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ABSTRACT: We used single-molecule AFM force spectroscopy
(AFM-SMFS) in combination with click chemistry to mechanically
dissociate anticalin, a non-antibody protein binding scaffold, from
its target (CTLA-4), by pulling from eight different anchor residues.
We found that pulling on the anticalin from residue 60 or 87
resulted in significantly higher rupture forces and a decrease in koff
by 2−3 orders of magnitude over a force range of 50−200 pN. Five
of the six internal anchor points gave rise to complexes significantly
more stable than N- or C-terminal anchor points, rupturing at up to
250 pN at loading rates of 0.1−10 nN s−1. Anisotropic network
modeling and molecular dynamics simulations helped to explain the
geometric dependency of mechanostability. These results demon-
strate that optimization of attachment residue position on
therapeutic binding scaffolds can provide large improvements in
binding strength, allowing for mechanical affinity maturation under shear stress without mutation of binding interface residues.

KEYWORDS: atomic force microscopy, protein engineering, single-molecule force spectroscopy, mechanical anisotropy, click chemistry,
Go̅-Martini model, PCA

■ INTRODUCTION

Mechanical anisotropy refers to the various mechanical
responses that manifest when force is applied to macro-
molecules from different directions. For example, double
stranded DNA/RNA double helices and hairpins1−4 can be
mechanically unzipped at low forces (∼10−20 pN) where the
base paired hydrogen bonds are broken in series or sheared
apart at high forces (>50 pN) where the hydrogen bonds are
broken in parallel. Folded protein domains also exhibit
different mechanical responses depending on the pulling
geometry, as was shown for globular domains including
GFP,5 ubiquitin,6 E2lip3,7 and GB1.8 Structure-based heu-
ristics based on α-helix vs β-strand content are available for
predicting the mechanical stability of folded domains stretched
between their N- and C-termini,9−12 and conserved structural
motifs referred to as mechanical clamps are known to impart
mechanostability to folded domains.13−15 A recent study also
reported application of force from an internal sequence
position to transmembrane bacteriorhodopsin to dislodge
transmembrane helices in a defined order from the membrane
and quantify intermediate folding states.16

For receptor−ligand binding interfaces, unbinding mechan-
ics is known to depend on whether a receptor is anchored from
the N- or C-terminus, as was shown for cohesin−dockerin and
streptavidin−biotin systems.17−19 Differences in shear vs zip

geometry have also been reported for protein-based coiled
coils.20 However, for protein−protein interactions, no general
heuristics are available. It remains unclear how anchor point
geometry modulates the binding strength of protein−protein
complexes. Single-molecule AFM force spectroscopy (AFM-
SMFS) provides a powerful tool to study the response of
protein−protein interaction to forces, and state-of-the-art
bioconjugate methods can control for anchor point geometry
of receptor−ligand systems and measure a wide range of
forces.21−23

For applications in targeted drug delivery using nano-
particles, liposomes, or engineered viruses, the shear force that
a receptor can withstand while remaining bound to its target is
a potentially valuable optimization parameter. One current
trend in biotherapeutics is to move beyond full length IgG
antibodies toward development of non-antibody scaffolds that
are smaller in size and easier to manufacture.24,25 Anticalins are
a class of non-antibody scaffolds sharing homologous backbone
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structures (Figure S1). Their ligand binding loops can be
engineered to specifically bind diverse molecular targets,
including proteins, peptides, and small molecules.26−28 One
target, cytotoxic T-lymphocyte antigen 4 (CTLA-4), is
involved in negative regulation of T-cell immune function
and maintenance of immune homeostasis29,30 and represents
an important target for cancer immunotherapy.
Here, we used AFM-SMFS to study the response of an

engineered anticalin bound to its target (CTLA-4) and
mechanically dissociated under a variety of pulling geometries.
Our new experimental methodology was combined with
molecular dynamics (MD) simulations, which provided

mechanistic insight into the unbinding pathways of the
complex under different loading geometries. We found that
pulling from central positions results in highly stable
cooperative interactions that require high forces to dissociate,
while pulling from the termini results in more plastic molecular
deformation and unbinding at low forces. These observations
establish a mechanical analogue to conventional affinity
maturation. Instead of requiring mutagenesis and screening,
our mechanical affinity maturation paradigm relies on
informed selection of anchor points for attachment to surfaces
or molecular cargo. We show that leveraging molecular level
mechanical properties can provide significant improvements in

