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ABSTRACT
Most proteins in proteomes are large, typically consist of more than one domain and are structurally complex. This often
makes studying their mechanical unfolding pathways challenging. Proteins composed of tandem repeat domains are a
subgroup of multi-domain proteins that, when stretched, display a saw-tooth pattern in their mechanical unfolding force
extension profiles due to their repetitive structure. However, the assignment of force peaks to specific repeats undergoing
mechanical unraveling is complicated because all repeats are similar and they interact with their neighbors and form a
contiguous tertiary structure. Here, we describe in detail a combination of experimental and computational single-molecule
force spectroscopy methods that proved useful for examining the mechanical unfolding and refolding pathways of ankyrin

repeat proteins. Specifically, we explain and delineate the use of atomic force microscope-based single molecule force
spectroscopy (SMFS) to record the mechanical unfolding behavior of ankyrin repeat proteins and capture their unusually
strong refolding propensity that is responsible for generating impressive refolding force peaks. We also describe Coarse Grain
Steered Molecular Dynamic (CG-SMD) simulations which complement the experimental observations and provide insights in
understanding the unfolding and refolding of these proteins. In addition, we advocate the use of novel coiled-coils-based
mechanical polypeptide probes which we developed to demonstrate the vectorial character of folding and refolding of these
repeat proteins. The combination of AFM-based SMFS on native and CC-equipped proteins with CG-SMD simulations is
powerful not only for ankyrin repeat polypeptides, but also for other repeat proteins and more generally to various
multidomain, non-repetitive proteins with complex topologies.

thin cantilever beam terminated with a sharp tip is typically used as a force
sensor and a glass (polystyrene) bead trapped by a focused laser beam is used

1. Introduction

Single Molecule Force Spectroscopy (SMFS) comprises a set of techniques
developed about 30 years ago to enable mechanical manipulations of
individual macromolecules, primarily biopolymers such as DNA, proteins and
polysaccharides in order to examine their structural and mechanical
properties [1-23]. Regardless of the details of the technical platform used for
SMFS measurements, individual macromolecules are attached between two
objects which can be moved relative to one another with sub-nanometer
precision so that the extension of the molecule can be accurately controlled.
One of these two objects is either a force sensor directly responding to the
molecular tension by undergoing elastic deformation, measured as a
deflection from the equilibrium shape, or is trapped in a potential well so its
position relative to the center of the well can be monitored and used to
determine the force exerted on the probe. The first approach is exploited in
atomic force microscopy (AFM) [24-28] based SMFS, where a micromachined
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in the second approach that is exemplified by laser tweezer [29-38] (optical
trap)-based SMFS. Instead of a polystyrene bead, one can use a paramagnetic
bead and expose it to a nonuniform magnetic field to produce a finely
controlled pulling force, as is implemented in magnetic tweezers (MT) [39—
45]-based SMFS. The results from SMFS measurements are typically expressed
as a force versus extension relationship, when a molecule is stretched at a
constant velocity or as length versus time relationship, when a molecule is
subjected to a constant force or a force ramp (force clamp measurements)
[46]. Over the years, SMFS was applied to directly measure the elasticity of
double and single-stranded DNA and RNA in the absence or presence of
various DNA enzymes [47-54], allowing to directly examine the applicability
of polymer physics models such as the Freely Jointed Chain model (FJC) [42,51]
or the Worm Like Chain model (WLC) [55] to nucleic acids and to probe
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Fig. 1. (A) A simplified schematic of an AFM apparatus for SMFS (B) close-up of the fluid cell with the AFM cantilever mounted and a protein sample. Top right corner: SEM image of a
cantilever with an integrated pyramidal tip. A laser beam is reflected off of the back of the cantilever and when projected onto a split photodiode, the cantilever’s bending is measured

by the displacement of the laser beam on the photodiode. The cantilever is mounted at the bottom of a quartz fluid cell and is immersed in a solution surrounding the sample of proteins
adsorbed on a clean glass surface. A piezoelectric actuator (visible in (A) as piezoelectric stack) controls the Z position of the sample relative to the cantilever, allowing the cantilever’s
tip to probe the sample on approach and to pick up a protein molecule and stretch it as shown in (C) so its force-extension relationship (force spectrum) can be determined. A mechanical
unfolding signature of a synthetic “polyprotein” composed of eight identical repeats of titin’s 127 domain is shown at the bottom of (C). (C) Reproduced from our ref. [21].

the effect of molecular tension on the mechanoenzymatics of DNA and RNA
polymerases, gyrases and topoisomerases [52,56-62]. Employing SMFS to
various  polysaccharide chains captured interesting force-induced
conformational transitions within polysaccharide backbones and even within
sugar rings [63-69]. SMFS found numerous applications to examine the
elasticity of proteins with known and unknown mechanical functions [25,70—
79] and to evaluate the strength of various inter- and intra- molecular
interactions such as e.g. between receptors and their ligands or interactions
involved in molecular recognition and adhesion [27,80-93]. In addition, SMFS
has been broadly applied to study protein unfolding and refolding reactions,
allowing new insights into (un)folding pathways [4,10,22,23,28,31,33—
35,37,41,70,76,90,94-138].

2. Experimental SMFS of proteins by AFM

The early application of SMFS to examine the elasticity of muscle protein
titin [139-141] revealed its great potential, not only for studying proteins with
clear mechanical functions (such as titin), but generally to directly probe the
structural stability and mechanical unfolding and refolding reactions of many
proteins without known mechanical functions, providing novel insights into
protein folding mechanisms and folding energy landscapes. Typically, in SMFS
unfolding and refolding measurements, the external force is applied through
the N and C termini of the protein defining a unique mechanical (un)folding
reaction coordinate coinciding with the direction of the NC vector with its
magnitude being equal to the distance between the termini. Thus, mechanical
(un) folding measurements generally probe different unfolding and refolding
pathways as compared to those pathways under chemical or thermal
denaturation/renaturation conditions. By attaching pulling handles
(polypeptide chains or DNA strands) to residues different than the termini
(e.g. by exploiting native or engineered cysteine residues at specific locations),
it is possible to mechanically unravel the protein along an (almost) arbitrary
mechanical unfolding reaction coordinate, thus probing protein energy
landscapes [95,142-147]. While unfolding and refolding protein force
spectrograms reveal a wealth of information about mechanical pathways and
can capture mechanical unfolding and refolding intermediates, it is generally
rather difficult, particularly for large multidomain proteins with complex 3D
structures, to identify the origin and order of unfolding events at the structural
level. By carefully analyzing length increments following various partial

unfolding events, it is possible to determine quite accurately the number of
amino acids contributing to each event [28,146,148], which in conjunction
with the detail structural information about the fold or some modeling studies
(e.

g. molecular dynamics computer simulations) may help recreate (un) folding
pathways. In addition, protein engineering that involves creating hybrid
proteins or truncated variants are valuable in mapping the unfolding events
onto the 3D protein structure, which in turn may locate key intramolecular
interactions stabilizing the protein fold.

