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ABSTRACT: We investigated the influence of fluorination on
unfolding and unbinding reaction pathways of a mechanostable protein
complex comprising the tandem dyad XModule-Dockerin bound to
Cohesin. Using single-molecule atomic force spectroscopy, we mapped
the energy landscapes governing the unfolding and unbinding
reactions. We then used sense codon suppression to substitute
trifluoroleucine in place of canonical leucine globally in XMod-Doc.
Although TFL substitution thermally destabilized XMod-Doc, it had
little effect on XMod-Doc:Coh binding affinity at equilibrium. When
we mechanically dissociated global TFL-substituted XMod-Doc from
Coh, we observed the emergence of a new unbinding pathway with a
lower energy barrier. Counterintuitively, when fluorination was
restricted to Doc, we observed mechano-stabilization of the non-
fluorinated neighboring XMod domain. This suggests that intra-
molecular deformation is modulated by fluorination and highlights the differences between equilibrium thermostability and non-
equilibrium mechanostability. Future work is poised to investigate fluorination as a means to modulate mechanical properties of
synthetic proteins and hydrogels.
KEYWORDS: atomic force microscopy, single-molecule force spectroscopy, protein engineering, fluorine, elastin-like polypeptide,
SpyTag/SpyCatcher, molecular deformation

Non-canonical amino acids (NCAAs) provide new
chemical functionality in proteins and can be used to

modulate diverse properties including molecular recognition,
stability, and activity.1−3 In particular, the unique chemical
characteristics of fluorine can alter amino acid side chain
properties including hydrophobicity, acidity, and reactivity.4−6

Incorporation of fluorinated analogues of aliphatic amino acids
including leucine (LEU), isoleucine (ILE), and valine (VAL)
imparts increased hydrophobicity7−9 and is typically marginally
disruptive to native protein structure.10 Isosteric hydrogen-to-
fluorine replacement can therefore alter the protein folding
energy landscape, in some cases increasing thermodynamic
stability but in other cases weakening it.11,12 Incorporation of
fluorinated amino acids13−15 has been shown to influence
denaturation temperatures,16−18 binding affinity,19 enzymatic
activity,20−22 proteolytic resistance,23,24 and folding/aggrega-
tion propensity.25 Despite a wealth of knowledge on the
influence of fluorinated amino acids on protein stability, one
current knowledge gap is understanding how fluorination
influences protein mechanical properties. To the best of our
knowledge, there are no prior studies investigating the
influence of fluorination on protein mechanics.
Protein mechanical stability is important in vivo,26,27

however the utilization of protein mechanical properties to
control engineered synthetic systems is less well established.

Toward this end, mechanically designed polyproteins have
been cross-linked into synthetic materials to mimic muscle
mechanics, and ligand binding has been used to modulate
domain mechanics with concomitant effects on bulk material
properties.28,29 For engineered systems, fluorination of proteins
could provide a useful tool with which to modulate synthetic
proteins in the context of mechanotherapeutics, however thus
far the impact of fluorination on protein mechanics is not
known.
Mechanical stability describes how much tension a folded

domain can withstand prior to unfolding, or how much force is
required to dissociate a receptor-ligand complex. As prior work
has shown,30−33 mechanical stability is typically independent
from thermostability, and mutant proteins with higher thermal
stability are not necessarily more mechanostable. Single-
molecule force spectroscopy (SMFS)34−37 with the atomic
force microscope (AFM) can be used to stretch single protein
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molecules, quantify intermediate folding states,38,39 and
elucidate [un]folding energy landscapes while accounting for
differences in loading geometry40−44 or the presence of dual
modes of ligand recognition.45,46 The goal of this work was
therefore to investigate the role of protein fluorination on non-
equilibrium mechanostability, specifically investigating any
discrepancies in trends between equilibrium thermodynamic
stability and non-equilibrium mechanostability.
As a model protein for this investigation, we chose a

mechanostable Dockerin:Cohesin receptor-ligand complex
from Ruminococcus f lavefaciens (Rf). One binding partner in
this complex comprises a tandem dyad of X-module (XMod)
and Dockerin (Doc) that forms a non-covalent interaction
with the other binding partner, Cohesin (Coh). We denote the
complex XMod-Doc:Coh (Figure 1A) where the colon
indicates the non-covalent binding interaction. This well-
studied protein pair binds with nM affinity and exhibits an O-
ring47 binding patch comprising a hydrophobic center
surrounded by hydrophilic polar and charged amino acids.48

