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Abstract: The folding behaviors and mechanisms of large
multidomain proteins have remained largely uncharacterized,
primarily because of the lack of appropriate research methods.
To address these limitations, novel mechanical folding probes
have been developed that are based on antiparallel coiled-coil
polypeptides. Such probes can be conveniently inserted at the
DNA level, at different positions within the protein of interest
where they minimally disturb the host protein structure. During
single-molecule force spectroscopy measurements, the forced
unfolding of the probe captures the progress of the unfolding
front through the host protein structure. This novel approach
allows unfolding pathways of large proteins to be directly
identified. As an example, this probe was used in a large
multidomain protein with ten identical ankyrin repeats, and the
unfolding pathway, its direction, and the order of sequential
unfolding were unequivocally and precisely determined. This
development facilitates the examination of the folding path-
ways of large proteins, which are predominant in the protea-
somes of all organisms, but have thus far eluded study because
of the technical limitations encountered when using traditional
techniques.

Significant progress has been made over the last 50 years
towards the understanding of how small single-domain
proteins fold into their 3D structures! or misfold into
aggregation-prone conformations.”) However, much less is
known about the folding mechanisms of large multidomain
proteins, which dominate the proteasome in all kingdoms of
life (approximately 62% of all proteins in a set of 358
complete genomes have 2-5 domains).”! Recent work has
shown that large proteins have evolved specialized energy
landscapes that may reduce misfolding through a number of
mechanisms.*”) However, the research on the folding of
multidomain proteins is still in its infancy, partially because of
the lack of appropriate experimental methods that would
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allow the study of the unfolding and refolding of very large
polypeptides while avoiding their aggregation and misfold-
ing.[3’6’8]

Single-molecule force spectroscopy (SMFS) is useful for
investigating protein folding outside the perturbation of
strictly mechanical proteins {e.g., Ref. [8a,d, 9, 17]}, and has
unique advantages for studying large multidomain proteins as
SMFS examines individual proteins one by one under
conditions minimizing their possible aggregation. Equally
importantly, SMFS may apply denaturing forces to almost any
arbitrary fragment of a protein'”! and examine the effect of
this perturbation on the remaining parts of the protein and
thus allows the direct examination of the coupling of domains
and the folding cooperativity.®! However, multidomain
proteins present a problem for interpreting SMFS data: The
domain that gives rise to a signal (force peak) must be
identified out of the multiple domains in the protein. Some
methods exist to determine domains by SMFS on multi-
domain proteins using truncation,'!! contour length incre-
ments,®!? disulfide bond cross-linking,*™!!l or modifications
by ligand binding.®! However, there is still a need for new
methods that can probe multidomain proteins when the
aforementioned approaches are not applicable (e.g., when
many domains are present or when the domains are of
a similar size).

Herein, we describe an approach that can precisely report
the structural origin of a signal detected by SMFS measure-
ments. In a nutshell, an antiparallel coiled coil (CC) sequence
is inserted at the DNA level at various positions within a large
multidomain protein and functions as a mechanical probe that
can report on the folding status of the surrounding structure
when interrogated by SMFS. This idea was inspired by the
observation that coiled-coil motifs within various proteins!'¥
tend to be structurally independent from the host and by
recent SMFS measurements on coiled coils that revealed their
robust mechanical unfolding and refolding properties."
These two facts combined suggest that a coiled coil inserted
at a suitable position within the host protein will not
significantly affect the tertiary structure of the target protein,
and its characteristic atomic force microscopy (AFM) unfold-
ing pattern will enable the assignment of force peaks to
structural elements when the unfolding process passes
through the location of the CC probe. Recently, Chwastyk
et al.l'¥ also applied a similar strategy to identify SMFS force
peaks by inserting a guest protein into a host protein,
suggesting the possibility of having an independent polypep-
tide chain within a host protein without causing the host
protein to misfold.