2.1. AFM force spectrometers

Many experimental details of SMFS on proteins, their attachment to AFM
cantilevers and substrates as well as the description of the instrumentation
involved can be found in various original papers and reviews, e.g. [3,7,98,149—
154]. In Fig. 1A and B we show a simplified schematic of a SMFS measurement
on a protein molecule using an atomic force microscope (AFM)-based force
spectrometer. Any commercial AFM, which is equipped with a piezo position
sensor at least in the pulling direction (typically, in the Z direction) may be
used or adapted to be used for force spectroscopy measurements. Building an
inexpensive force spectrometer “from scratch” (at a cost ~ 20,000 USD) is also
possible, and various designs as well as the control software for data
acquisition are available in the literature [149,155].

2.2. AFM cantilevers and their calibration

There are many types of commercially available AFM cantilevers that are
appropriate for SMFS measurements on proteins using either commercial or
home-made force spectrometers. V-shaped Silicon nitride cantilevers such as,
e.g. MLCT cantilevers from Bruker or diving board- shaped Biolever cantilevers
from Olympus (available e.g. from Bruker or Asylum Research/Oxford
Instruments) are small and soft (spring constant in the range of 5-40 pN/nm)
and sensitive enough to measure forces greater than approximately 5 pN (in
the 1 kHz bandwidth), which allows many SMFS measurements even on
relatively mechanically weak proteins that may unfold at forces around 20 pN
(or greater), when stretched at the rate of 5-1000 nm/s. Because spring
constants for commercially available cantilevers are given for orientation only,
as

40



Q. Lietal.

Methods 197 (2022) 39-53

Fig. 2. (A) Power spectrum of an AFM cantilever measured in water. (B) Photodiode signal generated by deflecting the end of the cantilever by a known distance due
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to the movement of the piezo.

they do not accurately reflect the actual values which may vary greatly even
in the same batch, it is absolutely necessary to calibrate each cantilever before
SMFS measurements. The most commonly used method to determine the
spring constant of AFM cantilevers, ke (o0N/nm = mN/m) is based on the energy
equipartition theorem, which posits (when applied to cantilevers) that at
thermal equilibrium, the average elastic potential energy of the cantilever is
related to keT, where kg is the Boltzmann constant and T is the absolute
temperature, in K, at which SMFS measurements are carried out [156-158].
Applying the equipartition theorem to the cantilever deformations one
obtains:

(Y4)ke < Z2cantilever> = (Y4)ksT (1)

At 298 K, keT = 4.11 pN nm, a value worth remembering. Thus, observing
thermal motion of an AFM cantilever and determining < z%cantilever > allows one
to determine its kcin a noninvasive fashion. This process actually involves two
steps:

a) A power spectrum of a free cantilever undergoing random thermal
motion (importantly, while being away from the substrate) is measured (Fig.
2A) so that the average squared amplitude of the photodiode voltage
(generated by the laser beam reflected off of the top of the cantilever), <V
Zohotodiode™>, UNder the first peak (centered in Fig. 2A around 1 kHz, blue arrow)
can be determined. Note, that the power spectrum may reveal some non-
thermal movement of the cantilever (likely due to the mechanical noise in the
environment) that manifests itself as a slight increase of the photodiode
voltage at low frequencies (below ~ 200 Hz, in Fig. 2A, red arrow). This part of
the spectrum should not be included in the < V %shotodiode > analysis as it does
not belong in the energy equipartition due to the thermal agitation of the
cantilever, and only the part between the red and green vertical lines (in Fig.
2A) should be considered (note that at frequencies greater than the frequency
marked by green arrow, the second harmonic peak becomes visible).

b) The relationship between the magnitude of the photodiode
voltage
and cantilever bending needs to be established to convert < V Zphotodiode > into
< Z%aantilever > . This is accomplished by producing static deformation of the
cantilever in a controlled fashion. A clean and rigid substrate (e.g. a glass
coverslip) is mounted on the piezoelectric actuator of the AFM, which moves
it to contact the AFM cantilever tip (arrow in Fig. 2B) and presses it further by
a known distance Azpiezo While producing a photodiode voltage AVphoto (Fig. 2B).
Since the tip is in contact with the piezo during this deformation it can be
assumed that Azeantilever = Azpiezo, €stablishing a relationship between the
cantilever bending and the photodiode voltage. It is important that this step
is performed not on a protein sample, but on a clean and rigid substrate to
avoid possible deformations of the protein layer on the substrate, which
would then result in Azcantilever < Azpiezo. With a known ke, the force acting on
the cantilever can be easily determined as F = kc AZcantitever.

The power spectrum shown in Fig. 2A and the photodiode sensitivity graph
(Fig. 2B) were determined for a MLCT type “C” cantilever (Bruker). The
sensitivity of the photodiode for this cantilever was determined to be 94.3
nm/V, and the spring constant was found to be 14.8 pN/nm.

Note that many AFM cantilevers are coated on the back (or on both sides)
with a thin layer of gold to increase their reflectivity. The presence of gold,
however, seems to increase their long-term drift in solution and it has been
recommended by some researchers to remove this layer of gold which may
significantly improve cantilever’s stability [7,159]. Ideally, one’s AFM s
equipped with an infrared laser for this approach to work well, as a red laser
light is weakly reflected from silicon nitride which results in a weak photodiode
signal.

2.3. Substrates for SMIFS of proteins by AFM

2.3.1. Simple glass slides/disks

For the calibration of the cantilever, clean round glasses, typically of 15
mm diameter, are used (Ted Pella, Catalogue number 26021). These glass
slides are usually rinsed well with ethanol and air dried prior to placing them
on a magnetic holder (Ted Pella, Catalogue Number 16218) of the same
diameter by using a double-sided adhesive tab (Ted Pella, 16079). Clean glass
slides can also be used to deposit samples for SMFS measurements, even
though gold-coated glass slides are more commonly used.