Prior AFM-SMFS studies on this complex and close
homologs49−53 have quantified two unfolding/unbinding
reaction pathways and demonstrated that XMod stabilizes

the Doc:Coh binding interface through an allosteric mecha-
nism governed through contacts between XMod and the distal
end of Doc, opposite its interface with Coh.54−56 As a
consequence, when XMod is folded, the complex is activated
and ruptures at high forces, whereas when XMod unfolds, the
Doc:Coh interface is significantly weakened. This multidomain
polyprotein with interdependency in the mechanical properties
therefore provided an opportunity to study the influence of
fluorination on both XMod unfolding and Doc:Coh unbinding
in the same experiment.
We used TFL as the fluorinated amino acid, where a −CF3

group is substituted for one −CH3 methyl group in LEU. TFL
is recognized by endogenous leucyl-tRNA synthetase (LeuRS),
enabling quantitative replacement of LEU with TFL without
requiring overexpression of endogenous or engineered
LeuRS.17,18,57 We prepared wild type XMod-Doc (XMod-
Doc (WT)) (Figure 1B) and two mutants where LEU residues
in XMod or Doc was replaced with VAL, enabling localized
incorporation of TFL into either the XMod or Doc sub-
domains. We then analyzed WT and mutant protein complexes
with canonical LEU or non-canonical TFL-incorporation using
mass spectrometry, AFM-SMFS, thermal denaturation differ-

Figure 1. Design of XMod-Doc variants for domain-specific fluorination. (A) Crystal structure of XMod-Doc:Coh showing LEUs (blue), including
2 LEUs at the binding interface. Calcium ions are shown as yellow spheres (PDB 4IU3). XMod-Doc is a single polypeptide chain containing sub-
domains XMod and Doc that form a high-affinity non-covalent complex with Coh. The TFL structure shows the substituted −CF3 group in place
of −CH3 in the side chain of LEU. The chiral center of TFL is indicated with an asterisk. (B) Global TFL incorporation into XMod-Doc (WT)
replaced all LEU residues with TFL in both the XMod and Doc subdomains. (C) The mutant XMod(XL2V)-Doc was prepared by mutating all
LEU codons in XMod to VAL. Global TFL incorporation resulted in fluorination only in Doc. (D) Gene cassettes for expression of TFL-
incorporated His-SpyTag-XMod-Doc variants, linker protein ybbR-His-ELP-FLN-SpyCatcher, and Coh-FLN-ELP-His-ybbR. (E) Schematic
illustration of surface chemistry and site-specific protein immobilization for AFM-SMFS. FLN, the fourth domain of Dictyostelium discoideum F-
actin cross-linking filamin.
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ential scanning fluorescence (DSF), and isothermal titration
calorimetry (ITC) to quantify the effects of hydrogen-to-
fluorine substitution in the hydrophobic side chain of LEU on
mechanical and biophysical behavior.
New Mutant Designs for Localized Fluorination and

Attachment Chemistry. We designed XMod-Doc mutants
by removing LEU codons from selected regions of the gene
cassette encoding XMod-Doc and replacing them with VAL
codons. This allowed us to use global LEU sense codon
suppression during expression runs in E. coli and achieve
localized domain-specific incorporation of TFL into either
XMod or Doc. The first new mutant is denoted XMod(XL2V)-
Doc where all LEU codons from XMod were changed to VAL
(Figure 1C). The second mutant was denoted XMod-
Doc(DL2V) where all LEUs from Doc were mutated to
VAL. While residue-specific replacement of LEU by TFL
resulted in TFL incorporation into both XMod and Doc
subdomains for XMod-Doc(WT), TFL incorporation was
localized to Doc for XMod(XL2V)-Doc, and to XMod for
XMod-Doc(DL2V). The WT and two mutant XMod-Doc
proteins were produced using both canonical LEU and non-
canonical TFL incorporation and thoroughly characterized to
disentangle the influence of TFL on XMod unfolding and
Doc:Coh unbinding.
To ensure we only analyzed valid single-molecule inter-

