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Characterizing the impact of fluctuating enzyme conformation on
enzymatic activity is critical in understanding the structure–function
relationship and enzymatic reaction dynamics. Different from study-
ing enzyme conformations under a denaturing condition, it is highly
informative to manipulate the conformation of an enzyme under an
enzymatic reaction condition while monitoring the real-time enzy-
matic activity changes simultaneously. By perturbing conformation
of horseradish peroxidase (HRP) molecules using our home-devel-
oped single-molecule total internal reflection magnetic tweezers,
we successfully manipulated the enzymatic conformation and
probed the enzymatic activity changes of HRP in a catalyzed
H2O2–amplex red reaction. We also observed a significant tolerance
of the enzyme activity to the enzyme conformational perturbation.
Our results provide a further understanding of the relation between
enzyme behavior and enzymatic conformational fluctuation, enzyme–
substrate interactions, enzyme–substrate active complex formation,
and protein folding–binding interactions.
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One of the central focuses in protein study is the structure–
function relationship, the impact of different conformations

on the properties of protein molecules. It has been widely reported
that protein molecules with their tertiary structure perturbed or
even partially unfolded may be related to protein malfunction or
human diseases, because changing protein conformations typically
leads to significant differences in their affinity, selectivity, and
reactivity (1–17). In modern enzymology, it has extensively been
explored that the enzymatic conformation–dynamics–function re-
lationship, especially the dynamic rather than the static perspec-
tives, plays a critical role in the understanding of enzyme
mechanisms at the molecular level (18–21). For example, in an
enzymatic reaction, formation of the enzyme–substrate complex
often involves significant enzymatic active site conformational
changes (22–25).
Traditional enzymology focused on studying enzymatic reac-

tions at conditions in which the enzymes are fully folded or in
their natural states. For example, the studies of enzymatic stability
focused on ensemble level activity of enzymes at different physical
conditions or chemical environment without probing corresponding
change in conformation of enzyme molecules under the same
conditions (11, 12, 18–28). In recent years, a number of technical
approaches on single-molecule protein conformational manipula-
tion, such as atomic force microscopy (AFM), magnetic tweezers,
and optical tweezers, have been developed (29–34). Furthermore,
more research has focused on studying enzymatic activity under
denaturing conditions, in which enzymes are denatured or are un-
der nonphysiological enzymatic reaction conditions (8, 13, 35–38).
Nevertheless, it remains a challenge to characterize the impact of

conformational changes of enzyme molecules on their activity under
enzymatic conditions while simultaneously probing the enzymatic
reactivity changes. Understanding such impacts provides a profound

understanding of the enzymatic activity, enzyme–substrate complex
formation dynamics, enzymatic product releasing dynamics, and
enzymatic reaction energy landscape (14, 39). For example, it has
been theoretically studied that the enzymatic activity can be ma-
nipulated by an external mechanical force through perturbing the
conformation changes of the enzyme molecules (19, 39, 40).
It is significant that a single-molecule enzymatic reactivity

study, under conformational perturbation and enzymatic re-
action conditions, reveals the dependence of enzymatic reactivity
on the conformational changes and stability of the enzyme. Key
questions of how the enzymatic conformations impact the en-
zymatic activity and functions are still not clear. For example, can
the substrate–enzyme interaction affinity be affected by per-
turbing enzyme conformation via mechanical force manipula-
tion? Does a conformation-perturbed or even partially unfolded
enzyme molecule still have measurable enzymatic reactivity? If
so, how much activity will be left at various degrees of external
force perturbation? How much can an enzyme molecule tolerate
a conformational change under an enzymatic reaction condition?
Here we report our work toward obtaining the answers to these
questions.
In our previous single-molecule FRETmagnetic tweezers study,

we demonstrated that when a single protein molecule is stretched
by magnetic tweezers, a significant change in the conformation, a
deformed protein, can be observed (30). Furthermore, we observed
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that the enzyme–substrate interaction can induce the change of
enzymatic active site conformation fluctuation dynamics and
conformational flexibility (30).
Here we report our work on manipulating single-molecule