In a recent study, we combined AFM-SMFS with molec-
ular dynamics simulations to examine the unfolding pathway
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of a protein composed of eight consensus ankyrin repeats,
NI,C.'" Ankyrin repeat proteins have been found to display
unusual mechanical properties and extremely robust mechan-
ical refolding behaviors.’™""¥l We hypothesized that unlike
small proteins that unfold in a two-state fashion, this protein
unfolds sequentially, from its C terminus to the N terminus 71
this behavior may be shared by other multi-domain proteins.
However, it proved quite challenging to provide experimental
evidence verifying this pathway."”! Following the mechanical
unfolding study of the 127 domain of titin,”” we inserted an
unstructured polypeptide to increase the contour length of
one of the repeats, but we failed to obtain repetitive unfolding
patterns, possibly because the engineered protein became
mechanically unstable. Then, we began our new study with
the antiparallel coiled coil from the Archeal Box C/D sRNP
Core Protein®! (PDB: INT2), whose ends are brought
together by the fold to within <1 nm (as determined from
the crystal structure), as our folding probe to directly capture
the directional, stepwise unfolding of consensus ankyrin
repeats.

First, we characterized the unfolding of the CC probe by
itself. The CC probe was flanked by three 127 domains of titin
(Figure 1a), which serve as pulling handles and as a force
spectroscopy reference and fingerprint for the facile identifi-
cation of single-molecule recordings.”>*! A typical force—
extension curve for the (I27);—~CC—(I27); construct is shown
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Figure 1. AFM force spectroscopy results for the 127,-CC-127; con-
struct. a) Schematic representation of the stretching of 127,—CC-127,.
b) A representative force—extension trace for 127,—CC-127,. The inset
shows, at higher magnification, the force peak corresponding to the
unfolding of the CC structure along with the fits of the worm-like chain
model to the data. c) Comparison of the histograms for the contour
length increments AL, for 127 and CC based on 62 recordings.

d) Probability density functions (pdf) for force peaks corresponding to
the unfolding of CC and 127.
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on the right-hand side in Figure 1b (see also the Supporting
Information, Figure S3 for more recordings of this construct).
The first peak, with a force of approximately 28 pN at
a contour length increment of approximately 26 nm (for
a magnified image, see Figure 1b, left), reports an unfolding
event of a structure composed of approximately 70 amino
acids, as determined by the fits of the worm-like chain (WLC)
model of polymer elasticity before and after the peak. The CC
probe contains 67 amino acids, so this peak is attributed to the
unfolding of the CC structure. The distribution of the contour
length increments after the first unfolding peak and the
distribution of the contour length increments corresponding
to the unfolding of the 127 domains are shown in Figure 1c. In
Figure 1d, a histogram of these unfolding forces is shown,
which compares them to the unfolding forces corresponding
to the 127 domains.

To test the order of events in the unfolding pathway, we
used an even bigger protein, NI,,C, that is composed of 12
ankyrin repeats and contains 385 amino acids. This protein
features four additional consensus ankyrin repeats in its core
(as compared to NI,C).' The typical unfolding force-
extension curve of NI,;C is shown in Figure 2a, with more
recordings superimposed in Figure S4a. The force curve
illustrated in Figure 2a is almost the same as that of NI;C,["”
except for the number of unfolding events, so we expect that
our hypothesis of the sequential unfolding of consensus
ankyrin repeats also applies to NI,,C. This view is supported
by a coarse-grained steered molecular dynamics simulation
(CG-SMD) of NI,,C, which, similar to NI6C, unfolds
sequentially from the C to the N terminus (Figure S1a). To
directly verify this model, we engineered two protein
constructs. (Figure S5). The first construct contains the CC
probe towards the N-terminal ankyrin repeat (inserted inside
the big loop of the 4th repeat, NI,CCI4C), and the second
construct contains the CC probe towards the C-terminal
ankyrin repeat (inserted inside the big loop of the 8th repeat,
NI;CCI,C). Both constructs are flanked by 127 domains for
mechanical fingerprinting where four 127 peaks guarantee
that the measurement was obtained on a single molecule
containing a full-length ankyrin repeat protein.

