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ABSTRACT: The iron−amino acid interactions Fe−O(Glu/Asp), Fe−N(His), and Fe−
S(Cys) are the three major iron−ligand bonds in proteins. To compare their properties in
proteins, we used atomic force microscopy (AFM)-based single-molecule force
spectroscopy to investigate a superoxide reductase (Fe(III)-SOR) with all three types
of bonds forming an Fe(His)4CysGlu center. We first found that Apo-SOR without bound
iron showed multiple unfolding pathways only from the β-barrel core. Then, using Holo-
SOR with a ferric ion, we found that a single Fe−O(Glu) bond can tightly connect the
flexible N-terminal fragment to the β-barrel and stabilize the whole protein, showing a
complete protein unfolding scenario, while the single Fe−N(His) bond was weak and
unable to provide such a stabilization. Moreover, when multiple Fe−N bonds are present,
a similar stabilization effect can be achieved. Our results showed that the iron−ligand
bond modulates protein structure and stability in different modes at the single-bond level.

Transition metal ions are ubiquitous and play essential
roles in biology.1−3 As the most abundant trace metal in

the human body, iron is one of the most crucial chemical
ingredients in life. Iron binds to proteins, and iron-containing
proteins are indispensable for diverse biological processes such
as oxygen storage and many critical, enzyme-catalyzed
reactions.4,5 Iron binds to proteins mainly through the
formation of three different metal−ligand coordination
bonds, namely, to the carboxylate oxygen in glutamic/aspartic
acid to form an Fe−O(Glu) bond, to the imidazole nitrogen in
histidine to form an Fe−N(His) bond, and to the sulfur in
cysteine to form an Fe−S(Cys) bond. Moreover, these bonds
are usually present in the different types of proteins at different
frequencies. Consequently, the comparison of the properties of
these three different Fe−ligand bonds and their corresponding
modulation modes for proteins provides valuable insight into
the role of iron in protein structure and stability.
To accurately characterize their contributions in one

molecule, we chose AFM-based single-molecule force spec-
troscopy (SMFS) to study the iron binding effect in an iron-
containing protein superoxide reductase (SOR), which
contains all three types of bonds (Fe−N(His), Fe−O(Glu),
and Fe−S(Cys) bonds). SMFS, including single-molecule
AFM and optical and magnetic tweezers, is a powerful
technique that can mechanically manipulate single biomacro-
molecules.6−15 Among these techniques, single-molecule AFM
has been widely applied to study protein (un)folding
processes, protein−ligand interactions, and even chemical
bonds because of its high force range.16−27 It is also used to
study the metal−ligand coordination bonds in both inorganic
and protein systems.28−32 Thus, we used AFM here to study

the unfolding process of Fe(III)-SOR and to directly quantify
the Fe−ligand bond strength.
Fe(III)-SOR is a blue-colored protein whose biochemical

and spectroscopic properties have been extensively charac-
terized.33,34 SOR is a defense protein against reactive oxygen in
anaerobic microbes that catalyzes the conversion of superoxide
to hydrogen peroxide. The X-ray crystallography structure of
the ferric form of SOR shows that the protein adopts an
immunoglobulin (Ig)-like β-barrel fold core with seven β
strands A−G and an N-terminal flexible fragment (N-frag)
from residues 1−18. SOR contains a mononuclear, nonheme
iron center that is coordinated by four imidazole nitrogens
(His16, His41, His47, and His114, H16,41,47,114), one
cysteinyl sulfur (Cys111, C111), and one glutamic carboxylate
(Glu14, E14, COO−), forming a six-coordinate octahedral iron
center, Fe(His)4CysGlu (Figure 1A).33−35 Here, the glutamic
acid is depronated under neutral pH and coordinates to the
ferric ion as a monodentate ligand. In the Fe(III)-bound form
(named the Holo-form), the Fe−O(Glu14) bond and the Fe−
N(His16) bond connect the flexible N-terminal fragment to
the β-barrel core. Interestingly, besides the six-coordinated
metal center, the X-ray crystallographic structure shows that a
half-quantity of Holo-SOR adopts a five-coordinate iron site
lacking the Fe−O bond, and the biological meaning is still
unclear. Nevertheless, two types of iron centers exist in the
Holo-SOR as the N-terminal fragment is connected to the iron
center with both an Fe−O(Glu14) bond and an Fe−N(His16)
bond or with only one Fe−N(His16) bond. Consequently, the
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three primary iron−ligand bonds in the iron-containing
protein, including one Fe−O bond, four Fe−N bonds, and
one Fe−S bond, are present in the Holo-SOR. This structure
thus fulfills our purpose of studying the modulation effect of
the different Fe−ligand bonds in one protein molecule.
To ensure an accurate measurement of the Fe−ligand bond