enzymatic activity using magnetic tweezers to deform the con-
formations of single-molecule horseradish peroxidase (HRP) en-
zymes and simultaneously recording the single-molecule fluorogenic
enzymatic turnovers by total internal reflection (TIRF) micro-
scopic imaging (Fig. 1). There are specific advantages of using
magnetic tweezers to provide an external mechanical force to
manipulate single molecule enzyme, including (i) having a force
range less than the hydrogen bonding force to protein rupture
force (pN to nN); (ii) having no photo-damage and optical cross-
talk to single-molecule spectroscopic measurements of enzymatic
activity and enzyme conformational changes; and (iii) being
capable of simultaneously applying force on a large number of
single molecules under the same experimental conditions (41).
Combined with TIRF microscopy as a spectroscopic imaging
measurement, our single-molecule TIRF-magnetic tweezers pro-
vides us a unique capability and opportunity to interrogate the
conformation–function relationship of enzyme molecules under
enzymatic reaction conditions to specifically study the impact of
deforming protein conformation on protein function at a single-
molecule level.

Results
Single-Molecule TIRF Imaging Measurement of HRP Activity. Fig. 2 A
and B shows one of the recorded TIRF imaging and fluorescence
intensity time trajectories of a single HRP molecule under a
fluorogenic enzymatic assay condition. The time resolution of our
TIRF imaging measurement is 20-ms exposure time and 10-ms
data readout time for each imaging frame, whereas each mea-
surement lasts 90 s to accumulate 3,000 image frames. We take the
photon bursts that are above the threshold of the trajectory into
account as the enzymatic turnover events. The threshold is set
three times the SD larger than the distribution mean value of the
histogram deduced from the trajectory (Fig. 2C).

Analysis of Single-Molecule Activity Trajectories Measured Under
Force Pulling and Releasing Conditions. In our experiments, the
HRP enzyme molecules were tethered to a cover glass surface at
a density of 1 molecule/μm2, and in 50 mM PBS buffer solution

(pH = 7.4) with Amplex red (100 nM) and H2O2 (100 nM) as
substrates. We applied ∼1- to 2-pN external magnetic force for
pulling, whereas there was no applied force field for releasing.
Fig. 3 shows that when being pulled by external magnetic force,
the number of turnover events per single-molecule trajectory
recorded on the manipulated single HRP molecules decreases,
indicating a decrease in catalytic activity of the HRP enzyme
molecules.
To further quantitatively characterize the impact of confor-

mational distortions on the enzymatic activity of HRP molecules
by using mechanical force manipulation, we analyzed both the
distribution of the turnover waiting time and distribution of
detected photon from released products based on the single-
molecule fluorogenic trajectories recorded. As shown in Fig. 4A,
the turnover waiting time, Δtoff, was the time interval between
two consecutive detected fluorogenic turnover events, above-
threshold fluorescence signal intensity bursts. The turnover waiting
time, the time needed for actual events of catalytic product
(resorufin) formation, is negatively proportional to the enzy-
matic reactivity. In an enzymatic reaction E + S → ES → EP →
E + P, where E, S, and P represent enzyme, substrate, and
product, respectively, the overall enzymatic turnover rate is de-
termined by the rate of substrate diffusion and enzyme–substrate
complex formation, S + E → ES, as well as the catalytic reaction
ES → EP, and releasing products, EP → E + P. Although, in-
dividual waiting time values are stochastic, the mean waiting
time, <Δtoff>, and its distributions are defined by enzymatic
turnover rate. In our experiments, we analyze the mean waiting
time <Δtoff> over the turnover trajectories from each HRP en-
zyme molecule. When under pulling force via magnetic twee-
zers, deformation of the HRP enzyme occurs, and the <Δtoff>

Fig. 1. A conceptual scheme of our experimental system. HRP molecules are
tethered at one end to a modified glass coverslip, and the immobilized HRP
molecules are tethered at the other end to magnetic beads through biotin-
streptavidin linking. The magnetic tip of 1,100-Gauss magnetic field at ∼4 mm
above the sample glass surface is applied to 1-μm-diameter paramagnetic
beads to generate 1- to 2-pN mechanical pulling force on the beads and to the
enzyme molecules (SI Text).