2.3.2. Gold-coated glass disks

The same glass slides used for calibration of the cantilever are also used to
deposit the sample in solution for SMFS measurements. Initially, the glass
slides are cleaned by leaving them overnight in Piranha solution, which is an
extremely corrosive solution and was handled with extra care. Then, they are
carefully rinsed with water and air dried. The clean glass slides are then taken
to an E-Beam Metal Evaporator (CHA Industries, Inc.) to coat 80 nm of Cr
followed by 250 nm of Au. The Cr layer is necessary in allowing Au adhesion
to glass disks. 2.4. Attachments of proteins for SMFS by AFM

2.4.1. Nonspecific physical adsorption (physisorption)

Almost all proteins adsorb strongly to glass, gold, silicon, and silicon nitride
surfaces and this physical adsorption can be exploited to perform SMFS
measurements by AFM [151]. Simply, a drop of a solution containing a given
protein at concentration of 10-1000 pg/ml is deposited on a clean surface
(glass, gold-coated glass), allowing the protein molecules to adsorb to the
surface. This step typically takes 10-30 min.

Samples should be protected from drying, as dehydration will denature many
proteins. After that, the sample is gently washed a few times to remove the
unbound protein. This is typically done by pipetting in and out a few tens of
microliters of the buffer solution without bubbling. At this point, the sample
can be placed in an AFM instrument. When contact is made between the
cantilever tip and the sample of adsorbed proteins, the protein molecules will
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also adsorb randomly to the tip surface, so upon the cantilever’s withdrawal,
a molecular bridge may be formed (or not) between the glass surface and the
cantilever tip as shown in Fig. 1C. By adjusting the protein concentration in the
sample before deposition for the adsorption and checking various contact
forces (100-1000 pN) and contact times between the sample and the
cantilever, it is possible to establish the “right” conditions to pick up one or a
more molecules for SMFS measurements by multiple trials. A protein bridge is
formed when upon the withdrawal of the cantilever from the sample surface
a force acting on the cantilever causes it to bend towards the sample and be
captured (Fig. 1C step 2). This is the easiest method for attaching proteins to
surfaces and AFM tips for SMFS measurements. However, this method has
several drawbacks. First, the parts of the protein that stick to glass/gold and
the tip are likely denatured on contact so that only some proteins, such as
polyproteins composed of tandem repeats of the same domain (module) may
be measured, as the middle domains that are not denatured are
representative of the whole protein, while the terminal domains are sacrificed
as pulling “handles”. A variation of this method involves flanking a given
protein to be studied with polyproteins [115] that protect the central protein
which are used as pulling handles. Polyproteins also provide a unique
signature for single molecule measurements (e.g., a saw-tooth pattern, as in
Fig. 1C) allowing to easily distinguish those measurements from undesired
measurements on multiple molecules. However, adding polyprotein handles
also significantly increases the molecular weight of the construct, which may
complicate protein expression and purification. Second and most important,
the success rate for picking up a single molecule is very low, typically less than
1/1000. Thus, hundreds of thousands of attempts need to be made to collect
enough force-extension data. This can be achieved by automating AFM
operation to carry out tens of thousands of force-extension measurements in
an unsupervised fashion [150]. We note that this very simple, but inefficient
method was used in the studies described later in this article. However, the
reader is strongly encouraged to employ new, more complex attachment
methods that are briefly outlined below, as these significantly increase the
success rate of SMFS measurements on proteins (sometimes >1/10 attempts,
as demonstrated e.g. by the Perkins group [160]).

2.4.2. Specific attachment of proteins to surfaces and AFM tips

Several groups pursued the development of various controlled attachment
methods of proteins for efficient SMFS measurements, but it is beyond the
scope of this article to describe many of the excellent approaches developed
and tested, so we mention only briefly some of the more recent assays. For a
more comprehensive review of different attachment methods, the reader is
referred to various books on the subject and review articles, e.g. [161-163],
and to the original publications cited therein, for methodological details.

a) New streptavidin—biotin assays

The very strong binding between the tetrameric protein streptavidin and
a small molecule vitamin H (biotin) found numerous applications in the field
of biology and biotechnology and has been successfully employed in AFM-
based force spectroscopy studies from their beginning (see Refs. [80,82]).
Recently, the Perkins group and collaborators developed an efficient method
to couple biotin to proteins via converting a terminal cysteine to
formylglycine, to which biotin can be coupled via a HIPS-based reagent [160].
This biotin-terminated protein will bind to AFM tips functionalized with
streptavidin. Another approach for the protein biotinylation involves adding
to the protein, at the DNA level, an AviTag sequence to which biotin can be
enzymatically attached using the biotin ligase BirA enzyme [41].

b) Cysteines

It is well known that cysteine residues bind to gold by forming a relatively
strong Au-S bonds. This coupling has been exploited in SMFS of proteins that
can be engineered to have one or two terminal cysteines. Gold coated AFM
tips are available (e.g., OBL biolevers), but it is also easy to produce a thin gold
film on AFM tips or glass substrates pre- coated with a chromium/nickel layer.
The formation of gold film is typically achieved by evaporating gold under a
high vacuum. It is advisable to rotate AFM cantilevers during gold coating to
produce a uniform deposition of gold which will prevent permanent cantilever
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bending. Exploiting Cys-S-Au bonds, one can directly attach proteins to a gold-
coated substrate or use gold coated AFM tips to pick up cysteine- terminated
proteins that were immobilized on a substrate using another approach (for a
directional binding) [164]. Proteins terminated with cysteine residues can also
be attached to PEG-Maleimide functionalized glass surfaces through a
(maleimide)-C-S-(cysteine) bond [162] or by using more complex approaches,
such as by making use of PEG-Azide functionalized surfaces which exploit
cysteine-maleimide —DBCO-Azide reaction [160].

c) Chloroalkane ligand — HaloTag

HaloTag is a mutated (33 kDa) protein derived from a bacterial Haloalkane
Dehalogenase enzyme that was engineered to covalently bind a synthetic
ligand, e.g. a chloroalkane ligand such as HaloTag Thiol O4 ligand (Promega),
which in turn can be permanently attached to a surface using a PEG-Maleimide
crosslinker (Thermo Scientific [165]) . By genetically fusing the protein of
interest to the HaloTag domain, the protein can be attached to the
functionalized surface through the HaloTag-HaloTag ligand bond for SMFS
measurements. This approach worked very well for AFM- and magnetic
tweezers-based SMFS for a variety of proteins [41,165].