Figure 1. Anchor point selection and AFM-SMFS measurement setups. (A) Structure of CTLA-4 in complex with anticalin (PDB code 3BX7).
Anchor points on the anticalin are shown as colored spheres. The anchor point on CTLA-4 is fixed at the C-terminus, mimicking the natural
tethering geometry on the cell surface. (B) Anticalin has a central β-barrel, consisting of eight antiparallel β-strands (S1−S8) connected by short
flexible linkers. The anchor points shown as colored dots were chosen at the closed end of the β-barrel to avoid interference with the binding
interface. (C) Bioorthogonal conjugation of a fibrinogen β (Fgβ) peptide to the anticalin. The residue at the selected anchor point was replaced by
p-azido-phenylalanine using amber suppression to introduce an azide group. The azide was covalently linked with a synthetic peptide comprising
Fgβ-StrepTag and a C-terminal DBCO group using click chemistry. (D) AFM measurement setup for testing N-terminal and internal anchor points
with freely diffusing Fgβ-anticalin. Anticalin conjugated with Fgβ was added to the measurement buffer to a final concentration of 1 μM. SdrG-
FLN-ELP-ybbr was immobilized on the AFM tip, and the ligand (CTLA-4-FLN-ELP-ybbr) was immobilized on the glass surface covalently via a
ybbr tag. (E) AFM measurement setup with tethered anticalin for probing the C-terminal anticalin anchor point. Anticalin-FLN-ELP-ybbr was
immobilized on the cantilever, and CTLA4-FLN-ELP-ybbr was immobilized on the glass surface.
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binding strength of non-antibody scaffolds under exposure to
shear forces.

■ RESULTS

Selection of Anchor Points, Protein Expression, and
AFM Measurement Setup. The anticalin targeting CTLA-4
was derived from human neutrophil gelatinase-associated
lipocalin (NGAL). The structure of anticalin in complex
with the extracellular domain of CTLA-4 is shown in Figure 1A
(PDB code 3BX7).26 CTLA-4 is a human T cell receptor with
the C-terminus of the extracellular domain anchored to the cell
surface. As shown in Figure S1, the structure of anticalin is
highly homologous to other previously reported lipocalin
folds,31−35 comprising a β-barrel formed by eight antiparallel β-
strands, flanked by helical regions at the N- and C-termini.36,37

The core β-barrel fold has a ligand-binding open end and a
more compacted closed end. We selected eight anchor points
on anticalin that spanned the entire protein sequence length.
These anchor points were the N- and C- termini (residues 1
and 178), five residues located along flexible linkers connecting
the β-strands (residues 21, 60, 87, 116, and 143), and one

located within β-strand S2 (residues 55). All internal anchor
points were located at the closed end of the barrel (Figure 1A
and B), while N- and C- terminal anchor points were located
toward the open end closer to the binding interface.
Each anchor point on the anticalin molecule corresponds to

a precisely defined pulling geometry in the AFM measure-
ments. In order to attach the AFM tip to anticalin through a
given internal anchor point (residues 21, 55, 60, 87, 116, and
143), we combined non-canonical amino acid (NCAA)
incorporation, click chemistry, and an AFM-SMFS measure-
ment setup with freely diffusing receptor molecules.18,23 As
shown in Figure 1C, the residue at the selected anchor point
was replaced by a p-azido-L-phenylalanine using amber
suppression to introduce an azide group.38 A synthetic peptide
comprising the N-terminal fibrinogen β (Fgβ) peptide, Strep-
tag, and C-terminus dibenzocyclooctyne (DBCO) group was
subsequently conjugated to the azide group on anticalin using
copper-free click chemistry.39 The reaction product was
purified with size-exclusion and Strep-trap columns to remove
excess peptide and unreacted anticalin. Successful conjugation
of the peptide increased the molecular weight of anticalin by 3