Fig. 2. Single-turnover detection of HRP enzyme catalysis. (A) One frame of
the TIRF imaging of resorufin that is released as product from the HRP cat-
alyzed reaction. (B) Exemplary fluorescence time trajectory of a single HRP
molecule observed from TIRF measurement. (C) Time distribution of the TIRF
trajectory. On time domain, signals above threshold are taken into account
as turnover events.

Fig. 3. Histogram results of turnover events from 50 individual HRP mole-
cules. (A) Turnover events histogram when no force is applied on HRP mole-
cules, the “releasing” group of HRP. (B) Turnover events histogram when the
HRP molecules are pulled by applied force from magnetic tweezers, the
“pulling” group of HRP.
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accordingly increases due to the decrease of the single-molecule
HRP enzymatic reaction rates (Fig. 4B).
Fig. 4C shows the distribution of the total photon counts from

the fluorogenic product turnover events for the single-molecule
HRP under both force pulling and non–force pulling conditions.
The total photon counts of enzymatic turnover photon burst
events are calculated by counting all of the photons above the
threshold with and without magnetic pulling force for each single
HRP molecule. Under the force pulling, the product burst photon
counts decrease significantly, consistent with the decreased
number of turnover events, presumably associated with signifi-
cant enzyme conformation deformation. This result of the enzymatic
reaction activity decreases with the increase of the enzyme
conformation deformation by force manipulation is consistent
with the results of <Δtoff> analysis (Figs. 3 and 4).
To reveal whehter the reduced activity is the result of change

in substrate binding, we further studied the change in enzyme-
substrate binding affinity by calculating the equilibrium dissoci-
ation constant, Kd, which is defined in Eqs. 1 and 2.

ES
kunbinding

kbinding
 �������

�������! E+ S, [1]

Kd =
kunbinding
kbinding

=
Δtoff
Δton

. [2]

The rates of binding and dissociation of the enzyme–substrate
complex are characterized by kbinding and kunbinding, respectively.
Waiting-time Δtoff and on-time Δton are defined as shown in Fig.
4A. The result of the Kd calculation (Fig. 4D) shows that the
stretched and deformed enzyme molecules under external pulling
force have larger dissociation constant Kd, indicating a weaker
ligand–substrate binding ability compared with that of the native
enzyme molecules under no external force pulling. The external
pulling force decreases the enzymatic ligand–substrate binding af-
finity by deforming the enzymatic active site conformation to be
less flexible, consistent with our previously reported result (30).

Repetitive Force Pulling-Releasing Manipulation of Enzyme Conformation
for Impacting Enzymatic Activity. We also measured the response of
HRP enzymatic activity to a repetitive force manipulation, toggling
between pulling and releasing force applications to demonstrate the
reproducibility and effectiveness of the force manipulation via
magnetic tweezers-correlated single-molecule TIRF spectroscopy to
the protein function (Fig. 5). In this experiment, the reaction system

is first observed by TIRF microscopy without any pulling force from
the magnetic field for 100 s, which is the release state; the pulling
force is then applied for the next 100 s, which is the pull state; and
the cycle including the release and pull processes is repeated a few
times for the next 300 s. Fig. 5C shows that the total photon counts
from the product turnover events of a single HRP molecule toggles
between two different levels, reflecting the single-molecule enzy-
matic activity changes due to the conformational manipulation by
the external force pulling and releasing. Such a response demon-
strates the reproducible impact of the external force on the single
enzyme catalytic function by affecting the substrate binding process
via deforming conformation.