d) (ybbR-CoA)/SFP

The 11 amino acids-long ybbR tag is recognized by an enzyme 4-
phosphopantetheinyl transferase from Bacillus subtilis (Sfp) that ligates this
tag to coenzyme A (CoA). To immobilize a given protein for SMFS
measurements, the ybbR tag must be genetically fused to the protein and Sfp
ligates the tag-terminated protein to CoA. CoA that carries a thiol group is
itself immobilized onto a glass surface functionalized with PEG- Maleimide.
This approach also allows for the attaching of ybbR- equipped proteins to AFM
tips when those are functionalized with PEG-Maleimide-CoA [162,166].

e) Dockerin-Cohesin

Dockerins and cohesins are protein modules exploited in cellulose
degrading enzymatic machineries, where they provide exceptionally strong
interactions enabling dockerin-terminated enzymes to attach to the cohesins-
terminated scaffoldin assembly [167]. The mechanical strength of the
dockerin-cohesin adhesion complex was determined to be>500 pN even at
relatively low loading rates of 2—5 nN/s [168,169]. By terminating the protein
of interest with the dockerin tag and attaching cohesin to the AFM tip, it is
then possible to specifically pick up the protein of interest for SMFS
measurements, which can be performed on strong proteins with the
mechanical stability of up to 500 pN [166]. The dockerin-cohesin system can
be used alone or in combination with the ybbR-CoA attachment method,
where the former method is used to attach the protein of interest to the AFM
tip and the latter method can be used to immobilize the protein of interest on
a surface [166].

f) Asparaginyl endopeptidase

Recently, an engineered mutant (C247A) of the enzyme, asparaginyl
endopeptidase from the plant oldenlandia affinis (OaAEP1) [170] was shown
to efficiently ligate the N and C termini of peptides and even folded proteins
that are equipped with the N-terminal glycine-leucine (GL) sequence and the
C-terminal asparagine-glycine-leucine (NGL) sequence [170]. This ligation
reaction which occurs at very mild conditions was exploited for protein surface
immobilization [171] and to engineer polyproteins [170] for SMFS
measurements [172].

It is important to note that in practice, various methods of protein

attachment are combined together depending on the specifics of the

protein examined and the SMFS experiments planned such that the

protein may be connected to a surface using e.g. a covalent attachment

method (e.g. HaloTag, ybbR-CoA or SpyTag [173]) and can be picked up

by the AFM tip exploiting e.g. a noncovalent biotin-streptavidin or

dockerin-cohesin coupling [160,166] or thiol coupling to gold-coated tips

[165].

3. Protein engineering for SMFS

The common practice in expressing proteins is using plasmids (vectors)
which can be easily modified by the deletion or insertion of gene sequences.
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This can be done by implementing various techniques, such as using restriction
sites. The plasmids are then transformed in bacterial cells, which were
modified to multiply the plasmids very effectively without the introduction of
mutations, and the plasmids are then collected using a well-established
process called miniprep. The sequence of the plasmids is verified after this
step. A second transformation is performed in bacterial cells specialized in the
overexpression of proteins. Various proteins require different protocols, such
as incubation times and temperatures, to optimize their expression, which is
then followed by the collection of the protein and its purification. The
purification step usually implements a purification tag, which is part of the
protein construct. There are various tags available, with the most common
one being the HisTag. After purification, the protein is then ready to be used
for SMFS experiments. 3.1. Protein design, cloning, and expression

Our NI6C-127 construct consisted of six 127 domains in total which flanked
the NI6C protein on both termini, (127)3-N16C-(127)3. This chimeric polyprotein
had its NI6C adapted from [174] with regards to the sequences of the capping
and the internal repeats. The DNA sequence of NI6C was synthesized by
Genescript (Piscataway, NJ). A Poly-127 pRSETa vector was used to insert the
NI6C gene (a kind gift from Dr. Jane Clarke, Cambridge University [175]) using
restriction sites. The engineered plasmids were transformed into E. coli C41
(DE3) (Lucigen, Catalogue Number 89027), and the NI6C-127 protein was
expressed for 10 h using IPTG induction. The harvested cells were collected,
lysed and purified by using a nickel affinity column (GE Healthcare, Catalogue
Number 17-5268-02) followed by size exclusion HPLC.

3.2. Engineering CC probes and consensus ankyrin repeat hybrid proteins
[23]

Codon optimization, synthesis and cloning into a pUC57 vector of gene
sequences for CC, NI10C, NI4CCI6C, and NI8CCI2C was performed by
Genescript. (127)7-Streptag-pRsetA plasmid, adapted from Poly(127)- pRsetA
vector with the 8th 127 domain of the gene replaced by a Strep- tag, was also
digested with the 4th 127 domain replaced by CC, NI10C, NI4CCI6C, or
NI8CCI2C to create the designed constructs for SMFS measurements. The
sequence of the four new plasmids was verified prior to protein expression.
C41 (DE3) pLysS cells from Lucigen (Middleton, WI, USA) were used to
overexpress (127)3-CC-(127)3-Streptag, (127)3- NI10C-(127)3-Streptag, (127)3-
NI4CCI6C-(127)3-Streptag and (127)3- NI8CCI2C-(127)3-Streptag. Cells were
grown for 4 h at 37 °C (until OD 600 > 0.8), followed by the addition of 0.2 mM
IPTG and decrease of the temperature to room temperature for overnight
expression. Cells were harvested the next day by spinning down at 4000 x g
for 40 min and then frozen at - 80 °C for several hours. The cells were thawed
and lysed and the supernatants were purified by gravity flow Strep-Tactin
Sepharose column from IBA GmbH (Gottingen, Germany). *

