((IlI)-ligand bond strength in
iron-binding protein is revealed as, Fe-S~Fe-O > Fe-N.

Besides iron-binding protein, the metal site strength in
several other metal-binding proteins was also studied, such
as copper-containing protein azurin and cupredoxin,’’»!43:146
zinc-containing protein zinc-finger protein Dnal,'*"4® and
gold-containing protein GolB.'*® They all showed the rupture
force peak of the metal site with a characteristic ALc and a
rupture force from 50 pN to 200 pN.

The Metal Binding Effect on Protein
Stability Revealed by AFM-SMFS

In addition to measurement of the metal-ligand bond
strength in protein, whose rupture event is separated from the
protein unfolding, the effect of metal binding on protein is also
widely revealed by AFM-SMFS. Calcium-binding proteins have
been studied mostly so far. For example, calmodulin contains
two domains, both binding to calcium ions. SMFS revealed that
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Figure 3. Representative metal-binding proteins show en-
hanced mechanical stability/interaction revealed by AFM-
SMFS, including calcium-binding protein A) calmodulin, B)
M-crystallin, C) cadherin and D) SdrG BI, magnesium and
manganese-binding protein B1 integrins E), zinc-binding protein
rhodopsin F), and an engineering GB1 mutant with bi-His motif
G) for nickel binding. A) is reprinted with permission from
ref. 150. Copyright 2011 Science. B) is reprinted with permission
from ref. 151. Copyright 2014 PLOS One. C) is reprinted with
permission from ref. 153. Copyright 2014 Nature Communica-
tions. D) is reprinted with permission from ref. 154. Copyright
2021 Nature Communications. E) is reprinted with permission
from ref. 155. Copyright 2021 Nature Communications. F) is
reprinted with permission from ref. 156. Copyright 2007 Journal
of Biological Chemistry.

the binding of calcium was essential for the folding and func-
tions of calmodulin (Figure 3A)."° Similar results were found
for M-crystallin,'>!"132 cadherin,'>* gelsolin,''* and SdrG B1,'%*
which all bound to calcium ions and led to enhanced mechanical
stability (Figure 3B-D). Mg and Mn stabilized the interaction
between reovirus and Pl integrins (Figure 3E).'>> The zinc-
binding effect was found for rhodopsin (Figure 3F).!3¢ Also,
incorporating a non-naturally metal-binding site in protein was
demonstrated in both single-molecule and macroscopic levels
such as a hydrogel.'>-162 A bi-histidine motif was engineered
into protein GB1, and the binding of Ni’>* can significantly
increase protein stability up to 100 pN (Figure 3G).!57-163

Enzymatic, Site-specific Protein Conjuga-
tion and Immobilization for AFM-SMFS
System

As mentioned, protein is non-specifically picked up between
the AFM tip and the substrate surface traditionally.’ This is the
most convenient way for protein immobilization in which the
protein solution is deposited on a clean glass surface. Together
with the polyprotein design, it allows the good characterization
of many proteins by AFM-SMFS. The limitations are the
relatively weak protein attachment force and the undefined
attachment point. It is noted that a gold-coated substrate is often
used for covalent protein immobilization through the Au-S bond
formation between the gold and the engineered cysteine in the
target protein.'®*1% This results in a much stronger protein
attachment force and is still used today.

Recently, the development of enzymatic, site-specific
protein conjugation and immobilization methodology has been
implemented in the AFM-SFMS system.!®’"'"! The enzymatic
ligation leads to a covalent protein immobilization with a high
attachment force. And the specific recognition group/residues

1670 | Chem. Lett. 2021, 50, 1667-1675 | doi:10.1246/cl.210307

© 2021 The Chemical Society of Japan


https://doi.org/10.1246/cl.210307

cr J HaloTag
2
[P
IChloroalkanel *#%=

ﬂ@@iéﬁb\aﬁ

ybbR tag

D@p;\‘((} G k@ E @—fGly—HIPS—LLL

LPXTG @ LCTPSR NGL T L

F &—c—2d
fGL) 0 C‘\

OaAEP1
(C247A)

.G_)‘ '.ﬁf ', S [Hwes,
Sortase A ‘FGE\

Formylation

GGG

~NQ
Maleimide(SH)

5 +
Alkyne(HN=N=N)

LS. Y
\é‘u'\almmlde(SH)

g Maleimide(SH)

] 0,
< J yois o, 0 o
£ o NaO ©Q &y o o -
Of’N? y - L Of~gt; it v N 560 0=5— ‘no i 1 W N)K/\NM“J‘]“NU\/\N:W
ool ) A ? d 4()0.» { ) © H H J
NHS-PEG-Maléimide Alkyne-PEG-Silane Sulfo-NHS-Maleimide DBCO-Linker-M s
NH, NH, NH; gH gH gu — N§H2 %Hz gHz iy g; g, EN;
—— — [ - - —