Steered Molecular Dynamic Simulation of the HRP Enzyme Under
Conformational Manipulation. We performed a steered molecular
dynamic (SMD) simulation to help our understanding of how the
conformational manipulation by magnetic tweezers affects the
enzymatic active site conformations on the enzyme molecule
(42–45).* In our SMD simulation, we set lysine residue 65 and
lysine residue 174 on the HRP protein molecule to be stretched
up to 17 Å as an example to discover the corresponding active
site conformational change. We used the distance between res-
idue 68 and residue 178 to characterize the conformational de-
formation of the active site of the HRP protein molecule (Fig. 6).
The initial condition of the HRP protein molecule is in its

equilibrium conformation in an aqueous environment without
the force pulling perturbation applied (Fig. 6A), which is the
initial state, and then force is pulled to a deformed conforma-
tion, which is the final state (Fig. 6B). In 20 independent simu-
lation events, the distance between residue 68 and residue 178
was observed to have a fluctuation within 2 Å (Fig. 6 C, E, G, and
I) due to conformational thermal fluctuation of the HRP protein,
whereas the corresponding projections on the spatial Cartesian
coordinate are shown in Fig. 6 E, G, and I. Fig. 6B illustrates
how the distance of the residue pair 68–178 gets distorted
when the HRP molecule is stretched in the experiment with
magnetic tweezers, indicating a deformation of the HRP active
site conformation. Fig. 6D shows the statistical results from
20 simulation events: the distance extension of residue 68 and
residue 178 is extended for about 8–10 Å (Fig. 6 D, F, H, and J)
when the tethered lysine residue 65 and residue 174 on the
protein molecule are stretched up to 17 Å. The corresponding

Fig. 4. Analysis of the relationship between turn-
over event counts, mean waiting time, and product
burst of single HRP molecules. The data in red and
blue are measured from the single-molecule enzyme
under force pulling and releasing conditions, re-
spectively. (A) Correlation plots between turnover
event counts and mean waiting time of each single
HRP molecules with and without magnetic pulling
force applied. (B) Correlation plots between turn-
over event counts and photon burst counts from
released products of each single HRP molecules
with and without magnetic pulling force applied.
(C) Correlation plots between turnover event counts
and photon burst counts from released products of
each single HRP molecules with and without mag-
netic pulling force applied. (D) Enzyme–substrate
dissociation constant of each single HRP molecules
with and without magnetic pulling force applied.
The data in red and blue are from the HRP enzyme
molecules under external force pulling and no force
applied conditions, respectively.

*NAMD was developed by the Theoretical and Computational Biophysics Group in the
Beckman Institute for Advanced Science and Technology at the University of Illinois
at Urbana-Champaign.
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projections on the spatial Cartesian coordinate are shown in Fig.
6 F, H, and J. Such responses from SMD simulation conceptually
reveal that, in our experimental condition, when being stretched
by magnetic tweezers, the active site on the HRP protein mol-
ecule is distorted to an extent significantly beyond its thermal
conformational fluctuation.
We also note here that the HRP protein in the experiment is

linking to the coverslip and magnetic bead via a connection with the
-NH2 group on the lysine residue. Therefore, there are multiple
possible tethering conditions of the protein molecule to the cover-
slip or magnetic beads, leading to multiple possible stretching types
for different HRP protein molecules. The active site distortion re-
sponse shown in Fig. 6 is from one possible pattern to stretch HRP
molecules. We simulated the stretching experiments for all of the
possible pulling configurations for HRP protein molecules to reveal
that the conformational distortion beyond the thermal fluctuation
range of the active site occurs for most stretching types for the HRP
molecule, as shown in SI Text.

