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ABSTRACT: Novel site-specific attachment strategies combined
with improvements of computational resources enable new insights
into the mechanics of the monovalent biotin/streptavidin complex
under load and forced us to rethink the diversity of rupture forces
reported in the literature. We discovered that the mechanical stability
of this complex depends strongly on the geometry in which force is
applied. By atomic force microscopy-based single molecule force
spectroscopy we found unbinding of biotin to occur beyond 400 pN
at force loading rates of 10 nN/s when monovalent streptavidin was
tethered at its C-terminus. This value is about twice as high than that
for N-terminal attachment. Steered molecular dynamics simulations
provided a detailed picture of the mechanics of the unbinding process
in the corresponding force loading geometries. Using machine learning techniques, we connected findings from hundreds of
simulations to the experimental results, identifying different force propagation pathways. Interestingly, we observed that
depending on force loading geometry, partial unfolding of N-terminal region of monovalent streptavidin occurs before biotin is
released from the binding pocket.
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The interaction of the small molecule biotin with the protein
streptavidin (SA) is widely used for noncovalent, yet stable

bonding in nanotechnology, biotechnology, and medicine.1 The
robustness of SA and the SA/biotin complex over a wide range
of conditions, the comparatively easy fusion of biotin to nucleic
acids, proteins, dyes, other macromolecules or nanoparticles,
and the extraordinarily high affinity of the interaction make the
complex a superior choice for immobilization, labeling, or
detection of molecules.2−5

Recombinant core streptavidin monomers consist of the
residues 13−159 of wild-type streptavidin and form a stable
tetramer (Figure 1A). Every streptavidin subunit consists of a
β-barrel in which a biotin molecule can be bound. The β-barrel is
built up from eight antiparallel β-strands. The four β-strands
located toward the N-terminus are considerably shorter
(5−7 amino acids) than the four β-strands situated toward the
C-terminus (10−13 amino acids). The four long β-strands and
the residues in between mainly mediate the interaction with the
other subunits. The short α-helix between seventh and eighth
β-strand exhibits a tryptophan residue (TRP120) that reaches
into a neighboring subunit and stabilizes this neighboring biotin
binding pocket.6−8

The binding of biotin induces a conformational change in the
molecule: The flexible loop between third and fourth β-strand

(L3/4; residues 45−52) closes like a lid over the binding
pocket.9 Crystal structures of open and closed conformation
have been solved.10 Loop closure is vital for the tight binding of
biotin. By mutating three residues (N23A, S27D, S45A) that are
important for a stable closed loop conformation (cf. Supporting
Information), Howarth et al. engineered a SA subunit with
negligible affinity toward biotin (Figure S3).11 Interestingly,
all mutated residues are located between the L3/4-loop and the
N-terminus.
Combining three nonfunctional subunits with one functional

subunit, defined monovalent streptavidin (mSA) enabling a 1:1
binding stoichiometry can be created. Recently, the crystal struc-
ture of mSA was solved (Figure S4).12 Crystallographic data
suggest that in the nonfunctional subunit, the L3/4-loop is fixed
in an open state−similar to the open state of wild-type apo-SA.
Over the last decades, scientists put a lot of effort in inves-

tigating the mechanical properties of this outstanding, non-
covalent interaction. It was the first receptor ligand system where
binding forces between individual molecules were measured by
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atomic force microscopy (AFM)-based single molecule force
spectroscopy (SMFS):13,14 Unspecifically adsorbed biotinylated
bovine serum albumin was immobilized on both cantilever and
sample surface, while streptavidin was added to the buffer
solution.15 In subsequent studies, the experimental setup was
improved using, for example, covalent attachment of biotin, poly-
ethylene glycol linkers,16 or other attachment strategies.17−22

Later, covalent attachment of both biotin and streptavidin to
cantilever or sample surface was accomplished.23,24 Nowadays,
the streptavidin/biotin system serves as a standard molecular
anchoring system in AFM-based SMFS,25,26 but also in optical
tweezers,27 magnetic tweezers,28 and acoustic force spectrosco-
py experiments.29