actions, we performed AFM-SMFS with fingerprint do-
mains58−60 attached to both the cantilever and surface
molecules. We were concerned that TFL incorporation into
fingerprint domains would change their unfolding signatures
and severely reduce expression yields. To overcome this issue,
we developed a novel scheme for site-specific immobilization
of TFL-containing proteins for AFM-SMFS (Figure 1D,E).
XMod-Doc variants (WT, XL2V, and DL2V) were designed
and produced with an N-terminal SpyTag based on the
plasmid pQE80L-SpyTag-ELP-SpyTag, a gift from Mark
Howarth (Addgene plasmid #112634; http://n2t.net/
addgene:112634; RRID:Addgene_112634)61 (Figure 1D)
which forms a spontaneous isopeptide bond with SpyCatch-
er.62,63 We further produced a specialized surface-bound
fingerprint protein (Figure 1D) containing SpyCatcher at the
C-terminal end. This was fused at the DNA level with the
fourth domain of Dictyostelium discoideum F-actin cross-linking
filamin (FLN),64 which is an established unfolding fingerprint
domain with a characteristic intermediate [un]folding state. In-
frame with FLN-SpyCatcher on the N-terminal side, we
included an elastin-like polypeptide (ELP) as a linker, allowing
us to eliminate commonly used poly(ethylene) glycol linkers
that are problematic in high-force protein unfolding studies
due to mechano-isomerization of PEG that skews contour
length analysis.65 Finally, a ybbR/6x-histidine tag N-terminal
to the ELP allowed for site-specific and covalent immobiliza-
tion onto coenzyme A (CoA)-functionalized coverglass via
ligation by 4′-phosphopantetheinyl transferase (SFP).66 Coh
meanwhile was cloned as a single construct. The gene cassettes
are depicted in Figure 1D, and the surface chemical scheme is
shown in Figure 1E.
Incorporation of TFL. For TFL incorporation, we used the

leucine auxotrophic strain E. coli ΔleuB (JW5807 from the
Keio collection).67 Residue-specific incorporation was carried
out using a standard media saturation method.2,68 TFL was
charged onto leucyl-tRNAs by endogenous LeuRS and co-
translationally introduced into XMod-Doc variants. Coh and
SpyCatcher fusion proteins were expressed using a standard

strain (BL21) in rich media (no TFL). All proteins were
purified by metal ion affinity chromatography and size-
exclusion. WT and variants expressed using LEU or TFL
incorporation are denoted with the relevant amino acid
appended after the protein abbreviation (e.g., XMod-Doc-
(WT)-LEU, XMod-Doc(WT)-TFL, XMod(XL2V)-Doc-LEU,
XMod(XL2V)-Doc-TFL).
Sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) clearly showed successful expression and
purification of TFL-incorporated XMod-Doc variants (Figure
2A). We measured TFL incorporation by high-resolution
liquid chromatography electrospray ionization mass spectrom-
etry (HRMS) and confirmed high yields of >92% for XMod-
Doc(WT) and >90% for XMod(XL2V)-Doc (Figure 2B,C).
Each successful TFL incorporation event is expected to
increase protein mass by +54 Da due to the three hydrogen-
to-fluorine substitutions (18 Da*3). For XMod-Doc(WT)-
TFL, the most intense peaks in the HRMS spectrum were
30 330 Da and 30 281 Da (with a mass difference of +54
Da*15 and +54 Da*14 compared to XMod-Doc(WT)-LEU),
corresponding to incorporation yields of 100% and 93%,
respectively. For XMod(XL2V)-Doc-TFL, the most intense
peaks in the HRMS spectrum were 29 942 Da and 29 996 Da
(with a mass difference of +54 Da*9 and +54 Da*10 compared
to XMod-Doc(XL2V)-LEU) , corresponding to incorporation
yields of 90% and 100%, respectively. XMod-Doc(WT) and
variants were also expressed with canonical LEU and
characterized by SDS-PAGE and HRMS (Figures S1, S2).
The expected molecular weights of Coh and the SpyCatcher
fusion were validated by SDS-PAGE (Figure S3).
We tested the Coh-binding ability of XMod-Doc(WT),