Discussion
In our previous work, we specifically analyzed an enzyme con-
formational change under the same experimental configuration
and same magnetic field strength, we reported that the 1- to
2-pN external pulling force can result in an enzyme unfolding or
deformation by 30–100%, and the enzyme–substrate binding
interaction can be significantly weakened, although not com-
pletely diminished (30). We note that, although the applied
pulling force on the enzyme protein molecules are weaker than
the hydrogen bonding force of 6–9 pN, the directional and
constant forces are capable of deforming the enzyme confor-
mations under the thermal fluctuating local environment. Figs. 4
and 5 show that when such external pulling force is applied to
deform an enzyme molecule, its enzymatic fluorogenic product
turnover event counts have a significant decrease, indicating the
decreasing catalytic activity of the HRP enzyme molecule that is
deformed or partially unfolded by the external pulling force. The
SMD simulation also shows a supporting result, illustrating the

deformation of the HRP active site of conformation under force
pulling. In the literature, there are studies on enzyme folding and
unfolding under the overall denature solutions, where the enzymes
present either in the denatured condition with unfolded confor-
mation or in the enzymatic reaction condition with fully folded
conformation (46–49). It is a challenge to study how the enzymatic
conformation affects the enzymatic activity in the enzymatic physi-
ological condition. In our experiment, we achieved actively ma-
nipulating single enzyme molecules to the deformed conformation
under a physiological enzymatic reaction condition. To the best of
our knowledge, our results present, for the first time, active per-
turbations of single-molecule enzyme reactivity function by con-
formational manipulation applying and controlling pulling force on
single HRP molecules under physiological enzymatic reaction
conditions with the existence of substrates.

Revealing Significant Tolerance of Enzymatic Activity to Protein Con-
formational Deformations. It is also interesting that the HRP en-
zyme molecules are not totally deprived of their catalytic activity
when their conformations are stretched by an external force,
although this is less active than that of the enzyme molecules
under their unperturbed natural conformations (Figs. 4 and 5).

Fig. 5. Response of HRP enzymatic activity to repetitive magnetic pulling force.
Under the pull condition, external pulling force is applied to deform the enzyme
conformation, whereas under the release condition, there is no external force
being applied. Conceptual scheme of HRP molecule at released (A) and pulled (B)
state, respectively. (C) Product counts from 20 different HRP molecules with and
without being pulled. Errors are conservatively estimated as 10% considering the
possible inaccuracies involved in the setting thresholdmethod in our data analysis.

Fig. 6. SMD simulation results show the scheme of the distortion of active site
when the protein is pulling by magnetic tweezers. (A) Natural HRP protein mol-
ecule. (B) HRP protein molecule being pulled by magnetic tweezers. (C) Distortion
of distance between residues 68 and 178 induced by thermal fluctuation of the
HRP protein molecule. (D) Distortion of distance between residues 68 and 178
induced by pulling force applied on the HRP protein molecule. (E, G, and I) Pro-
jection on Cartesian coordinate of the distance distortion between residue 68 and
residue 178 for HRP protein induced by thermal fluctuation in unperturbed
condition. (F, H, and J) Projection on Cartesian coordinate of distance distortion
between residue 68 and residue 178 for HRP protein in stretched condition.
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The SMD simulation results also show a noticeable deformation of
the active site in a HRP molecule when the molecule is pulled by
magnetic tweezers, yet the chemical process in the enzymatic
reaction function of electron transfer and proton transfer re-
quires precision of angstroms in the molecular structure and
configuration (50). The critical factor is the conformational
fluctuation of the enzymatic active site. When being deformed by
an external constant pulling force, the enzyme molecules are still
capable of temporarily coming back through conformational
fluctuation to its substrate-binding accessible conformational
subset states, although with a lower possibility compared with
enzymes without a pulling force applied. For enzyme molecules
in enzymatic reaction conditions, such fluctuating comebacks of
the enzymatic active site states are most likely further facilitated
by enzyme–substrate interactions. In enzymatic reactions, the
enzyme–substrate interaction plays a key role by regulating the
enzymatic active site conformation and inducing the active site
conformational fluctuation toward folded into active-favored
subsets from folding–unfolding conformational fluctuation of
enzyme molecules. The enzyme–substrate complex formation
can regulate both static and dynamic conformations of the en-
zyme. In other words, the substrate-binding process induces the
partially unfolded or deformed enzyme active site conformation
to be refolded to the active and nature conformation to produce
the enzymatic reaction turnovers. A conceptual picture of this
explanation is shown in Fig. 7.
Such an understanding of the chronic conformational fluctuation