Avidin/biotin and SA/biotin complexes were also fundamen-
tal in the initial development of steered molecular dynamics
(SMD) simulations with both complexes among the first ones
investigated by this technique.30,31 Even before the advent of
SMD, theoretical models have been put forward to describe the
underlying molecular mechanism of the system.32−35 Molecular
dynamics (MD) simulations provided insights into different
aspects of the interaction.9,36,37 However, to investigate

SA/biotin mechanics, the center of mass of the SA molecule
has been kept fixed in previous SMD studies, which is different
from the experimental force loading geometry.30,38 In the
literature, a large number of experimental and theoretical results,
including supposedly contradictory studies, can be found.39,40

On a molecular scale, a complete understanding of how biotin
unbinds from the SA binding pocket under force is to date still
missing.
For this study, we produced two different variants of mSA

adding a unique cysteine either on the N-terminus (N-mSA) or
the C-terminus (C-mSA) of the functional subunit (Figure 1A).
The cysteine is utilized for site-specific covalent tethering. Addi-
tionally, the functional subunit was equipped with a poly-
histidine tag used for purification. To ensure that the modifica-
tions do not affect the binding of biotin, we performed isother-
mal titration calorimetry (Figure S6).
In our experiments, the two different mSA variants were

immobilized a few millimeters apart from each other on a glass
slide by site-specific thiol maleimide coupling to polyethylene
glycol (PEG) spacers (Figure 1B). The covalent immobilization
of different proteins on the same surface is advantageous,
because all are probed with the same cantilever tip. This allows
for direct comparison of relative forces, thus avoiding issues of
cantilever calibration or measurement conditions.41,42

We used the fourth filamin domain ofDictyostelium discoideum
(ddFLN4) as fingerprint domain to identify single-molecule
interactions, because it unfolds at forces lower than biotin
unbinding from mSA.44−46 We performed measurements with
biotinylated ddFLN4 directly covalently attached to the
cantilever tip (Figures S11−13). However, the high affinity of
the mSA/biotin interaction causes a rapid loss of interaction as
the cantilever tip gets clogged by mSA that was nonspecifically
adsorbed to the surface.
To prevent cantilever clogging and to obtain better statistics,

we introduced a second receptor−ligand pair (Figure 1B).While
the surface was functionalized with mSA, the cantilever was
functionalized with the adhesin SD-repeat protein G (SdrG)
from Staphylococcus epidermidis.47,48 After about a thousand
approach−retraction cycles, biotinylated ddFLN4, to which
short peptide from human fibrinogen β (Fgβ) had been genet-
ically fused, was added to the measurement buffer. These mole-
cules bound to the mSA on the surface via the biotin. The SdrG
domain on the cantilever tip could pick up the Fgβ-peptide.
Because the SdrG/Fgβ interaction can withstand a nearly 10-fold
higher force than the mSA/biotin interaction,48 we only measure
the unbinding of biotin from mSA without bias from the SdrG/
Fgβ interaction. On the other hand, the lower affinity of the
SdrG/Fgβ interaction allows for a continuous exchange of the
complexes at the tip and by means of this prevents permanent
clogging of the cantilever tip. Even after 75 000 approach−
retraction cycles, we still observed specific interactions between
proteins immobilized on tip and surface (Figure 2).
The characteristic two-step unfolding pattern of ddFLN4 is

used to identify single-molecule interactions, that is, a single
biotin molecule binding to a single mSAmolecule. In Figure 3A,
two exemplary force−extension traces for single-molecule inter-
action on the area where N-mSA or C-mSA were immobilized
are depicted (cantilever retraction velocity: 1,600 nm/s).
Although the ddFLN4 unfolding is observed at the same force
(Figures S7, S8), the final force peaks reach different values.
These last peaks are attributed to the unbinding of biotin from
mSA. Selecting all force curves that clearly show single-molecule
interaction, we plotted mSA/biotin unbinding force histograms