A typical experimental force-extension curve for
NI;CCLC unfolding is shown in Figure 2b. The regularly
spaced small force peaks below 50 nm extension, with a AL,
mean value of 10.1 nm and a force peak mean value of 22 pN,
correspond to the stepwise unfolding of individual ankyrin
repeats.””) They occurred before the bigger peak with an
unfolding force of approximately 30 pN and AL, =21 nm that
is absent in the force—extension curve of the host protein,
NI10C, and therefore likely corresponds to the unzipping of
the anti-parallel CC. Over the 130 nm extension regime, the
curve displays the characteristic saw-tooth pattern with AL,
~?28 nm and force peaks of approximately 157 pN, which is
typical of 127 domains at a loading rate of about 120 pNs™*
(Figure S4b).! In Figure S4b, we superimposed 15 force—
extension recordings of NICCI,C, and they overlap well,
showing a consistent position of the CC peak. Figure 2 ¢ shows
a typical force-extension curve of NI,CCI4C, which captures
the unfolding peak of the CC probe much later than the
unfolding of CC in NICCLC (for a comparison of 15
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Figure 2. The coiled-coil probe reveals the unfolding pathway of NI,,C.
Three-dimensional structures of a) NI,,C, b) N1,CCI,C, and c) NI,CCI¢C
and their representative force—extension traces. The molecules are
oriented so that the C terminus is shown on the left and the

N terminus is shown on the right. Solid lines in (a)—(c) display data
from SFMS measurements. Dashed lines represent the WLC fitting of
each unfolding event. Ly, Lcc, and Lyc represent the contour lengths in
WLC fitting with p=0.6 nm for each relative part of the curves (Lcc
refers to the length up to the folded CC). d) Comparison of the pdf
values of the fractional extension at which the CC unfolds, X, for the
CC peaks in the unfolding traces of NI;CCl,C and NI,CCIC.

Xce= (Lec—Lo) [ (Lnc—Lo)- The protein structures were drawn using
visual molecular dynamics® (VMD) software.

recordings of NI,CCI,C, see Figure S4c). A comparison of
Figures S4b and S4c clearly shows the shift of the CC peak
towards greater extensions for the NI,CCI;C construct. The
absolute extension at which the CC peak occurs depends
somewhat on the length of the protein fragment picked up
randomly by the AFM tip. To eliminate this variability, we
determined the fractional extension at which the CC peak
occurred, Xcc = (Lee— L)/ (Lne—Ly), for each recording (see
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Figure 2 for the definitions of Lce Ly, and Lyc). The
histograms of X for both constructs are shown in Figure 2d.
These results directly show that the CC probe located near the
C-terminal ankyrin repeat unfolds at smaller extensions than
the CC probe located near the N-terminal ankyrin repeat,
which validates our hypothesis, which was based on computer
simulations, that the unfolding of consensus ankyrin repeats
starts at the C terminus and proceeds in a stepwise fashion to
the N terminus.

The unfolding force of the CC probe (Figure 1d) is greater
than the unfolding forces of ankyrin repeats in NI,,C, yet the
coiled coil unfolds according to its placement in NI;CCIL,C
and NI,CCI;C before the remaining N-terminal ankyrin
repeats unfold. This observation seems surprising because
typically, mechanically weaker structures unfold before
stronger domains. However, the SMD simulations show that
the mechanical unfolding of ankyrin repeats is quite complex
and involves the forced detachment of individual helices from
the stack followed by their unfolding and re-orientation. In
simulations, when the unfolding front proceeds to the coiled
coil, the coiled coil unfolds first before the helices of the
remaining N-terminal repeats start peeling off. This is
consistent with our experimental observations (Fig-
ure S1b,c). A similar phenomenon of reverse mechanical
hierarchy was already observed for other proteins,?! which is
an issue worthy of further investigation. In our case, it is
possible that whereas the net force measured by the cantilever
upon coiled-coil unfolding is greater than the force necessary
to unfold the neighboring repeat, the actual component of the
net force acting on the neighboring helix is lower than the
force needed to peel it off from the stack, and this force then
reaches the necessary magnitude only after the CC probe has
unfolded and the polypeptide chain has reoriented.