of protein molecules is also in accordance with recent research of
intrinsically disordered proteins or intrinsically unstructured pro-
teins. An intrinsically disordered protein typically does not fold in a
well-defined 3D structure under near-physiological conditions (51).
Such phenomena have been the focus of extensive studies in recent
years (52–55). Significantly different conformations can be detected
for the same type of protein molecules in solution (55). Although
being observed as lacking stable tertiary and/or secondary structure,
intrinsically disordered proteins are capable to maintain specific
functions. Our results here provide a possible mechanism for the
existence of the intrinsically disordered protein by revealing con-
formational fluctuation of enzyme protein molecules and identifying
that such conformational fluctuation can be regulated by the ligand-
binding process. By substrate-induced enzyme–substrate interaction,
deformed enzyme molecules can fluctuate from the unstructured
back to the structured state and can still be capable of maintaining
their function. Similarly, it is possible for intrinsically disordered
protein molecules to fluctuate among different conformations to
keep or stop certain functions.

Conclusion
In this work, we demonstrated that, using the single-molecule
TIRF-magnetic tweezers correlated imaging spectroscopy, the
conformational perturbations from a pulling force can manipu-
late enzyme function: structural deformation of enzyme mole-
cules leads to corresponding changes in their activity. Such an
influence reveals that the enzyme has a remarkable countenance
and tolerance toward conformational distortion, i.e., the enzyme
can still possess significant activity even if the enzyme confor-
mation is deformed. Our experimental approach provides a unique
capability: actively manipulating an enzyme to a partially unfolded
conformation under a physiological enzymatic reaction condition.
In this work, we were able to interrogate the enzymatic reactivity in
the context of the protein structure–function relationship in a
unique experiment, and this repetitive manipulation of enzymatic
activity reveals the capability of manipulating biological and
chemical functions by applying mechanical force perturbation on
the enzyme molecules.

Methods
Materials.HRP is a 34-kDa 306-residuemonomeric enzyme. The HRP-catalyzed
reaction converts hydrogen peroxide (H2O2) and nonfluorescent N-acetyl-
3,7-dihydroxyphenoxazine (APR) into fluorescent resorufin. The released prod-
uct molecules emit fluorescence that is detectable by total internal reflection
fluorescence microscopy. In our experiment, superparamagnetic beads (Dyna-
beads MyOne Streptavidin T1; Invitrogen; 1.05 μm in diameter) were covalently
linked to the HRP molecules through a biotin-streptavidin link. The HRP enzyme
molecules were in a 50 mM PBS buffer solution (pH = 7.4), containing 100 nM
APR (Amplex Red) and 100 nM H2O2.

TIRF Measurement. TIRF measurements were carried out using an inverted mi-
croscope (Olympus IX 71 with a 60× objective) with a 532-nm CW laser (Crysta-
laser) generating evanescent waves for total internal excitation. The emitted
signal was filtered with a long-pass filter and collected with an Electron Multi-
plying Charge Coupled Device (EMCCD: ProEM 512B, PI co.). We conducted the
single-molecule TIRF optical measurements and pulling manipulation via mag-
netic tweezers simultaneously. Magnetic force was applied through super-
paramagnetic beads attached to HRP molecules. The essential component of our
magnetic tweezers device is a permanent magnet that was settled on a specially
made stage, making the magnet probe capable of moving in any direction and
distance. The sample chamber was put on an x-y stage capable of applying an in-
plane adjustment. The distance between the magnet and the sample cover glass
is 4 mm, implying an 1,100-Gauss magnetic field to the sample.