XMod(XL2V)-Doc, and XMod-Doc(DL2V) under canonical
LEU incorporation using analytical size exclusion chromatog-
raphy. XMod-Doc(WT)-LEU and XMod(XL2V)-Doc-LEU
both bound Coh, however, XMod-Doc(DL2V)-LEU did not
(Figure S4). Apparently the nine LEU to VAL substitutions in
Doc (119 amino acids in total), two of which are located at the
hydrophobic center of the Doc:Coh binding interface, were
deleterious and eliminated Doc binding ability. We terminated
work on DL2V and no further results are reported on that
variant. Additionally, we verified the functionality of SpyTag/
SpyCatcher assembly using analytical chromatography (Figure
S5).

AFM-SMFS of XMod-Doc(WT)-LEU and -TFL. Next we
performed receptor-ligand AFM-SMFS on XMod-Doc(WT)-
LEU and XMod-Doc(WT)-TFL bound to Coh (Figure 3A).
The surface was repeatedly probed with a Coh-modified
cantilever tip, resulting in occasional formation of an XMod-
Doc:Coh complex. The cantilever was retracted at constant
speed, ELP linkers were stretched and tension built up in the
system until sufficiently high forces were reached to unfold the
two FLN fingerprint domains in series. Each FLN unfolding
event contained an intermediate state, resulting in 4 low-force
(∼60 pN) unfolding peaks. Data traces were filtered by
searching for two 36 nm contour length increments with
intermediate folding states associated with FLN unfolding
(Figure 3D,E). FLN unfolding was followed either by rupture
of the XMod-Doc:Coh directly (pathway 1 (P1), Figure 3B),
or by unfolding of XMod and subsequent rupture of the
Doc:Coh binding interface at greatly reduced forces (pathway
2 (P2), Figure 3C).
XMod-Doc:Coh complex rupture events from P1 and P2

pathways were analyzed and plotted as a function of the
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loading rate to generate a dynamic force spectrum (Figure 3F)
and extract parameters that describe the free energy landscape
of the unbinding reaction. Consistent with prior work,49,51

XMod-Doc(WT)-LEU:Coh rupture events (Figure 3F, black
dots) clearly showed two populations corresponding to a high-

force population P1 (470-572 pN) and a low-force population
P2 (226-273 pN). The same experiment was performed on
XMod-Doc(WT)-TFL:Coh complexes. In addition to similar
looking P1 and P2 rupture events, we observed a new rupture
force population for the TFL-incorporated complex (Figure
3F, blue dots). This new rupture pathway, denoted P3, was
situated at an intermediate force range of 338-432 pN between
P1 and P2. The P3 pathway did not exhibit XMod unfolding
prior to complex rupture and was observed as a distinct
population in the force histogram (Figure 3H).
We analyzed rupture events from P1, P2, and P3 obtained at

several pulling speeds (100, 400, 800, 1600, and 3200 nm s−1)
and used the phenomenological Bell-Evans (BE)69,70 model to
extract the energy landscape parameters, Δx, and koff (Table
1). We found slightly but not significantly lower Δx values for
P1 (Δx = 0.13 ± 0.01 nm, -TFL; Δx = 0.15 ± 0.02 nm, -LEU;
Table 1) and significantly lower Δx values for P2 rupture
events (Δx = 0.16 ± 0.02 nm, -TFL; Δx = 0.30 ± 0.06 nm,
-LEU; Table 1) for XMod-Doc(WT)-TFL:Coh as compared
with XMod-Doc(WT)-LEU:Coh. P3 events unique to TFL-
incorporated complexes produced slightly higher Δx values of
0.17 ± 0.01 nm to P1 of TFL-incorporated complexes (Table
1). We note that koff fitting with the Bell-Evans model is not
reliable enough to draw quantitative comparisons due to
extreme model sensitivity.71 Fitted Δx values, however, are
generally robust. The observed trends in Δx for P1 and P2
rupture events indicate that global TFL replacement of LEU in
XMod-Doc(WT) resulted in more rigid protein complexes
with rupture events exhibiting a steeper loading rate depend-
ency. The appearance of a distinct new P3 unbinding reaction
pathway further indicates how TFL-incorporation modulates
the energy landscape, in this case by enabling a new unbinding
pathway with a lower barrier height.
In addition to unbinding/rupture events, we also analyzed