Figure 2. Dependency of anticalin:CTLA-4 complex stability on anticalin anchor position. (A) Example AFM force−extension traces measured
with eight different pulling geometries. Each trace shows unfolding of two FLN fingerprint domains and rupture of the anticalin:CTLA-4 complex
for a given anchor residue on anticalin. (B) Most probable rupture forces of the anticalin:CTLA-4 complex at various pulling speeds were plotted
against the anchor residue number on anticalin. Error bars represent the standard deviation of rupture forces measured at 100 nm s−1 (minus) and
800 nm s−1 (plus) pulling speeds. (C) Most probable rupture forces measured at different pulling speeds were plotted against the logarithm of
average loading rate and fitted linearly to extract the zero-force off rate k0 and distance to the transition state Δx⧧. Error bars represent the standard
deviation of rupture forces and loading rates. (D) The force-dependent off rate of the anticalin:CTLA-4 complex was plotted against force and
fitted using eq 6 (see the Supporting Information) to extract k0, Δx⧧, and ΔG⧧. Error bars represent the standard deviation of off rates measured at
four different pulling speeds.
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kDa, as confirmed by SDS-PAGE and mass spectrometry
(Figure S2). Each anticalin with Fgβ clicked onto a given
residue was expressed and purified and measured in separate
AFM experiments.
The AFM experimental setup with freely diffusing or

immobilized anticalin is shown in Figure 1D,E. SD-repeat
protein G (SdrG) from S. epidermidis which binds Fgβ was
cloned into the polyprotein SdrG-FLN-ELP-ybbr and immo-
bilized on the AFM tip. For the C-terminal anchor point,
CTLA-4 was cloned to the N-terminus of a polyprotein,
followed by an FLN unfolding fingerprint domain,40 an elastin-
like peptide (ELP) elastic linker, and a ybbr tag at the C-
terminus. The ybbr tag enabled site-specific covalent surface
immobilization of the polyprotein41 to the glass surface.
For N-terminal and internal anchor points, we adapted a

previously reported freely diffusing ligand system for AFM
measurements.18 The anticalin with Fgβ peptide conjugated to
the selected anchor point was added to the measurement
buffer to a final concentration of ∼1 μM, which saturated
immobilized CTLA-4 on the surface. SdrG on the cantilever
was brought to the surface, forming a three-member complex
consisting of cantilever-immobilized SdrG bound to Fgβ-
anticalin, which was itself bound to CTLA-4.
The SdrG:Fgβ complexes can withstand forces as high as 2

nN,42 and the significantly weaker anticalin:CTLA-4 complex
was the first to break when the cantilever was retracted, leaving
the Fgβ conjugated anticalin on the cantilever. The moderate
equilibrium affinity of SdrG bound to Fgβ (KD ∼ 400 nM)43

enabled rapid exchange of anticalin molecules on the
cantilever, preventing the AFM tip from clogging. In addition,
the DBCO conjugated Fgβ peptide is more convenient to
synthesize compared to other high-force handles such as
cohesin−dockerin systems. Tens of thousands of approach−
retract cycles were performed in this format over a range of
pulling speeds from 100 to 800 nm s−1 to build up large
statistics. In this format, the cantilever and surface molecules
are always freshly probed, so the refoldability of the cantilever-
borne molecules does not play a role.
Different Pulling Geometries Gave Rise to Diverse

Unbinding Energy Profiles. In a typical AFM measurement
of 12 h, ∼10,000 force−extension curves were recorded and
transformed into contour length space using a freely rotating
chain (FRC) elasticity model.44 Curves were filtered for the
two-step unfolding pattern and 32 nm contour length
increment of two FLN fingerprint domains.40 Example
force−extension curves of different pulling geometries are
shown in Figures 2A and S3. Intermediate unfolding events
were observed in ∼9% of selected force curves, including all
eight pulling geometries (Figure S3). We aligned the contour
length histograms of all of the selected curves using cross-
correlation analysis. The resulting superposition histogram

(Figure S4)45,46 showed contour length increments corre-
sponding to the two FLN domains (32 nm each).
Rupture forces of the anticalin:CTLA-4 complex for each