Sample Preparation. As shown in Fig. 1, the HRP molecules were bound to the
glass coverslip at one end by 3-aminopropyltriethoxy-silane (TESPA)–dimethyl
suberimidate·2 HCl (DMS) linkers and linked to a streptavidin-coated
superparamagnetic bead (Dynabeads MyOne Streptavidin T1; Invitrogen) at
the other end via a biotin–streptavidin bond.† Protein immobilization was
carried out as below (for details, see SI Text). First, a clean glass coverslip
was immersed overnight in an NaOH-ethanol solution, and the coverslip was
next washed by distilled water, blow-dried by airflow, and incubated with a
DMSO solution containing a 10% (vol/vol) concentration mixture consisting
of TESPA and isobutyltrimethoxysilane in a 1:10,000 ratio overnight. The
coverslip was then washed by distilled water and consecutively transferred
and incubated for 4 h in each system below: 15 mL PBS buffer solution, pH =
8.0, containing 10 nM DMS·2 HCl; 15 mL PBS buffer solution, pH = 7.4,
containing 10 nM HRP; 15 mL PBS buffer solution, pH = 7.4, containing
10 nM NHS-PEO12-biotin; 15 mL PBS solution, pH = 7.4, containing 1-μL
magnetic beads stock solution, which is commercially available. The low

Fig. 7. Conceptual scheme of conformational fluctuation of single enzyme
protein when being deformed by external force. The circled part conceptually
represents the active site on a single enzyme molecule. When the conforma-
tion of an enzyme molecule is deformed by external force, substrate binding-
induced conformational changes allow the enzymatic active site to come back
to its active conformation, leading to occurrence of reaction events.

†We note that on a given HRP molecule, biotin or DMS is able to covalently link to lysine
residue in the amino acid sequence, resulting in protein immobilization complexity that
a few different tethering conditions are possible for HRP protein molecules when linking
to coverslip or magnetic beads (details in SI Text). However, in our single-molecule TIRF
measurement, we compare activity change of each HRP molecules individually under
different conditions that with and without magnetic pulling force applied. Thus, al-
though we did not pinpoint one specific lysine residue pair on protein molecules for
tethering, our observation of different enzymatic activity associated with various en-
zyme conformational manipulation conditions are systematic and well defined.
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concentration of each solution was to make sure that the distribution of the
individual enzyme molecules on the cover glass was adequately separated so
that one bead does not attach to multiple enzyme molecules. Meanwhile, low
concentrations of TESPAwere used to ensure that immobilized proteinmolecules
are distributed from each other to obtain single-molecule TIRF images.

Molecular Dynamic Simulation. In the SMD simulation, we did constant speed
pulling simulations to illustrate the conformational distortion of the HRP
protein molecule responding to an external stretching force. There are two
reasons for this choice: (i) the force we apply in the experiment is at such a
fine scale that the calculation time would be too long for constant force
simulation, and (ii) in our previous paper, we demonstrated the capability of
using magnetic tweezers to stretch the conformation of a single protein
molecule. Here, the HRP protein molecules are stretched in the same pulling
condition by the same single-molecule fluorescence magnetic tweezers mi-
croscopic approach. The goal of this simulation was to characterize the
distortion scale of the active site of a HRP protein once the HRP protein
molecules are in the same stretching condition via our magnetic tweezers
compared with the results from our previous published work (30). The initial

coordinate of the HRP protein molecule is taken from the Protein Data Bank
(PDB ID code 1W4Y). The MD simulation is performed using the program
NAMD, version 2.9. The protein molecule is set in a water solvation condition
under a Chemistry at Harvard Molecular Mechanics (CHARMM) force field. A
boundary condition was applied for a time step of 1 fs. Considering the
computation time, we set the pulling speed at 0.5 Å/ps (42–44). A constant
temperature of 293 K during the simulation was maintained by a Langevin
thermostat, with the Langevin damping coefficient set at 1 ps−1. Constant
pressure was maintained at 1 atm using a Langevin piston. The nonbond
interaction was calculated using particle mesh Ewald (PME) full electrostat-
ics; the cutoff of the van der Waals energy was set at 12.0 Å, with a switch
distance at 10.0 Å and pair-list distance set at 13.5 Å. The PME grid spacing
was set at 1.0 Å.
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