Figure 1. (A) Crystal structure of monovalent streptavidin (PDB
5TO2,12 biotin from PDB 1MK5).43 Biotin is bound in the functional
subunit (light orange). The other subunits (gray) are genetically
engineered to not bind biotin. Blue and red balls mark, respectively, the
N- and C-terminus where mSA is tethered. Blue and red lines indicate
the force loading directions. N-terminal region β-strands are high-
lighted in blue. (B) Experimental setup for AFM-based SMFS.
At different surface areas, N-mSA and C-mSA are immobilized using
PEG-spacers. Biotinylated (magenta) ddFLN4 (purple) is added to the
solution and binds to the functional subunit of mSA (light orange ball).
When the cantilever tip, functionalized with SdrG (brown hexagons),
is approached to the surface, the Fgβ-peptide (orange) fused to
ddFLN4 can bind to SdrG. Retracting the cantilever tip from the surface,
ddFLN4 unfolds before biotin unbinds from mSA. Details of attachment
chemistry and measurement process are provided in Figures S1 and S2.
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for both attachment geometries and all six retraction velocities
(Figure 3B). We used Bell-Evans theory to fit the peaks of the
distributions (Tables S1, S2).49,50 While biotin unbinds from
N-terminally tethered mSA at forces of about 200 pN, its binding
to C-terminally tethered mSA is mechanically more stable and
withstands forces of more than 400 pN. Fitting the dynamic force
spectrum (Figure 3C), we could draw conclusions about coarse
features of the binding energy landscape: by a factor of 2, the
potential well is narrower for C-mSA compared to N-mSA.
To reveal the underlying molecular mechanism of the mSA/

biotin interaction, ensuring statistical reliability, we performed
150 SMD production runs, which combined account for 19 μs.
Simulations were performed using QwikMD51 and GPU-
accelerated NAMD.52,53 In previous SMD studies, usually the
center of mass of the SA molecules was kept at a fixed position,
which does not resemble the experimental conditions. In our
SMD simulations, we hold mSA either by the C-terminus or the
N-terminus of the functional subunit and pulled biotin out of
the binding pocket (for details on the preparation of the system,
cf. Supporting Information), which is in agreement with the
experimentally applied force loading geometry (Figure 1A).
While for C-mSA, a unimodal force distribution was observed
(Figure 4A), N-mSA showed a bimodal behavior (Figure 4B,C).
For 9 out of 25 SMD replicas performed at 5000 μm/s pulling
speed, the structural integrity of the N-terminal β-sheet was
destroyed, before biotin left the binding pocket (Figure 4E).
This structural rearrangement weakens the stability of the
N-terminal β-sheet structure and thus results in lower final
unbinding forces, blurring the boundaries between unbinding
and unfolding. In one case, due to an extended simulation time

we even observed how streptavidin regains its native fold when
the force drops after biotin has left the pocket. The number of
H-bonds between the first and the second β-strand provides
a measure for the structural integrity (Figure 4G). If the
N-terminal β-sheet structure stays intact, the number of
H-bonds stays constant over time and high unbinding forces
can be reached. The small unfolding observed in the simulations
is beyond the resolution of our experimental setup. As the force
loading rate dependence of an unfolding or unbinding event can
be completely different than the one of a direct unbinding event,
the simulations can be favoring the latter type of event while the
experiments the former.
The simulations provide a detailed picture of the unbinding

process, with atomic spatial resolution and femtosecond
time resolution. Using correlation-based network analysis
(Figures S14−16),54 we analyzed the force propagation profiles,
identifying which amino acids and domains of the molecules
transmit force.55 For C-mSA (Figure 5A−C), force either
propagates through the long C-terminal β-strand, or through the
N-terminal β-sheet structure, near the first hairpin between
β-strands 1 and 2. These pathways indicate thatmSA is structurally
stable from both biotin sides when force is applied at the
C-terminus, comparable with a claw. For N-mSA (Figure 5D−F),
on the other hand, force is only rarely transmitted through the
long C-terminal β-strands. Force propagates mainly through the
shorter N-terminal β-strands. As the tension is high over the first
and the second β-strand, high rupture forces can be reached if
this region stays intact (Figure 5F). If the first two β-strands get
torn apart (Figure 5E), the N-terminal structure loosens, mSA
releases its grip on biotin, and biotin leaves the binding pocket.