in Fe-SOR, a fused protein construct cohesin-SOR-Asn-Gly-
Leu (Coh-SOR-NGL) with a molecular weight of ∼43 kDa
was built for single-molecule AFM experiments (Figure S1).
The C-terminal fragment NGL enables covalent attachment of
SOR on the functional glass surface, and cohesin leads to a
specific pickup of SOR by the AFM tip (Figure 1B).36−40

Cohesin forms a specific protein−protein interaction with
dockerin (Doc), and the C-terminal NGL residues react with
the N-terminal GL residues (Gly-Leu), forming a covalent
NGL peptide linkage. This configuration led to a completely
site-specifically conjugated construct from the AFM tip to the
glass coverslip, in which SOR was present in between. By
moving the AFM tip away vertically, the SOR protein was
stretched, leading to the unfolding of SOR and the rupture of
Fe−ligand bonds.
To distinguish the iron binding effect of SOR from the

protein secondary structure, we first studied the SOR without
iron binding (named Apo-SOR). The Apo-SOR sample was
prepared, and its purity was confirmed by inductively coupled
plasma mass spectrometry (ICP-MS), showing less than 10%
residual iron (SI).33,34 When stretched by single-molecule
AFM, the Apo-SOR showed a characteristic sawtooth-like

force−extension curve in which each force peak corresponded
to the unfolding event of a protein or a particular protein
fragment (Figure 1C). The force−extension curves were first
analyzed by fitting the polymer elasticity using the worm-like
chain (WLC) model, and the specific contour length
increment (ΔLc) for each force peak was obtained.41 ΔLc
describes how long the protein backbone extends after protein
unfolding, which is a characteristic of a particularly stable
protein or a fragment after unfolding/extension. For example,
the largest ΔLc value of the Apo-SOR unfolding peak is 37 nm
(37.1 ± 1.9 nm, average length and standard deviation, Figure
1C, curve 1), attributed to the unfolding of the seven-stranded
β-barrel structure of SOR from residues 19 to 123 because 105
amino acids are extended after the β-barrel unfolding
(theoretical ΔLc: 0.365 × 105 − 1.5 = 36.5 nm; 1.5 nm is
the original distance between residues 19 and 123, which needs
to be subtracted, Figure S2). The average unfolding force and
standard deviation for this scenario was 146 ± 58 pN (n = 30),
which is comparable to that of most stable Ig-like folding
proteins.42−45 Notably, an unfolding event of the unstructured
N-terminal fragment from residues 1 to 18 outside of the β-
barrel structure was not detected. Otherwise, a force peak with
the ΔLc value of 4.5 nm should be observed (0.365 × 18 − 2.1
= 4.5 nm, Figure S2). This fragment was labile, with an
unfolding force below the detection limit of AFM, and it
unfolds first before the β-barrel core structure. More details for
using ΔLc to explain the protein unfolding scenario and
mechanism can be found in the SI.