4. Computer modeling of SMFS measurements on proteins

4.1. All-atom Steered molecular dynamics (SMD) simulations of proteins

Molecular dynamics simulations of SMFS experiments proved extremely
helpful and almost indispensable for interpreting force- extension
relationships and for gaining additional insights into the behavior of
mechanical and non-mechanical proteins subjected to stretching forces
[10,26,89,128,147,176-188]. Typically, to simulate a SMFS experiment, the
protein of interest is immobilized at one end while a “spring” representing an
AFM cantilever, and modeled with a harmonic potential, is attached to
another terminus. The spring end is then moved at a constant velocity in the
direction of the applied force (constant force simulations are also possible and
those are designed to mimic “force clamp” SMFS experiments). These types of
computer experiments, where an additional harmonic potential is added to a
selected group of atoms within a protein whose total energy is modeled with
one of the standard force-fields (e.g. AMBER or CHARMM) were coined
steered molecular dynamics simulations (SMD) [189-191]. There are two
major classes of SMD simulations of SMFS events. In the first approach termed
“all atom simulations”, the protein itself, as well as the surrounding water
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environment, is modeled at a very high detail with all atoms (including
hydrogen atoms) explicitly included in the model and subjected to MD
calculations. Since a completely stretched protein is much longer as compared
to the size of its native structure (e.g., a small 127 domain of titin composed of
89 amino acids becomes 32 nm long when fully stretched, compared to only 4
nm when in the natively folded state), to accommodate a completely
stretched protein a very long water box needs to be used in all atom SMD
simulations and the size of the whole system to be modeled reaches easily
hundreds of thousands to tens of millions of atoms. Such systems are best
modeled using supercomputers and even then, the speed at which the protein
is stretched in the computer is orders (3—6 orders) of magnitude greater than
in real AFM experiments. This potentially creates a problem, as forced protein
unfolding is affected by the stretching speed (more accurately by the loading
rate, in pN/s) and unfolding forces increase in magnitude with increasing
loading rates [192,193]. This problem can be alleviated by performing
simulations at decreasing loading rates and extrapolating the results to the
ranges of experimental rates. Notwithstanding this caveat, all-atom SMD
simulations can provide a plethora of atomistic details related to the response
of protein’s structure to applied forces that cannot be deduced from
experiments alone. In addition, only these types of simulations allow for the
modeling of the effect of small structural variations within proteins, e.g. due
to mutations, on the mechanical stability and force unfolding behaviors [179].
The second major class of SMD simulations involves a significant reduction
of the complexity of all atom protein representations and an elimination of
the solvent altogether, reducing the size of the system by
2-3 orders of magnitude. These so called “coarse-grained” SMD simulations
are used in the remaining part of this article and their premise is described in
some detail below. The main advantages of CG-SMD simulations of SMFS
experiments on proteins are that stretching speeds in silico are significantly
closer to the experimental speeds as compared to all-atom SMD simulations
and that numerous simulations can be run in parallel even on a fairly simple
computer system (see below) allowing to achieve better statistics. In addition,
CG MD simulations uniquely allow to investigate refolding trajectories from
unraveled (denatured) to native structures, as the energy function is based on
the original protein structure and proteins refold to their initial states in a
reasonable amount of computational time [124]. Among some disadvantages
of this approach is the lack of atomistic details during mechanical unfolding
and refolding, such as breaking and reforming of specific hydrogen bonds.
Thus, it is more difficult to propose further experiments aimed at verifying the
mechanical roles of certain residues through mutational approaches as
compared to the results obtained with all atom simulations.
4.2. SMD simulations of unfolding and refolding of proteins using coarse-
grained (CG) models

For our SMD simulations of AFM pulling measurements of proteins, we
adapted a CG model described in Clementi et al [194]. In this particular model,
each residue is represented by one pseudo atom centered at the location of
the Cq atom of that amino acid. The interaction between non-neighboring
pseudo atoms is based on native and non-native contacts determined for
corresponding amino acids from high-resolution structural data of the protein
(e.g. based on X-ray or NMR-determined structures). The energy function used
in this CG model is given below:

(C.ho) = S Ko(r—ro)’ + 3 Ko(0—00) + 3 KP[1+cos(nx (¢—g,))]

bonds angles dihedral

E ZN: &(ij) S(M)IZ—(](M)"I +e, ()1+2}r

i-3 rij rij rij

(i) =2

()

The first three terms represent the energy associated with the
deformation of bonds, bond angles and dihedral angles from their equilibrium
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(native) positions. The term with &(i, j) represents the non- local interactions
based on the native structure and the term with &;(i, j) describes the energy
penalty when non-native contacts are made. The subscript "0" is used to refer
to the original native structure (X-ray or, NMR) while I' denotes the current
structure. K:is the spring constant for all bonds between two pseudo atoms
(Ca), with r being the distance between two consecutive Cq atoms; Ks is the
spring constant for the bond angles, where ¥ is the angle formed by three
consecutive Ca pseudo atoms; (n) Ky is the harmonic constant for dihedral
angles with multiplicity of n; ¢ is the dihedral angle formed by four

consecutive Ca atoms; £(i, j) and &;(i, j) are the energetic parameters for native
and non-native contacts, respectively; and rjis the distance between amino
acids i and j. Using this energy function (force field) one can execute the SMD
protocol using e.g. the GROMACS molecular dynamics package [195].

4.3. Computer resources for CG-SMD simulations

To carry out CG-SMD simulations even on fairly large proteins (e.g.
exceeding 500 residues) one needs modest computer resources. A small Linux
cluster with 8 to 64 computing cores and 16 to 64 GB of RAM, or a desktop
computer with a multicore CPU and a GPU should be sufficient to carry out
numerous CG-SMD simulations (to assure the convergence of the results) in a
reasonable amount of time. The information provided below is for orientation
purposes only, as benchmarks will vary depending on a specific hardware and
software combination used. For example, when modelling a protein with 500
amino acids, the protein in a CG representation will be composed of 500
pseudo atoms only. On a Linux cluster composed of 4 AMD Opteron(TM)
Processor 6274, with each CPU equipped with 16 computational cores,
running at 2.2 GHz, one can run 8 CG-SMD simulations in parallel, using 8 cores
for each simulation, as increasing the number of cores for such a small system
(500 pseudo atoms) does not significantly increase the computational speed.
Using the GROMACS 2018.2 package, one can then run a single 100 ns
simulation in approximately one day, so one hundred of such CG- SMD
simulations (using all 64 cores) can be performed in less than two weeks on a
small computer system.

5. Reconstruction of vectorial unfolding and refolding pathways of repeat
proteins by AFM and Coarse-Grained SMD simulations

In this section, we will illustrate the application of the above- described
experimental and computational procedures to examine unfolding and
refolding pathways of our model proteins composed of a 8 and 12 consecutive
ankyrin repeat domains [22,23]. Ankyrin repeat
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N 1 2 3 Cc
N 1 2 3
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1 2 3
N 1 2 2 2
N 1 2 3 4 5 6 C

Fig. 3. RMSD fitting procedure 1. PDB structure is duplicated with 4 copies: red, yellow,
green, and blue. 2. Internal repeats were aligned as follows: (2,3) Red with (1,2) Yellow,
(2,3) Yellow with (1,2) Green, and (2,3) Green with (1,2) Blue 3. Final product of (N,1,2)
Red-(2) Yellow-(2) Green-(2,3,C) Blue was recorded. 4. Both ends of the protein have coils
composed by six glycine residues as the handles added to them. 5. Residue numbers from
1 to 265 (from N to C) were re-ordered to complete the structure of NI6C. Reproduced
from our ref. [22] (and Supporting Information).

domains have been found in over 4700 proteins with diverse functions such
as transcriptional initiators, cell cycle regulators, cytoskeletal, ion
transporters, and signal transducers [196,197]. The ankyrin repeat motif is
composed of 33 amino acids arranged into two alpha helices separated by
loops. These folded peptides stack closely on top of each other to form
extended solenoid structures (Fig. 3). By examining the sequences of many
ankyrin repeats from diverse proteins, a model synthetic ankyrin repeat
domain with the so-called consensus sequence was designed [198]. Synthetic
proteins composed of various numbers of these consensus repeats were
created with the smallest stable structure being NI3C composed of three
consensus internal repeats (I) flanked by slightly different capping repeats N
and C[198]. NI3C was crystalized and its atomic structure resolved (PDB code:
2QYJ) [174]. Consensus ankyrin repeat proteins proved to be extremely stable
thermodynamically, even under the harshest conditions such as at
temperatures up to 100°C or under high concentrations of denaturants [174],
making SMFS the only practical experimental approach to unfold the protein
and examine its refolding properties.