Figure 4. Examples of (self) enzymatic ligation for site-specific protein immobilization and conjugation for SMFS. Chemical
functionalization of the substrate surface or tips (bottom) is followed by the attachment of a flexible linker containing the corresponding
enzymatic recognition group. Then, target proteins can be immobilized site-specifically by the corresponding enzyme, A) through an
enzymatic self-labeling using HaloTag with chloroalkane derivative, B) using a ybbR tag/CoA/SFP system, C) through the
spontaneous isopeptide bonds formation using SpyTag/SpyCatcher, D) using the LPXTG/GGG tag/Sortase A system, E) through a
formylation with formylglycine-generating enzyme (FGE), and F) using the NGL/GL tag/OaAEP1(Cys247Ala) system.

for the enzymatic ligation make the immobilization and pulling
direction clear. Together with a receptor-ligand pair as a
reversible pulling handle and a long spacer (PEG or ELP) to
avoid interference from the short-range non-specific interaction,
it is becoming a new standard for AFM-SMFS experimental
design.lé&ln

In this method, an enzyme is used as a ligase that recog-
nizes two molecular fragments and connects them together
(Figure 4A-F). Typically, the small molecule/peptide fragment
for enzymatic recognition is functionalized on the surface. And
the protein of interest (POI) fused to the other recognition
fragment is conjugated catalyzed by the enzyme. As a result, the
POI is immobilized on the surface. For example, by function-
alizing the chloroalkane group on the surface, POI with a fused
HaloTag (haloalkane dehydrogenase) can be ligated to the
surface based on the self-catalyzed enzymatic ligation between
the HaloTag and the chloroalkane (Figure 4A).'7* Similarly,
POI with a ybbR-peptide tag (DSLEFIASKLA) can be ligated to
a coenzyme A (CoA)-coated surface by the 4-phosphopante-
theinyl transferase (SFP) (Figure 4B).!” POI with a SpyCatcher
can be ligated to a SpyTag-coated surface through the formation
of a self-catalyzed isopeptide bond (Figure 4C).'7>!76 POI with
LCTPSR peptide tag can be ligated to a molecule fused with
Hydrozino-Pictet-Spengler (HIPS) reagent by the formylglycine-
generating enzyme (FGE) (Figure 4E).'”7 Moreover, Sortase A
and OaAEP1(C247A) can be used for both polyprotein con-
struction and immobilization.!”!7%17 Sortase A (Figure 4D)
recognizes an N-terminal GGG peptide sequence and a C-
terminal LPXTG sequence and ligates them together, while
OaAEP1 (Figure 4F) recognizes an NGL sequence and a GL
sequence. '8 When the POI is fused with one peptide tag, it can
be ligated to another POI fused with the other corresponding
peptide tag, or immobilized to the surface which is coated with

the other peptide tag. Their ligations both lead to only a short
peptide linkage as “LPXTGGG” for Sortase or “NGL” for
OaAEP1. For OaAEP1(C247A)-mediated ligation, only ~50
nM concentration enzyme is needed. And the ligation is
relatively irreversible and robust, which can lead to a protein
pentamer and survive under many different (toxic) metal
ions, 170181

Prior to the enzymatic ligation, the corresponding small
molecule/peptide fragment is immobilized on the surface
through the stepwise chemical functionalization of the surface,
whose success is also critical for the final performance of the
single-molecule experiment. Thanks to the silanol group on both
glass coverslip and silicon nitride-made AFM cantilever/tip,
aminosilanization on the surface can easily be achieved, whose
amino groups are ready for the following reactions.!64165-182-185
Then, a hetero-functional crosslinker carrying an amino-reactive
N-hydroxysuccinimide (NHS) is coupled to the surface. Typi-
cally, a cysteine-reactive maleimide group is at the other end.
Finally, the target peptide tag or molecule with cysteine can be
attached for the following enzymatic protein attachment process.
Recently, the efficient and stable click reaction was also adopted
for protein attachment to replace the NHS reaction.'8¢ First, the
amino group on the glass surface was converted to the azide
group. Then, a hetero-functional crosslinker carrying an azide-
reactive dibenzocyclooctyne (DBCO) group was added to the
surface through strain-promoted azide-alkyne cycloaddition
(SPAAC) reaction. And the maleimide group on the other end
was added accordingly. Using an Alkyne-PEG-Silane agent, the
alkyne can be directly added, allowing a click reaction for
further attachment.

Here we only list a part of the recent work due to the limited
space and the focus of this review. There are quite a few other
strategies and several comprehensive reviews of these advances
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have been published elsewhere.!”"-!87-19 More detailed descrip-

tions of their properties and mechanism can be found. Most
importantly, much more efficient and reliable SMFS measure-
ment is achieved using these methods. And the comparison of
different metal-ligand bonds with a small difference is made
possible.

In conclusion, the metalloprotein, to which tens of different
metal ions bind and plays a critical role in their functions and
structures, provides a diverse subject with fascinating scientific
questions. With the recent advances in protein conjugation and
immobilization method, we believe SMFS can make a unique
contribution to uncover these mysteries at the single-molecule
level.
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