Figure 2. Course of a measurement. The final unbinding forces for all retractions of the cantilever tip from the surface are shown. Interactions
on the surface area with the C-mSA are plotted in red colors; interactions in theN-mSA area are shown in blue colors. The darker the color is, the higher
the cantilever retraction velocity is. The beginning of the measurement is shown on top. The Fgβ−ddFLN4−Biotin construct was added after
960 approaches, indicated by the purple dashed line and arrows. At the beginning of the measurement, high unbinding forces for N-mSA are also
observed which are attributed to multiple interactions.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.8b04045
Nano Lett. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b04045/suppl_file/nl8b04045_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b04045/suppl_file/nl8b04045_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b04045/suppl_file/nl8b04045_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.8b04045


When there is no more tension on the mSA subunit, the native
N-terminal structure is retrieved. The importance of the
N-terminal structural integrity is in line with the fact that all
mutations needed to generate the nonfunctional subunit, are at
prominent positions within the N-terminal β-sheet structure
(cf. Supporting Information).
SMD trajectories were also employed to investigate the

contact between biotin and SA. Using PyContact,56 we created a
map of the interactions between ligand and receptor. Initially,
the contact score was analyzed throughout the whole simulation
time for each of the trajectories. To better understand the
differences in an equilibrium versus a force-loaded regime,
we compared the contact score over trajectory windows under
no force load and under high-force load. The analysis was
performed for all 50 slow pulling trajectories performed at
5000 μm/s pulling speed (25 for N-terminal pulling and 25 for
C-terminal pulling). Additionally, the root-mean-square fluctua-
tion (RMSF) was also analyzed in the same trajectory windows.
Because of the large amount of data generated in such analysis,

a “big-data” strategy of dimensionality reduction had to be
adopted. The analysis was performed using python libraries
through Jupyter Notebook.57 Commonly known as machine
learning techniques, our approach employed mutual informa-
tion theory to identify the amino acid residues that were
“force-active”. These residues were coupled to changes in force
and could indicate possible key points of force regulation.
Indeed, most of these residues had been previously identified
as key-players in the mechanism of SA/biotin interaction
(Tables S3 and S4).
Combined, the analysis of the SMD trajectories indicate that

the partial unfolding for N-terminal force loading is the cause of
the lower forces seen for N-mSA compared with C-mSA in the
experiments. The second N-terminal pulling unbinding pathway
seen in the simulations is only rarely observed in the
experiments, as indicated by the small number of high-force
events in Figure 3B. On the one hand, this might be due to the
much faster pulling speeds of the simulations. In the experiment,
the force loading rates are at least four orders of magnitude

Figure 3. Analysis of force curves showing characteristic unfolding pattern. (A) Exemplary force extension traces measured at a retraction velocity of
1600 nm/s for C-mSA (red) and N-mSA (blue) displaying the characteristic two peak unfolding pattern of ddFLN4. Only traces showing this pattern
are selected for further analysis. (B) Force histograms of mSA/biotin unbinding for six different retraction velocities. Peaks are fitted with Bell-Evans
distributions (solid lines). (C) For all retraction velocities, the most probable unbinding force is plotted against the most probable loading rate and
fitted according to Bell-Evans theory. From the fit, distance to transition stateΔx0 and zero-force off-rate koff,0 are determined. N-mSA:Δx0 = 0.41 nm,
koff,0 = 7.7 × 10−8 s−1; C-mSA: Δx0 = 0.23 nm, koff,0 = 2.5 × 10−8 s−1. Error bars are given by the full width at half-maximum of the peak of the
corresponding distribution.
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Figure 4.Results of SMD simulations. Unbinding force histogram for C-terminal attachment of mSA shows a unimodal distribution (red, A) (N = 25).
For N-terminal attachment of mSA, two unbinding force peaks are observed: One at lower forces (blue, B) (N = 9) and one at higher forces (yellow, C)
(N = 16). For C-terminal attachment of mSA, the structural integrity of the N-terminal β-sheet (marked in blue) is preserved (D). For N-terminal
attachment of mSA, the structure of the N-terminal β-sheet can be destroyed before biotin unbinds frommSA, resulting in lower unbinding forces (E).
If it stays intact, higher unbinding forces are reached (F). The number of hydrogen bonds between the first and the second N-terminal β-strand is a
good measure to differentiate both cases (G). For the C-terminal attachment of mSA, it stays roughly constant over the timespan of the simulation
(red). For N-terminal attachment, the contact is either broken completely (blue) or only slightly attenuated (yellow).