Figure 1. (A) SOR is an iron-containing protein with an N-terminal fragment and a β-barrel core (PDB code: 1DO6). The iron is coordinated by
six residues forming an Fe(His)4CysGlu center. (B) Setup of an AFM experiment displaying how the covalently attached SOR is unfolded. (C)
Representative force−extension curves of the Apo-SOR showing multiple unfolding pathways. The single force peak with ΔLc of 37 nm (curve 1)
corresponds to the one-step unfolding of the Ig-fold β-barrel, and the other three types with a cumulative ΔLc of 37 nm were from the two-step
unfolding of the barrel (curve 2−4). (D) Scatter plot between the unfolding force and ΔLc showing these unfolding pathways. The peak with ΔLc
of 55 nm was from the marker protein cellulose-binding module (CBM). (E) Cartoon showing the mechanism of the three major unfolding
pathways of Apo-SOR. The one green line indicates a one-step unfolding scenario, while the stepwise lines with two colors indicate two-step
unfolding with a partially unfolded intermediate shown. The percentage of each pathway is represented by the width of the line.
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In addition to this one-step unfolding event, several two-step
unfolding events with two stepwise peaks were observed
(Figure 1C, curves 2−4). The sum of their ΔLc values was also
37 nm, which agrees well with the value of the unfolding of the
entire β-barrel structure revealed above. Thus, these events
describe the stepwise unfolding patterns of Apo-SOR. For
example, the first peak, with a ΔLc value of 13 nm, was
attributed to unfolding of the β strands A and B (residue 19−
48, theoretical ΔLc = 0.365 × 30 − 1.2 = 9.8 nm), and the
second peak, with a ΔLc value of 24 nm, was attributed to
strands C-G (residue 50−123, theoretical ΔLc = 0.365 × 74 −
2.3 = 24.7 nm, n = 15). In addition, another stepwise unfolding
scenario with two force peaks with ΔLc values of 18 nm was
attributed to unfolding of the β strands E-G (residue 71−123)
and β strands A-D (residue 19−70, n = 42). Finally, a stepwise
unfolding scenario with a ΔLc value of 26 + 11 nm (n = 9) was
also detected. Such multiple stepwise unfolding events indicate
that the β-barrel structure in Apo-SOR is dynamic as the most
stable single-domain protein unfolds in one defined pathway

under mechanical manipulation. Detailed results such as the
unfolding mode and force are summarized in Table 1.
Next, we stretched the Holo-form SOR to study the effect of

iron binding to the protein. Compared with the Apo-SOR, the
Holo-SOR showed an unfolding event with a larger ΔLc of 42
nm (41.6 ± 1.6 nm, n = 39, 33%, Figure 2A,B). This value
agrees well with the complete unfolding of SOR from the first
residue to the last (124th) residue (0.365 × 124 − 2.6 = 42.6
nm), including the previously undetected N-terminal fragment
in the Apo-form. The average force was 127 ± 54 pN.
Moreover, two major stepwise unfolding scenarios were

observed with a cumulative ΔLc value of 42 nm. The ΔLc
combination of 14 + 28 nm (n = 63, 54%) and 19 + 23 nm (n
= 15, 13%) was observed (Figure 2A). Both scenarios with
larger ΔLc values are attributed to incorporation of the N-
terminal fragment bound by the Fe−O(Glu) bond. The 14 +
28 nm scenario is similar to the previous 11 + 26 nm scenario
observed for the Apo-form. The first peak, with a ΔLc value of
14 nm, was attributed to unfolding of the N-terminal fragment

Table 1. Data Summary for Each SOR Unfolding Scenario

state mode ΔLc (nm) F (pN) % protein and Fe−L bonds broken

Apo 37 37.1 ± 1.9 146 ± 58 31 ABCDEFG (A-G)
18 + 19 18; 19 154 ± 56 44 EFG (IEFG); ABCD (A-D)
13 + 24 13.3 ± 1.5 155 ± 83 16 AB (IAB)

25.1 ± 1.8 132 ± 65 CDEFG (C-G)
26 + 11 27.4 ± 1.2 113 ± 66 9 ABCDE

11.2 ± 0.9 89 ± 45 FG
Holo-6 42 41.6 ± 1.6 127 ± 54 33 A-G + E14 + H16,41,47,114 + C111

14 + 28 13.9 ± 2.3 109 ± 50 54 FG + C111 + H114 (IFG)
28.7 ± 2.0 210 ± 89 ABCDE + E14 + H16,41,47

19 + 23 20.0 ± 1.0 219 ± 48 13 AB + E14 + H16,41
22.7 ± 1.0 178 ± 51 C-G + H47,114 + C111

Holo-5 37 37.2 ± 1.4 149 ± 54 60 A-G + H16,41,47,114 + C111
18 + 19 18; 19 209 ± 56 40 EFG + C111 + H114; A-D + H16,41,47