Fgβ anchoring residue number were measured in separate
AFM experiments at four pulling speeds from 100 to 800 nm
s−1. The forces required to dissociate anticalin from CTLA-4
were plotted as histograms, as shown in Figure S5. The
histograms were fitted to extract the most probable rupture
forces, which were plotted against the anchor residue number
on anticalin (Figure 2B). It is clear from the plot that the
mechanical stability of the anticalin:CTLA-4 complex is highly
dependent on the anticalin anchor residue number. N- and C-
terminal pulling points were among the lowest in stability,
rupturing at 100−125 pN, and the stability significantly rose
for anchor points located near the middle of the protein
sequence. Peak stability (∼225 pN) was achieved when
anticalin was anchored at residue 60, between β-strands S2 and
S3.
We used the Bell−Evans (BE)47,48 and Dudko−Hummer−

Szabo (DHS)49,50 models to estimate energy landscape
parameters for each pulling geometry. As shown in Figure
2C, the most probable rupture forces were linearly fitted
against the logarithm of average loading rate at a given pulling
speed to extract the zero force off rate (k0) and the distance to
the energy barrier (Δx⧧) using the BE model. We next used
the DHS model (Figure 2D) to transform the rupture force
histograms into force-dependent off rates (eq 4, see the
Supporting Information) and fitted the resulting plot using eq
6 to obtain the k0, Δx⧧, and energy barrier height (ΔG⧧). The
parameters estimated from both models are listed in Table 1.
Based on Figure 2 and Table 1, it is clear that the complex

crossed unbinding energy barriers with significantly different
heights and shapes when pulled from different anchor points.
Depending on the anchor residue number, the kinetic off rate
koff at a given force can vary by 2−3 orders of magnitude
(Figure 2D, 100 pN). Both DHS and BE models extracted
short Δx⧧ values for anchor residue 60 (DHS, 0.25 ± 0.02 nm;
BE, 0.30 ± 0.01 nm), indicating a short steep energy barrier
when tension was applied through the middle of the β-barrel
on anticalin. In addition, we applied an anisotropic network
model (ANM) to calculate the effective spring constants
between different pairs of residues51,52 in the protein complex
and studied the relationship between the spring constants and
energy profile parameters (see Figures S6 and S7, Table S1,
and Supplementary Note 2).
To test equilibrium behavior, we measured the dissociation

constant between CTLA-4 and three anticalin mutants using
microscale thermophoresis (MST). As shown in Table S2,
although the anticalin E60AzF and E143AzF mutants have
distinct responses to force, they have a similar affinity toward
CTLA-4 at equilibrium. The exception was the I55AzF mutant,

Table 1. Unbinding Energy Landscape Parameters of the Anticalin:CTLA-4 Complex under Different Pulling Geometries

anchor point on anticalin log(k0) (DHS) log(k0) (BE) Δx⧧ [nm] (DHS) Δx⧧ [nm] (BE) ΔG⧧ [kBT] (DHS)

1 −3.0 ± 0.2 −3.1 ± 0.3 0.50 ± 0.05 0.40 ± 0.03 16.8 ± 0.6
21 −4.2 ± 0.5 −4 ± 3 0.63 ± 0.09 0.4 ± 0.2 18 ± 1
55 −2.0 ± 0.3 −2.4 ± 0.3 0.27 ± 0.04 0.26 ± 0.02 13.9 ± 0.9
60 −2.7 ± 0.2 −4.7 ± 0.2 0.25 ± 0.02 0.30 ± 0.01 17 ± 1
87 −3.7 ± 0.3 −6.0 ± 0.6 0.38 ± 0.03 0.41 ± 0.03 17.8 ± 0.4
116 −4.0 ± 0.1 −5 ± 1 0.57 ± 0.02 0.44 ± 0.07 17.2 ± 0.2
143 −4.4 ± 0.6 −3 ± 1 1.0 ± 0.1 0.6 ± 0.1 18 ± 1
178 −3.8 ± 0.6 −1.6 ± 0.4 0.8 ± 0.1 0.36 ± 0.04 17 ± 1
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which has a slightly lower affinity for CTLA-4. Residue 55 is on
a β-strand S2 of the anticalin β-barrel structure. Mutation at
that site to pAzF and conjugation to peptide or fluorescent dye
slightly destabilized the anticalin:CTLA-4 complex, resulting in
a lower energy barrier in SMFS measurement (see Table 1) as
well as a lower equilibrium affinity in bulk experiments
compared to other anticalin constructs.
Go ̅-Martini Model Provides Insights into Deforma-