5.1. AFM-based single molecule force spectroscopy

Purified NI6C-127 protein was dialyzed in 20 mM Tris (pH 8.0), 150 mM
NaCl, and 2 mM TCEP (Thermo Scientific, Catalogue Number 77720). 50 ul of
a diluted protein solution (1-5 pg/ml) was incubated on a substrate for 20
min. The sample was then rinsed once by the addition and removal of 50 pl of
the buffer, therefore removing protein molecules that did not get immobilized
to the substrate surface. Both clean glass and nickel-NTA functionalized glass
substrates were used for these AFM experiments. Both of these substrates
gave similar force-extension curves of NI6C-127. Custom-built AFM
instruments equipped with an AFM detector head (Veeco Metrology Group
(Now Bruker)), and high- resolution piezoelectric stages with vertical
resolution of 0.1 nm (Physik Instrumente) were used to perform all stretching
measurements. The spring constant, ke, of each cantilever was calibrated, as
described
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Fig. 4. Complete mechanical unfolding and refolding traces of the (127)3-NI6C-(127)3 chimeric protein. (A) Depiction of the (127)3-N16C-(127)3 construct. Moving from left to right, we
have the gold surface followed by three 127 domains, NI6C, three 127 domains and the cantilever. NI6C contains eight ARs, with two internal repeats showing in the blue box,
demonstrating the two helices (H1 and H2) and a loop, (B) Representative unfolding trace of NI6C-127 with stretching speed of 100 nm/s. Two different WLC curves were used to fit the
AFM data. For AR, we used a contour length increment of ALc=10.5 nm and persistence length p=0.78 nm (gray dashed lines), and for 127 domains we used ALc = 28 nm and p=0.36 nm
(orange dashed lines). These values of AL are consistent with the fully stretched lengths of one AR and one 127 domain, respectively, (C) Unfolding (red) and refolding (blue) force
extension traces of NI6C at 30 nm/s, with WLC fits (gray dashed lines) with ALc=10.5 nm and p=0.86 nm. Asterisk highlights the first refolding force peak appearing after the molecule
was partially relaxed. (D) Simulated unfolding (green) and refolding (pink) force extension traces of NI6C. Both results show the first refolding force peak occurs only after the molecule
has been significantly relaxed noted with an asterisk. (E) Overlapping of the unfolding force extension traces by SMD (green) and AFM (red). The shift in the SMD trace (to the right by
20 nm) compensates for the initial length of 127 domains that contribute to the extension in the AFM measurements but are absent in the SMD simulations. (F), comparison of the

refolding force extension traces by SMD (pink) and AFM (blue) following the unfolding of NI6C. The same 20-nm shift was applied to the SMD
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trace. Reproduced from our reference [22].

previously, in solution using the energy equipartition theorem. An AFM
cantilever tip was used to pick up protein molecules by gently touching the
substrate. All force-extension measurements were performed at room
temperature using Biolever cantilevers (OBL from Veeco (now Bruker), kc = 6
pN/nm) at pulling speeds between 5 and 100 nm/s. The force peaks in the
force-extension curves were fitted to the Worm-like- chain (WLC) model [55].

5.2. CG-SMID simulations of consensus ankyrin repeat proteins

150 200 250

20 nm

were used, as the flanking sequence on each side in order to reduce the
system size and focus the modeling on NI6C. In order to perform CG-SMD on
NI6C, as shown in Fig. 3, NI3C (PDB: 2QYJ) was used to extrapolate NI6C. NI3C
is the largest consensus AR protein with determined crystal structure. Building
an accurate initial structure was critical given that our CG model employed a
structure- based energy function. We used a root mean square displacement
(RMSD) fitting procedure to build the structure of NI6C based on the X- ray
crystallography of NI3C. In the fitting procedure, NI3C protein was divided into
5 domains (as demonstrated in Fig. 3) and fitting was performed to minimize
the RMSD of the backbone atoms (Ca, C, O, N) among repeats 1, 2, and 3. Fig.
3 demonstrates a detailed step-by-step

Fig. 5. CG-SMD simulations of NI6C. (A) Unfolding; (B) Refolding. Note a folding nucleation event in the refolding simulation at t= 477 ns. Adapted from our

NI6C was the first consensus AR protein that we studied by CG-SMD and
contains an N-terminal, followed by 6 internal ankyrin repeats, and a C-
terminal, and is composed of 253 amino acids. In the AFM experiments, 127
domains were used to flank the AR protein. Only 6 additional glycine residues

ref. [22].
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description of the procedure where the final structure built through the RMSD
fitting is also shown with overlaps in different colors.

5.3. Combining AFM and computational SMFS experiments to reconstruct
consensus ankyrin repeat protein unfolding and refolding pathways

A typical force extension relationship obtained by AFM stretching
experiments on the (127)3-N16C-(127)3 construct is shown in Fig. 4B. This
measurement was obtained using an OBL biolever cantilever with a spring
constant of 6 pN/nm, at a stretching speed of 100 nm/s.

1. At extensions greater than ~ 100 nm, the recording reveals a pronounced
and characteristic saw tooth pattern of large regular unfolding force peaks
around 170-200 pN.

2. The experimental points at (x, F) coordinates along the rising phases of the
recording leading to each large force peak can be reasonably fitted with
the Worm-Like-Chain (WLC) model of polymer elasticity, which is
frequently used to describe the elasticity of double stranded DNA,
unstructured polypeptides and polyproteins composed of individually
folded domains (such as polyl27) (dashed orange lines in Fig. 4B):

Fwic= (ksT/Lp) [0.25 (1 - x/Lc)? + x/Lc— 0.25 ] (3), where Lpis the so called
persistence length and Lcis the contour length of the polymer [55].