Figure 2. (A) Representative curves of Holo-SOR with a six-coordinate iron center including an Fe−O bond showed a single force peak with ΔLc
of 42 nm (curves 1 and 2, colored in red) and the stepwise force peaks with a cumulative ΔLc value of 42 nm (curves 3−6). (B) The scatter map
showed all of these pathways. (C) The schematics indicate the stepwise unfolding scenarios with a combination of ΔLc of 14 + 28 and 19 + 23 nm.
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(4.5 nm, residues 1−14) plus β strands F-G (8.0 nm, residue
100−123), and the second peak, with a ΔLc value of 28 nm,
was attributed to strands A-E (residue 15−99). Similarly, a
value of 19 nm was from the unfolding of the N-terminal
fragment together with β strands A and B (residue 1−47), and
the second peak, with a ΔLc value of 23 nm, was attributed to
strands C-G (residue 48−123). Both mechanisms are shown in
Figure 2C. The unfolding event of Holo-SOR with a larger
ΔLc value of 42 nm indicated that the Fe−O bond connects
the N-terminal peptide fragment to the β-barrel core and
stabilizes the protein structure and stability.
On the basis of the structure determined by X-ray

crystallography, a half-quantity of the Holo-SOR protein
lacks the Fe−O(Glu) bond and instead contains a five-
coordinate center, Fe(His)4Cys. Indeed, a one-step unfolding
event of Holo-SOR with a ΔLc of 37 nm (n = 85, 60%),
previously observed in Apo-SOR, was also observed here. The
two-step unfolding scenario with a summed ΔLc value of 37
nm was observed. However, only one type of the two-step
unfolding pattern with a ΔLc combination of 18 + 19 nm was
observed (Figure 3A, curves 3 and 4, n = 56, 40%). Thus, these

events were most likely from the five-coordinate Fe(His)4Cys
metal site and suggest that iron binding still stabilizes the β-
barrel core structure. Here, the Fe−N (His 16) bond was still
formed in this five-coordinate center. However, the unfolding
of the N-terminal fragment was not observed, indicating that
the single Fe−N(His) bond does not provide such
stabilization.
In this Letter, we studied the unfolding process of an iron-

containing protein, SOR, in its Apo-form, a six-coordinate iron
center Holo-form, and a five-coordinate form. Holo-SOR
contains the three major different iron−ligand bond types for
iron-containing proteins. First, a complete unfolding event of
the entire SOR containing a six-coordinate iron center with a
ΔLc of 42 nm was observed, while the Apo-form seldomly
showed such an event. This finding indicates that the

formation of a single Fe−O(Glu) bond connects the N-
terminal peptide fragment to the β-barrel core and stabilizes
this structure to a large extent. Moreover, it suggested that the
iron binding could modulate the protein stability and unfolding
pattern by a single Fe−O bond. Indeed, the presence of a
single Fe−O bond in the protein metal center as a stable site is
widely observed.4,46 Interestingly, a five-coordinate iron center
is also present in the SOR proteins. Here, the Fe−O(Glu)
bond is missing, but the Fe−N(His16) bond is still formed and
connects the N-terminal fragment to the β-barrel core.
However, the complete unfolding event is absent, similar to
the Apo-form. For comparison, the unfolding force of SOR
involving the Fe−O bond for single-step unfolding is 127 pN,
while the force for the single Fe−N(His16) bond is undetected
(<15 pN). This result confirmed the importance of the single
Fe−O bond for protein stabilization as well as indicating that
the single Fe−N bond was not stable enough to hold the N-
terminal fragment tightly to the β-barrel core.
Moreover, the unfolding forces of Holo-SOR including the

Fe−O bond were higher than those from Apo-SOR. The
stepwise unfolding force for Holo-SOR is ∼220 pN compared
with ∼140 pN for Apo-SOR. Indeed, previous studies showed
that the substitution of Fe−S bonds by an unnatural Fe−N
bond reduced the stability of the iron−sulfur center in
rubredoxin (<15 pN).47 Here, it is further proved in a natural
protein. This strong Fe−O bond provides insight into why
Fe−O bonds are usually present in proteins with a high iron
binding affinity, such as transferrin and ferritin. These proteins
transfer and store iron, utilizing the catechol as the basic unit
to chelate iron. Comparing the nature of the two coordination
bonds, additional ionic interaction is present between the ferric
ion and COO− for the Fe−O bond, while no ionic character is
present for imidazole nitrogen under neutral pH. Thus, this
additional ionic interaction may explain why the strength of
Fe−O is significantly stronger than that of Fe−N.
It is noted that the Holo-SOR without the Fe−O bond is