XMod unfolding events obtained from TFL-incorporated and
LEU-incorporated XMod-Doc(WT) (Figure 3I−K). XMod-
Doc(WT)-TFL showed a significant decrease in the unfolding
force of XMod (315-431 pN) compared to XMod-Doc(WT)-
LEU (384-450 pN). Δx significantly decreased from 0.23 ±
0.03 nm for XMod-Doc(WT)-LEU to 0.14 ± 0.01 nm for
XMod-Doc(WT)-TFL (Table 1). Therefore, we found both
for Doc:Coh unbinding as well as XMod unfolding, TFL-
incorporation resulted in interaction/folding potentials that
were shorter and more rigid for TFL-incorporated samples.

AFM-SMFS of Mutant XMod(XL2V)-Doc-LEU and
-TFL. Next, we analyzed XL2V mutants under both -LEU
and -TFL incorporation (Figure 4A). XL2V allowed TFL-
incorporation to be localized to Doc while only canonical
amino acids were present in XMod. XMod(XL2V)-Doc-
LEU:Coh complexes (Figure 4B, gray) and XMod(XL2V)-
Doc-TFL:Coh complexes (Figure 4B, red) both showed
similar behavior for P1 rupture events with XMod remaining
folded and rupture occurring at 488-585 pN (-LEU) and 476-
571 pN (-TFL) and also shared similar loading rate
dependency with a slightly but not significantly stiffer loading
rate dependency (smaller Δx) as compared with XMod-
(XL2V)-Doc-LEU (Δx = 0.16 ± 0.03 nm, -TFL; Δx = 0.18 ±
0.02 nm, -LEU; Table 1). P2 rupture events that occurred
following XMod unfolding were in similar force ranges for
XMod(XL2V)-Doc-LEU:Coh and XMod(XL2V)-Doc-
TFL:Coh complexes (225-252 pN (-LEU); 219-248 pN
(-TFL)). However, Δx values of P2 rupture events showed
that, similar to the trend observed in XMod-Doc(WT), TFL-

Figure 2. Residue-specific TFL incorporation into XMod-Doc. (A)
SDS-PAGE analysis showing successful expression and purification of
XMod-Doc(WT)-TFL and XMod(XL2V)-Doc-TFL. P: purified
protein solution. (B) HRMS analysis of XMod-Doc(WT)-TFL. (C)
HRMS analysis of XMod(XL2V)-Doc-TFL. Major mass peaks, the
percentage of each peak and corresponding incorporation yield of
TFL are given in the tables.
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Figure 3. AFM-SMFS of XMod-Doc(WT)-LEU and -TFL. (A) Schematic illustration of experimental configuration. (B) Typical force−extension
trace of XMod-Doc:Coh rupture with XMod remaining folded (pathway 1, P1). Unfolding of two FLN fingerprint domains (gray) was used to
filter the curves for specific single-molecule interactions. Fingerprint unfolding was followed by complex rupture (blue). (C) Typical force−
extension trace showing XMod unfolding followed by Doc:Coh rupture (pathway 2, P2). (D) Contour length histogram of P1 curves (n = 128).
(E) Contour length histogram of P2 curves (n = 40). Increments between peaks were used for domain assignments to unfolding events. (F)
Dynamic force spectra of XMod-Doc(WT)-LEU:Coh (black) and -TFL (blue) complex rupture forces for P1, P2, and P3 events. (G) Histograms
of XMod-Doc(WT)-LEU:Coh P1 and P2 rupture events. (H) Histograms of XMod-Doc(WT)-TFL:Coh P1, P2, and P3 rupture events. (I)
Dynamic force spectra of XMod unfolding events occurring along P2 pathways. (J) Histograms of XMod unfolding forces from XMod-Doc(WT)-
LEU:Coh complexes. (K) Histograms of XMod unfolding forces from XMod-Doc(WT)-TFL:Coh complexes. Black and blue circles represent the
median rupture force/loading rate at each pulling speed of 100, 400, 800, 1600, and 3200 nm s−1. Error bars are ±1 s.d. Solid lines are least square
fits to the Bell-Evans model. Shades indicate 95% confidence intervals. Statistical significance was determined with a t-test: n.s. p ≥ 0.01; *p < 0.01;
**p < 0.001; and ***p < 0.0001.
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incorporation in XMod(XL2V)-Doc resulted in binding
potentials with a significantly steeper loading rate dependency,
which leads to significant difference of P2 rupture forces (185
pN (-LEU); 209 pN (-TFL)) at a low pulling speed of 100
nm/s (Figure 4B−D; Table 1). Therefore, TFL-incorporation
rigidified not only WT complexes but also XL2V complexes in
their deformation response. The effect was small but significant
for the P2 pathway. The P3 pathway meanwhile that was
observed in XMod-Doc(WT)-TFL:Coh complexes was absent
in all XMod(XL2V)-Doc:Coh unbinding reactions. This
finding implicates the significant role of XMod in stabilization
of Doc:Coh interfaces in the alternative P3 pathway for XMod-
Doc(WT)-TFL.
We next analyzed XMod unfolding events occurring along