tion Pathways. Next, we analyzed the anticalin:CTLA-4
system using a coarse grained model that combined the
Martini force field53,54 with a structure-based approach, the so-
called Go̅-like description that takes into account all native
contacts in order to maintain secondary and tertiary structures
in the protein. This model has been used in previous studies on
the mechanical stability of single protein domains55−57 and
protein aggregates.58−61 The combined Go̅-Martini model now
allows analysis of large conformational changes in proteins,
protein assembly in membranes,62 and the characterization of
protein mechanical properties.63,64

Here we applied Go̅-Martini simulations to the description
of the anticalin:CTLA-4 dissociation under different pulling
geometries. The initial energetic parametrization by the
Martini force field using the PDB structural information on
the complex system failed to reproduce the pulling-geometry-
dependent rupture force profile as obtained by SMFS (Figure
S8). This indicates an incomplete representation of the
energetics at the interface of complexes, a known issue in the
Martini force field.65 We therefore utilized the experimental
data to calibrate the Martini model description of protein
binding interfaces (see Supplementary Note 4). We then
analyzed the trajectories from the calibrated model to help
explain the observed differences in binding strength as a
function of anchor point.
The first computational analysis was to monitor the center-

of-mass (COM) of anticalin during the pulling simulations
(see Figure 3A). Panels B and C of Figure 3 compare the
COM position of anticalin at zero force and at the maximal
force observed in the simulation (Fmax) for anticalin anchor
residues 1 (low stability) and 60 (high stability). For anchor

Figure 3. Molecular characterization of the Go̅-Martini trajectory for the anticalin:CTLA-4 complex at different pulling geometries. (A) The
translation of the anticalin COM for anchor residue 1 under a force applied along the z direction. The CTLA-4 was used as a reference system to
define the normal plane. The blue circle denotes the starting anticalin COM position and the red one its translation along the −y direction at Fmax.
(B and C) The relative translation of the anticalin COM with respect to the CTLA-4 molecule for two anticalin anchor residues 1 (B) and 60 (C)
at F = 0 and F = Fmax. Color bars indicate the probability of finding the COM in a given position along the X−Y plane which is perpendicular to the
z direction of symmetry of the complex. (D) The β-sheet structure of the anticalin and its color representation. (E and F) The intrachain native
contact (NC) evolution for anticalin computed for each β-sheet during the pulling process. Severe loss of contacts affects the anticalin for pulling
residue 1 (E), whereas almost no loss of NC is reported for anchor residue 60 (F). The color line is in agreement with panel D.
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residue 1, at Fmax, the COM of anticalin was clearly shifted in
the negative y direction by ∼0.75 nm and in the negative x
direction by ∼0.2 nm. However, when pulling anticalin from
residue 60, the anticalin COM stayed close to its original
position, translating slightly in the positive y (∼0.1 nm) and
negative x directions (∼0.2 nm). These differences suggest a
scenario where pulling from the N-terminus results in a peeling
behavior of anticalin while pulling from position 60 results in a
well-aligned system that cooperatively breaks without xy
translation. Analysis of the xy translation of the anticalin
COM was carried out for each anchor residue under pulling
simulations (Figure S10). These plots show that the COM
translation behavior is distinct for each anchor point. The
lowest stability anchor point tested experimentally (residue no.
143) shows a broad distribution of translation values for
anticalin COMs at Fmax, suggesting significant deformation of
the complex and rearrangement under tension for that anchor
residue.
The second computational analysis was to analyze the loss of

native contacts (NCs) in different regions of anticalin. When
pulling from residue 1, NCs were steadily lost in N-terminal β-
strands S1, S2, S3, as well as S6 prior to rupture (Figure 3E).
However, when pulling from residue 60, few to no intra-
molecular NCs were lost in anticalin (Figure 3F). The anticalin