Figure 5. Force propagation pathways through the functional mSA subunit. (A) Overlay of the force propagation pathways for simulation replicas with
C-terminal loading (Video S2) (N = 25). Force propagates through C-terminal β-sheets (B) or also through N-terminal β-sheets (C). (D) Overlay of all
force propagation pathways for all simulation replicas with N-terminal loading (Video S3) (N = 25). Force propagates through N-terminal β-sheets. If the
structural integrity of theN-terminalβ-sheets is destroyed, the unbinding forces are low (E). If theN-terminal structure stays intact, higher unbinding forces
can be reached (F). The thickness of the pathway edges represents the probability of force propagating through the particular edge. The probability was
normalized for each simulation, leading to the same maximum thickness (maximum information pathway) for each simulation replica.
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lower. The N-terminal β-sheet structure is held under tension
for a much longer time, such that the unzipping of the first from
the second β-strand is more likely. On the other hand, the
molecular linker of the biotin to Coenzyme A (for details of the
biotinylation, cf. Supporting Information) is not considered in
the simulations (Figure S5) because there is no crystal structure
for the linker and in addition missing force field parameters
could introduce a source of imprecision. In previous combined
AFMSMD studies, it was shown that only a complete simulation
of all molecular linkers in proximity of the protein of interest
provided an excellent agreement between experimental and
simulated forces.48 It is yet reasonable to assume that the
additional interaction of the linker between biotin and
Coenzyme A with mSA increases the final unbinding forces of
biotin from mSA. Such interaction would favor the N-mSA
unzipping/low force unbinding pathway over the high force
unbinding pathway even more, also explaining the different in
force distribution between simulation and experiment.
In this study, experiments and simulations were used hand-in-

hand, providing a detailed picture of the system mechanics with
the atomistic detail of the simulation, substantiated by the large
statistical content of experiments. The nearly twofold difference
in unbinding forces that we report for biotin in the two well-
definedN- and C-terminal tethering geometries of mSA is nicely
matched by the 2-fold reduction of the binding potential width
as revealed by the Bell-Evans analysis of the rate dependence of
the unbinding forces. Because we measured by ITC the same
binding energy for the mSA/biotin complexes in both tethering
geometries, we can conclude that our force histograms represent
largely homogeneous ensembles of unbinding modes. The ana-
lysis of these modes by steered SMD revealed that in the case of
the C-terminally tethered mSA the forced separation of biotin
can be described best by a rupture process, leaving the molecular
structure of themSAbinding pocket largely intact. TheN-terminally
tetheredmSA, however, shows in a significant number of traces a
marked structural change, a local unfolding of the binding pocket.
We assume that the much slower time scale of the AFM-based
SMFS favors the low force unfolding path. This partial unfolding
results in a substantial widening of the potential energy landscape
accompanied by a reduction of the unbinding force for N-mSA
compared to C-mSA. In view on our results, it is worth noting
that the widespread of SA/biotin unbinding forces reported in
the literature39,40 may have arisen from a multiplicity of force
propagation geometries due to the nonspecific immobilization
of the terameric streptavidins used in these investigations.
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