3. The consecutive WLC fits were obtained with the same persistence length

of 0.36 nm [141] and increasing contour length L. + aAlc, with Alc
determined to be 28 nm for all peaks [115].

4. Gathering the information collected from 1 through 3, one concludes that
the large force peaks represent the mechanical unfolding fingerprint of the
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recordings were performed on complete, full length proteins of interest
(insert between the handles).
5. To identify the mechanical unfolding fingerprint of NI6C, we turn our
attention to the part of the force curve at extensions < than 100 nm.

At these extensions, one can discern a set of much smaller force peaks at
approximately 25 pN each which can be fitted with a family of WLC curves
generated with Lc= 0.86 nm and ALc= 10.5 nm (gray dashed lines in Fig. 4B,
C.). This value of the persistence length is typical for alpha helical peptide
bundles, such as e.g. spectrin [199] and suggests that these small peaks may
represent the mechanical unfolding of ankyrin repeats. Each consensus
ankyrin repeat contains 33 amino acids (a.a.) and in the fully stretched state is
expected to have the length of 33 a.a. x 0.365 nm/a.a. [146] corresponding to
12 nm. Subtracting the folded length of each AR (around 1 nm) one obtains
the expected Alc of 11 nm, which agrees very well with the 10.5 nm
determined from the WLC fits. Thus, one concludes that the small force peaks
indeed correspond to the unfolding of NI6C.

6. It seems somewhat surprising and counterintuitive that the consensus
ankyrin proteins, being thermodynamically very stable [174], unfold at
such low forces. However, this observation supports the notion that
unfolding pathways induced mechanically do not need to coincide with
pathways induced by denaturants or by an increased temperature.

7. When one limits the extension below 100 nm in stretching experiments it
is possible to unfold the NI6C insert without unfolding the 127 domains.
Then, it is possible to relax the partially unfolded construct and measure
its refolding force curve. Typically, 127 domains and other beta proteins,
once unfolded, relax as simple WLC- like chain and take a few seconds to
refold back. However, ankyrin repeats in native proteins [200] as well as in
synthetic proteins such as NI6C display an unusual property in that they
refold quickly once relaxed and they generate pronounced folding force

Fig. 6. (A) Native protein with a prominent anti-parallel CC structure (marked in red, PDB: 1NT2) adapted as our mechanical unfolding probe. (B) construct to examine the mechanical
unfolding fingerprint of the CC probe. (C) Superposition of force extension curves obtained on the (127)3-CC-(127)3 construct. Adapted from

127 domains flanking the NI6C insert. The number of 127 peaks is five, which
is greater than the number of 127 domains on one side of the NI6C insert
(which is three), indicating that the recording was obtained on the protein
fragment that included at least five 127 domains, which in turn indicates
that the stretched fragment must have included the complete NI6C insert
as two out of the five domains must be located at the other flank.
Determining the number of unfolding peaks corresponding to the
fingerprinting domains (that also serve as pulling handles) is commonly
used in SMFS (particularly when exploiting nonspecific protein attachment
that results in random fragments to be stretched) to determine which

peaks as shown in Fig. 4C (blue trace). Those force peaks are particularly
easy to

46



Q. Lietal.

ref [23] and (Supp. Info.) capture when the relaxation process is carried out
slowly, e.g. at speeds less than 30 nm/s.

8. CG-SMD unfolding and refolding of NI6C (Figs. 4, 5). Fig. 4D shows an
example of a CG-SMD simulated force-extension-relaxation trace of NI6C,
and the comparisons between AFM measured and computed traces are
shown in Fig. 4E and 4F. It is striking that the computed traces show a
significant resemblance to the AFM determined force curves. The analysis
of unfolding and refolding trajectories (Fig. 5) reveals that the protein
unfolding process is vectorial and starts at the C-terminus of NI6C and
proceeds to the N-terminus, with force peaks corresponding to the
unfolding of individual repeats. The refolding process starts after the chain
of unfolded ankyrin repeats relaxes somewhat, and it is initiated by a
nucleation event that involves the simultaneous folding of three N-
terminal repeats. After the nucleation event, the refolding continues
stepwise by adding repeats one by one to the folded nucleus and proceeds
in the N to C direction, which is opposite to the unfolding direction. The
full movies are uploaded with the paper titled “jbc.M110.179697-2" and
“ibc. M110.179697-3".

6. Exploiting coiled coils probes for identifying unfolding pathways

Since the key information about the directionality of the mechanical
unfolding and refolding of NI6C was obtained through computer simulations,
it is desirable to verify this prediction using unequivocal experimental
approaches. For this purpose, we developed a polypeptide probe that could
be inserted at different locations along the protein sequence to produce a
characteristic unfolding fingerprint. This fingerprint could be indicative of the
unfolding process propagating through these locations in a certain direction
and should be consistent with the design of the hybrid protein equipped with
the probes.

We chose anti-parallel coiled-coil polypeptides [201] as candidates for our
mechanical probe as in many proteins, coiled-coil elements seem to be
separated structurally from the rest of the protein, suggesting that the
insertion of an additional coiled coil element into a host protein, at permissible
locations, may introduce a relatively small local structural disturbance. This
section of the article describes in detail the choice of coiled coil probes, their
construction at the DNA and protein level and provides examples of their use
to examine mechanical unfolding pathways of ankyrin repeat proteins.
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acid chain that forms an antiparallel CC in which the C-terminal helix wraps
around the N terminal helix. Such antiparallel CC elements exist in natural
proteins and an example is shown in Fig. 6A that illustrates the structure of an
Archaeal Box C/D sRNP core protein that has a prominent antiparallel CC
protruding from the main fold [201]. The fact that this particular CC is pointing
away from the main fold and the ends are very close to each other suggested
to us that it should be possible to use its sequence to create a similar CC
structure in other proteins by inserting the DNA sequence coding for this CC
into the DNA sequence of the host protein at chosen locations to create an
integral mechanical probe. There are several advantages of using antiparallel,
single-chain CCs as compared to other possible probes, e.g. those composed
of a structureless polypeptide chain that could also be inserted into the host
[148]. For the same number of amino acids, CCs form a more compact
structure as compared to a disordered chain and CCs bring the two ends of
the insert to a distance as small as 1 nm (as evident in Fig. 6A), minimizing local
structural disturbances. In addition, in contrast to unstructured polypeptides
that unfold without producing a force peak, CCs such as a leucine zipper were
already shown to produce a small but robust unfolding force peak that is easy
to capture through SMFS [202,203].