the P2 rupture pathway for XMod(XL2V)-Doc-TFL and
XMod(XL2V)-Doc-LEU at various pulling speeds and
extracted energy landscape parameters using BE fitting (Figure
4E−G). Interestingly, XMod(XL2V)-Doc:Coh complexes
showed a small but statistically significant increase XMod
mechanical stability under TFL-incorporation in a range of 6−
13% depending on the pulling speeds as compared with LEU-
incorporation (405−459 pN (-TFL); 380−430 pN (-LEU)).
While TFL-incorporation rigidified folding potential of WT
samples, there is no TFL-incorporation in XMod in XL2V
samples and the Δx parameter showed no significant change of
rigidity in unfolding potential for XL2V samples (Δx = 0.31 ±
0.03 nm, -TFL; Δx = 0.33 ± 0.09 nm, -LEU; Table 1). TFL
incorporation in Doc therefore significantly increased the force
required to unfold the neighboring XMod domain.
We were concerned that small differences in cantilever

spring constants could give rise to systematic errors on an
absolute force scale. Therefore, to validate this result further,
we performed AFM-SMFS experiments to probe XMod-
(XL2V)-Doc-TFL:Coh and XMod(XL2V)-Doc-LEU:Coh
using the same cantilever (Figure 4H). Both proteins were
immobilized at different positions on the same glass slide, and
a single Coh-modified cantilever was used to alternatively pick
up and stretch molecules at each location at a pulling speed of
100 nm s−1. This experiment eliminated uncertainties based on
cantilever calibration error or differences in extension values
that arise because molecules on separate cantilevers may be
attached at different heights onto the AFM tip. The results
confirmed that the XMod was slightly stabilized in XMod-
(XL2V)-Doc-TFL:Coh complexes and required higher forces
(7% increase) to mechanically unfold.

It could be argued that the higher XMod unfolding forces
are observed by a ceiling or biasing effect72 of the receptor-
ligand complex. A higher complex stability, one could argue,
would result in higher unfolding force distributions for XMod
unfolding events simply because the handle used to pull on
XMod is stronger and the unfolding/rupture force distribu-
tions are overlapping. However, we verified that P1 and P2
Doc:Coh stability was nearly identical for the XL2V mutants
under LEU- and TFL-incorporation (Figure 4B,I). In fact, P1
complex rupture events for XMod(XL2V)-Doc-TFL:Coh were
even slightly lower than those for -LEU, therefore, the
mechanical strengthening we observe for XMod in -TFL
complexes would in fact be underestimated by the biasing effect.
The observed differences in XMod stability are therefore not
explained by a statistical biasing effect of the complex on the
XMod unfolding force distribution. We can speculate that an
increase in hydrophobicity within Doc upon TFL-incorpo-
ration influenced the contact interface between Doc and
XMod. Three LEUs located in the contact interface are well
situated in the hydrophobic groove of XMod together with
alpha helix (α2, Doc) and they cover ∼14% of calculated
contact interface area (Figure S6). The modified contacts
could reasonably reroute the force propagation pathway50−52

through the molecule, introducing propagation paths with
components perpendicular to the pulling axis. Such a scenario
would result in an XMod domain that is more effective at
distributing the force across its cross section, thereby requiring
higher tension to unfold. By contrast, recall that global TFL
incorporation into XMod-Doc(WT) significantly decreased
the unfolding force of XMod (Figure 3H). In-depth analysis by
steered molecular dynamics simulation might offer the insight
into the mechanism by which fluorination can alter these force
propagation pathways.