COM shift is more pronounced when several anticalin β-sheets
lose some of the stabilizing NCs (Figure S11). Our analysis of
the intrachain NCs suggests that breaking NCs in the β-strands
makes the anticalin more flexible and its COM samples new
positions through different pathways. Furthermore, pathways
involving partial unfolding processes and severe loss of NCs
were observed for anchor residues 1 and 21 (Figure S11). The
NCs on the binding interface also behave differently depending
on the pulling geometry (Table S4 and Figure S12). The
interface NCs were lost at different rates with different pulling
geometries, and the number of remaining interface NCs at Fmax

(immediately prior to rupture) varies across the simulations
and shows positive correlation (p < 0.05) with the rupture
force measured both in vitro and in silico (Figure S13). In
addition, a few non-native contacts (about five, see Figure S12)
are established after the rupture. However, the new protein−
protein interactions established during the dissociation
trajectory were not strong enough to maintain the bound
complex. Based on the simulation analyses, we conclude that
the persistence of the original set of interface NCs, the
translation of the anticalin COM, and the loss of β-strand
structure explain the geometric dependency of the mechanical
properties of the complex.

Figure 4. Depictions of the anticalin:CTLA-4 complex unbinding energy landscape as a function of molecular pulling geometry. (A) Energy
landscape depiction where anchor point residues are represented as compass directions. Under a constrained pulling geometry, the complex is
forced to traverse different unbinding pathways across the energy landscape. These different paths give rise to energy barriers with diverse heights
and shapes. (B) 1D depiction of unbinding energy barrier heights and positions calculated using the DHS model for each pulling geometry (see
Table 1). (C) Anchor points on the anticalin colored based on mechanical stability of the complex pulled through that position. The most and least
mechanostable anchor points on the anticalin are residues 60 (red) and 143 (dark blue), respectively.
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■ DISCUSSION

We reported an AFM-SMFS study where we covalently clicked
a peptide handle onto internal residue positions of the non-
antibody scaffold anticalin/lipocalin and measured the rupture
forces of anticalin:CTLA-4 complexes using an AFM setup
with freely diffusing molecules. We observed how the
anticalin:CTLA-4 complex responds to external forces applied
from different directions and found a clear trend in stability.
When pulling anticalin from residue positions near the middle
of the sequence (e.g., residues 60 and 87), the complex
withstood high forces up to 200 pN which were ∼2× higher
than the least mechanically stable anchor points located toward
the termini (residues 1, 143, and 178). Panels A and B of
Figure 4 illustrate the complex dissociation energy landscape.
The unbinding pathways have energy barriers with different
shapes and heights. It is worth noting that the energy barrier of
the most mechanostable pulling geometry (anchor residue 60)
is not the highest, but the short Δx⧧ contributed to the high
resistance to external force. On the contrary, although the
pulling geometry with anchor residue 143 has the highest
energy barrier, the long Δx⧧ made it the least mechanostable
geometry. Residue 55 has a unique energy landscape with the
lowest energy barrier and a short Δx⧧, giving rise to a
moderate rupture force. Therefore, the mechanical stability of
the complex is determined by an interplay between the height
and the shape of unbinding energy barriers which is dependent
on the pulling point.
The computational approach for investigating the mechan-

ical stability of the anticalin:CTLA-4 complex under different
pulling directions was parametrized by tuning the interface
energy through an additional contact, which was not present in
our initial Go̅ contact map obtained from the PDB structure.
This rendered the Go̅-Martini approach a very predictable
model for the study of large conformational changes of protein
complexes at much cheaper computational cost than in regular
SMD simulation and allowed larger sampling of pathways. Our
computational study explained the observed trends in stability
in terms of translations of anticalin COM and loss of NCs in
anticalin.
Our measurements and simulations demonstrate that the

mechanical stability of protein−protein interactions can be
tuned over a wide dynamic range of stabilities by precisely
controlling the loading geometry, and these changes do not
alter the equilibrium binding properties. This suggests a new
paradigm for mechanical affinity maturation of non-antibody
scaffolds by correctly choosing the anchor points. Such an
approach could be particularly beneficial for targeting nano-
and microparticles or imaging probes which can exert shear
forces onto binding interfaces.
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