The sequence of our CC probe was determined by investigating the
sequence and the 3D structure of the original protein (PDB: 1NT2) and by
identifying the two residues at the boundaries of the two coiled alpha helices
(residue 82 and residue 151). In our construct, both termini of the CC probe
were additionally flanked by Gly-Ser-Gly-Ser linkers to allow some local
flexibility so the CC probe, while folding, would not generate excessively
strong forces that could locally denature the host protein.

For the study of the directionality of the unfolding of consensus ankyrin
repeat proteins, we created a longer variant of the NI6C protein by adding four
additional internal repeats to generate a NI10C protein in order to improve
our “distance resolution in the protein sequence”.

Since ankyrin repeats are linked by fairly large loops that are oriented
perpendicularly to the solenoid structure (Fig. 3, 4A) we chose the sequences
coding for those large loops as insertion sites for the CC probe and specifically
the regions producing a sharp turn with the distance between neighboring
residues close to the distance between the N and C termini of our CC probe.
Prolines in ankyrin repeats were excluded as insertion sites since their
distinctive cyclic structure of the side chain displays an exceptional
conformational rigidity. So, the CC probe was inserted between the Lysine and
the Aspartic Acid (residue 45 and 46 in PDB 2QYJ).

In order to verify our hypothesis about the unfolding direction in
consensus ankyrin repeat proteins proceeding from the C to the N terminus,

Fig. 7. Force extension curves of (A) (127)3-NI110C-(127)3, (B) (127)3-NI8CCI2C-(127)3, (C) (127)3-NI4CCI6C-(127)3, (D) (127)3-NI7CC(SL)I3C-(127)3 with superimposed individual recordings.
On the right are the protein sequences of the different constructs with the respected color gradient, with red representing the N terminus and blue representing the C terminus. Adapted
from the Supporting Information to our ref. [23]. (For interpretation of the references to color in this figure

6.1. Coiled coils (CC)

CCs are composed of alpha helical polypeptides forming closely- packed
bundles, in which they wrap around each other [201]. Typical CCs are formed
by two, three or more helical chains oriented in the same direction (parallel
CC) or in the opposite direction (antiparallel CC). Most bundles of parallel and
antiparallel CCs are oligomeric as they are composed of several separate
polypeptide chains [201]. However, to allow for the facile insertion of a CC
probe into the host protein, this needs to be ideally done at the DNA level so
the probe becomes an integral part of the protein and does not require any
chemical coupling to the host. Thus, the probe needs to encode a single amino

we created two hybrid proteins: one with the CC probe integrated close to the
C terminus, within the 8th repeat of NI10C, named NI8CCI2C, and one close to
the N terminus, within the 4th repeat, named NI4CCI6C. In addition, we
created one construct in which the CC
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legend, the reader is referred to the web version of this article.) conjecture is corroborated by the fact that WLC fits before and after this peak
produced the contour length increment of 26 nm that corresponds to
sequence alone was flanked by three 127 domains in order to perform SMFS unfolding of around 70 amino acids, which is close to the length of the probe
measurements to characterize the unfolding fingerprint of our CC probe. (67 a.a.).

6.2. Mechanical unfolding of the CC probe

We determined the unfolding mechanical fingerprint of the CC from the
Archaeal Box C/D sRNP Core Protein by creating a hybrid polyprotein, in which
the CC sequence was flanked at the DNA level by very well characterized 127
domains of titin. 127 domains served as SMFS pulling handles and produced
their own unique mechanical fingerprint to identify unequivocally single-
molecule recordings (Fig. 6). The small, approximately 30 pN peak preceding
the unfolding peaks of 127 domains can be attributed to the CC probe. This
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Fig. 8. Snapshots of coarse-grained Steered Molecular Dynamics simulations of NI10C (A), NI8CCI2C (B) and NI4CCI6C (C). NI10C simulation was done with pulling speed of 2.5 nmns-t
and spring constant of 6 pNnm-?, while NISCCI2C and NI4CCI6C were performed with pulling speed of 0.5 nmns-and spring constant of 8 pNnm-1. During the simulation, the N termini

of all molecules were fixed. Reproduced from the Supporting Information to our ref. [23].

6.3. The force peak of the CC probe captures the progress of the unfolding
process

In Fig. 7 we show a set of families of force extension curves of various
NICCI,C constructs, showing that the AFM data is highly reproducible. Even
though this superposition smears out individual unfolding peaks of ankyrin
repeats, producing an unfolding “plateau” pattern, each graph also distinctly
shows an additional peak that may be attributed to the CC probe. Importantly,
this peak appears early (at small extensions) in the unfolding pattern of the
NI8CCI2C construct (Fig. 7B), and late (at greater extensions) for the N14CCI6C
construct (Fig. 7C), confirming that the unfolding proceeds in the C - N
direction. To examine if the specific location within the repeat is important for
the probe to capture the unfolding of this region of the protein, we also
created an additional construct where the CC probe was inserted in a small
loop connecting the two helices in the consensus repeat number 8,
NI7CC(SL)I3C. In this construct, the probe is also located close to the C
terminus of the host protein. Force extension recordings for this construct are
superimposed in Fig. 7D, and they also reveal the CC peak at an early phase of
the unfolding process providing an additional evidence for our hypothesis.

6.4. CG-SMD simulations of the consensus ankyrin repeat proteins equipped
with the CC probe

In Fig. 8, we show the summary of our CG-SMD simulations performed on
the three consensus ankyrin repeat constructs. They clearly show that similar
to NI6C, NI10C also unfolds in the C - N direction. Importantly, the
simulations are consistent with our experiments by showing that the proteins
equipped with the CC probes also unfold in the C - N direction and that the
unfolding of the probe occurs only when the unfolding front progressing
through the protein reaches the location of the probe in the construct.

7. Summary

We described the methodologies that combine Atomic Force Microscopy-
based SMFS with CG-SMD computer simulations to examine mechanical
unfolding and refolding pathways of long repeat proteins. We also described
how a compact CC probe can be inserted at various locations in the host
protein to capture the progress of the unfolding along its pathway. While here
we used ankyrin repeat proteins as a model system, the same procedures can
be applied to other repeat proteins (e.g. composed of spectrin, ARM, HEAT
and LRR repeats) [204]. More generally, these combined experimental and
computational methods worked well with non-repeat multi-domain proteins,
such as firefly luciferase [123,124], protein S [205] and the PGK domain [122],
suggesting that these approaches should be useful for studying small and large
proteins with complex folds and complex unfolding pathways.
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