Bulk Biophysical Properties Stability by ITC and
NanoDSF. To investigate the effects of TFL incorporation on
equilibrium binding affinity, we performed isothermal titration
calorimetry (ITC) (Figure 5A). Analysis of the XMod-
Doc(WT)-LEU:Coh interaction revealed KD = 60 nM (KD
range (±σ) = 27−121 nM), while the XMod-Doc(WT)-
TFL:Coh interaction showed KD = 96 nM (KD range (±σ) =
52−170 nM). Analysis of XMod(XL2V)-Doc-LEU:Coh
resulted in KD = 123 nM (KD range (±σ) = 70−212 nM),
while that of XMod(XL2V)-Doc-TFL:Coh showed KD = 114
nM (KD range (±σ) = 62−201 nM). Global LEU to TFL
substitutions in the WT sequence may have slightly

Table 1. Energy Landscape Parameters of XMod-Doc:Coh Complex Rupture and X-Module Unfolding from AFM-SMFS from
Bell-Evans (BE) Model69,70

Δx (nm) koff (s
−1)

XMod-Doc(WT) LEU P1 (XMod folded) 0.15 ± 0.02 (1.2 ± 3.1) × 10−6

P2 (XMod unfolded) 0.30 ± 0.06 (1.1 ± 3.6) × 10−5

P2 XMod unfolding 0.23 ± 0.03 (2.4 ± 7.3) × 10−8

TFL P1 (XMod folded) 0.13 ± 0.01 (1.2 ± 1.4) × 10−5

P2 (XMod unfolded) 0.16 ± 0.02 (3.6 ± 3.0) × 10−2

P3 (XMod folded) 0.17 ± 0.01 (6.1 ± 4.8) × 10−5

P2 XMod unfolding 0.14 ± 0.01 (8.8 ± 11.2) × 10−4

XMod(XL2V)-Doc LEU P1 (XMod folded) 0.18 ± 0.02 (2.7 ± 6.3) × 10−8

P2 (XMod unfolded) 0.40 ± 0.04 (1.0 ± 2.1) × 10−7

P2 XMod unfolding 0.33 ± 0.09 (7.6 ± 66) × 10‑12

TFL P1 (XMod folded) 0.16 ± 0.03 (3.0 ± 9.9) × 10−7

P2 (XMod unfolded) 0.26 ± 0.02 (2.3 ± 2.1) × 10−4

P2 XMod unfolding 0.31 ± 0.03 (7.0 ± 42) × 10−9
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destabilized the interaction at equilibrium; however, given the
uncertainties associated with the method these observed
differences are not considered significant. Meanwhile, LEU
to VAL mutations in Doc (XMod-Doc(DL2V)-LEU)
abolished binding ability completely (Figure S4).
Finally, we used differential scanning fluorimetry (DSF) to

measure thermal denaturation temperatures (Figure 5B). DSF

analysis showed that mutation of Leu to Val in XMod(XL2V)-
Doc under LEU incorporation/expression decreased the
thermal melting temperature by ∼5 °C as compared with
XMod-Doc(WT)-LEU. Additionally, TFL incorporation de-
creased thermal denaturation temperatures of both XMod-
Doc(WT)-TFL and XMod(XL2V)-Doc-TFL by ∼8 °C. This
significant decrease (15% on a °C scale) in thermal stability for