also more stable than the Apo-SOR. The forces from stepwise
unfolding are ∼210 pN, compared with 130 pN from the Apo-
SOR. Moreover, a lesser stepwise unfolding scenario is
observed in the Holo-SOR than that of Apo-SOR. Thus, the
formation of multiple Fe−N bonds stabilizes the proteins to a
certain extent. Indeed, Fe−N bonds are present more
frequently as multiple bonds for iron-containing proteins.
Finally, Fe−S bonds in proteins have been extensively
characterized previously by single-molecule AFM using the
small iron−sulfur protein rubredoxin, showing a rupture force
of 200 pN, indicative of a stable metal−ligand bond.47 Here,
our results are consistent with these findings and provide a
comparison between Fe−O(Glu) and Fe−N(His) bonds for
the first time.
Metals are ubiquitous in proteins, and more than 30% of

proteins contain metals and are termed metalloprotein. Metals
play both important functional and structural roles in proteins.
To date, the strengths of several metal sites in metalloprotein
systems have been measured using single-molecule AFM, such
as the FeS4 center in rubredoxin,47 the Fe2S2 in the
ferredoxin,28 the Zn(Cys)4 site in the zinc finger protein
DnaJ,48 the Cu(His)2CysMet site in the cupredoxin,30 and the
Au−S site in GolB.49 All of these metal sites showed a
measurable rupture force, ranging from 50 to 300 pN. Thus,
most metal sites forming between transitional metals, such as
Fe, Zn, and Cu, and the ligand from protein residues, such as S,

Figure 3. (A) Representative curves of Holo-SOR with a five-
coordinate iron center without an Fe−O bond showing a single force
peak with ΔLc of 37 nm (curves 1 and 2) as well as one type of
stepwise force peak with a ΔLc combination of 18 + 19 nm (curves 3
and 4). (B) The scatter plot showed a one-step pathway and one type
of two-step unfolding pathway.
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N, and O, are mechanostable and can be an independent
unfolding barrier for protein systems.
In conclusion, by using iron-containing protein SOR with an

Fe(His)4CysGlu center, we discovered that the three different
types of Fe−ligand bonds modulate the protein structure and
stability in different modes. A single Fe−O(Glu) bond is
sufficient to stabilize the protein structure, while multiple Fe−
N(His) bonds are needed for a similar effect.

■ MATERIALS AND METHODS
The gene encoding for the protein was ordered from Genscript
Inc.: type III cohesin-dockerin X domain complex from
Ruminococcus f lavefacience (Coh-XDoc), the cellulose-binding
module (CBM), elastin-like polypeptides (ELPs), and SOR
from Pyrococcus furiosus (SOR).33,40 The peptide tags GL and
NGL were added by regular PCR if needed. The protein
overexpression was conducted using E. coli. BL21(DE3) cells.
An established protocol was used for protein expression and
purification and Apo-SOR preparation, described in details in
the SI.33,50

AFM experiments were performed using a Nanowizard4
(JPK) atomic force microscope. The MLCT cantilever was
calibrated in the AFM buffer solution using the equipartition
theorem, and a spring constant of 50 pN·nm−1 was usually
obtained. The cantilevers used in the single-molecule AFM
experiments were silicon-based materials (MLCT, Bruker).
The glass coverslip was also a silicon-based material. Thus, the
classic method was used to functionalize the AFM tip and
coverslip and immobilize the polyprotein.36,51 All AFM
experiments were performed in Tris buffer at pH 7.4. Protein
Coh-SOR-NGL in 50 μL solution (0.5 mg/mL containing 100
nM OaAEP, pH 7.4) was dropped onto the GL-modified
coverslip at 25 °C for 30 min. Under this condition, the iron in
SOR was the ferric form. Then, the AFM experiment was
performed at a constant pulling speed of 400 nm·s−1. In the
experiment, fused cohesin forms a specific protein−protein
interaction with the dockerin (Doc) functionalized on the
AFM tip. The Doc/Coh interaction is of high rupture force of
∼500 pN, which ensures that all of the proteins are
unfolded.36,40 Thus, all of the force−extension curves that we
selected for analysis were of this high rupture force.
A more detailed explanation of different unfolding pathways

of Apo-SOR is shown in Figure S2. The different unfolding
force peaks from Apo-SOR were assigned to specific protein
fragments based on the characteristic contour length increment
(ΔLc).
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