Figure 4. AFM-SMFS of XL2V variants under LEU- and TFL-incorporation. (A) Schematic illustration of experimental configuration, where TFL
was incorporated into Doc but not XMod. (B) XMod(XL2V)-Doc-LEU:Coh (gray) and XMod(XL2V)-Doc-TFL:Coh (red) complex rupture
events. (C) Histograms of XMod(XL2V)-Doc-LEU:Coh P1 and P2 rupture events at different pulling speeds. (D) Histograms of XMod(XL2V)-
Doc-TFL:Coh P1 and P2 rupture event at different pulling speeds. (E) Dynamic force spectra of XMod unfolding events. (F) Histograms of XMod
unfolding forces from XMod(XL2V)-Doc-LEU:Coh complexes at four pulling speeds. (G) Histograms of XMod unfolding forces from
XMod(XL2V)-Doc-TFL:Coh complexes at four pulling speeds. (H) Schematic of the experimental setup for comparative AFM-SMFS of XL2V
variants under LEU- and TFL-incorporation. XMod(XL2V)-Doc-LEU and -TFL were immobilized on different spots on the surface. Coh was
immobilized at the cantilever tip. The same cantilever was used to alternate between two sample spots and probe each sample intermittently at 100
nm s−1. (I) Histograms of XMod(XL2V)-Doc-LEU (n = 79) and -TFL (n = 77):Coh P1 rupture event. (J) Histograms of XMod(XL2V)-Doc-LEU
(n = 155) and -TFL (n = 188):Coh P2 XMod unfolding event. Black and red circles represent the median rupture force/loading rate at each pulling
speed of 100, 400, 800, 1600, and 3200 nm s−1. All error bars are ±1 s.d. Solid lines are least square fits to the Bell-Evans model. Shades indicate
95% confidence intervals. Statistical significance was determined with a t-test: n.s. p ≥ 0.01; *p < 0.01; **p < 0.001; and ***p < 0.0001.
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XMod(XL2V)-Doc-TFL is in contrast to the increase (7%) in
mechano-stability of XMod that we observed under TFL
incorporation (Figure 4J) and confirms that non-equilibrium
mechanical stability does not necessarily need to be correlated
with enhanced thermal stability.30−33

Fluorination of proteins is used to tune biophysical
properties, and its effects are well studied for systems at
equilibrium. Here, for the first time we report the influence of
fluorination on a molecular system under non-equilibrium
mechanical tension. We investigated the influence of TFL-
incorporation on single-molecule unbinding and unfolding
reactions within a mechano-stable XMod-Doc:Coh adhesion
complex. We designed and produced LEU to VAL mutant
variants which minimally disturbed native function of protein
and allowed for TFL to be incorporated globally or only in
Doc. Analysis of these variants using equilibrium biophysical
stability assays and single-molecule AFM revealed several
competing and counterintuitive effects.
First, we found that global fluorination of XMod-Doc(WT)

changed the energy landscape of the Doc:Coh unbinding and
XMod unfolding reactions. Fluorination tended to rigidify
rupture/unfolding potentials for both WT and XL2V
complexes, providing a steeper loading rate dependency
(lower Δx), especially for P2 low-force rupture events and

for P2 XMod unfolding events of XMod-Doc(WT). Second,
global fluorination of XMod-Doc(WT) generated a new
unbinding pathway (P3). We observed a clearly distinguishable
rupture class that lacked XMod unfolding (Figure 3F) but
ruptured at intermediate force. We attributed the emergence of
this new pathway to alteration of the energy landscape by
chirality or hydrophobicity of TFL. To gain more insight, we
performed additional measurements at pH 5.5 and found
similar ratios between P1, P2, and P3 rupture events (Figure
S7, Table S1). These dissociation pathways are therefore
independent of pH across the range tested (5.5−7.2). Third
and most significant, we found that when fluorination was
localized to Doc, XMod was mechanically stabilized (Figure
4J). We consider this a counterintuitive finding given that the
same sample was significantly less thermally stable (Figure 5B)
and had little change in binding affinity (Figure 5A).
Taken together, these findings demonstrate how fluorination

can modulate folding energy landscapes by lengthening or
shortening binding/interaction potentials, generating new
unbinding pathways, or even mechanically stabilizing adjacent
non-fluorinated domains. These features highlight the
orthogonality of mechanical and thermodynamic stability and
provide new insights into the influence of fluorination on
protein stability and function. This can broaden the

Figure 5. Analysis of bulk biophysical properties of XMod-Doc variants. (A) Binding affinity analyzed by ITC at equilibrium. (B) Thermal melting
temperature of XMod-Doc variants measured by DSF.
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applications of protein fluorination to include independent
modulation of mechanical and thermodynamic stability of
protein domains. With this work, we have provided a first look
into how fluorination can regulate the mechanical properties of
protein complexes and more generally protein-based bio-
materials.
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