To examine whether the specific placement of the CC
probe may affect the interpretation of the unfolding pathway
of NI,,C, we engineered another construct, NI,CC(SL)L,C, in
which the CC probe was placed in a small loop connecting the
helices in the eighth consensus repeat (Figure S4d). SMFS
recordings of NI,CC(SL)IL,C captured the unfolding of the CC
probe; the results are consistent with its placement close to
the C terminus and further support our hypothesis that the
overall unfolding of NI;,C proceeds from the C to the
N terminus. We plan to test the generality of the host proteins
using the 127 domain of titin as an example of an all-§ protein,
which has been intensively studied by AFM and computer
simulations.”! Our approach may be generalized to other
multidomain proteins if it is possible to find loop regions or
other appropriate elements, such as turns or unstructured
segments, that are close to the surface of the proteins and far
away from their critical functional sites.

For host proteins that are significantly weaker than our
CC probe, the CC probe may not serve as a reference to
capture the unfolding pathway as the CC would not unfold
until all of the host protein structure has unfolded. In such
cases, the design of other CC probes with desired mechanical
stabilities might be necessary. In a nutshell, the main
advantages of our CC probe are the ability to incorporate it
into the host protein at the DNA level, its robust, independent
folding, which brings the N and C termini very close to each
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other for a minimal disruption of the host protein, and
characteristic length and force signatures in force spectro-
grams of the host protein. The main limitation is that the
mechanical resistance of the probe cannot be significantly
greater than the resistance of the host structure. However, this
limitation can be circumvented by a design of a suite of CC
probes with various unfolding forces.

Our results indicate that the unfolding of NI;;C under
one-dimensional geometrical constraints occurs through
a sequential vectorial process in the C—N direction. More
generally, our studies suggest that coiled-coil peptides, either
natural or synthetic peptides designed to display a range of
mechanical stabilities, could be very useful for examining the
unfolding pathways of large multidomain proteins, which are
difficult to study by bulk measurements.

Experimental Section

Protein design, engineering, and purification: The gene sequences of
NI,,C,?! NI,CCLC, and NI,CCI,C were synthesized and cloned into
the pUC57 vector by GenScript (Piscataway, NJ, USA) and then
inserted into the poly(127) pRsetA vector.’! All engineered plasmids
were transformed into E.coli C41(DE3) pLysS cells. Protein expres-
sions were induced by adding isopropyl-B-p-thiogalactopyranoside
(IPTG; 0.2mMm); the reaction temperature was lowered to room
temperature after the OD600 value of the cultures exceeded 0.8. All
of the proteins that contained the Strep tag were purified using the
Strep-Tactin Sepharose column.

Single-molecule force spectroscopy by AFM: All protein samples
were diluted once with phosphate-buffered saline (PBS) to a concen-
tration of approximately 30 um and then incubated on a freshly
cleaned gold surface. After 30 minutes of incubation at room
temperature, all samples were used for the AFM pulling experiment
without further washing. All stretching measurements were carried
out on custom-built AFM instruments.”®! All samples were picked up
by untreated biolever AFM cantilevers with a spring constant (kc) of
5-10 pNnm™' (Model: OBL-10, Bruker AFM Probes, Camarillo, CA,
USA) at a pulling speed of 20 nms™" at room temperature. The spring
constant of each cantilever was calibrated in PBS on clean glass
substrates using the energy equipartition theorem.’}

Coarse-grained steered molecular dynamics simulations of
NI10C, NIiCCIL,C, and NI,CCI,C: The initial geometry of NI10C
was built based on PDB code 2QYJ by root mean square distance
(RMSD) fitting!'"!! in VMD.® The NI,CCLC and NI,CCI,.C
structures were created by inserting the anti-parallel coiled coil into
the NI10C structure at the positions specified in Figure S5. Equilib-
rium molecular dynamic (MD) simulations of the NI10C, NI;CCLC,
and NI,CCIC structures using the CHARMM®E! force field were
performed by NAMD."? The final equilibrated all-atom structure was
then used to generate a coarse-grained model using the SMOG
server,® and then probed by steered MD (SMD) simulations® using
GROMACS.® The C-terminal Co. atoms of the proteins were pulled
with a pulling speed of 0.5-2.5 nmns™! by an attached spring force
with a spring constant of 6-8 pNnm ' while the N-terminal Ca. atoms
were held fixed. Simulations were robust to changes in pulling speed
and also robust to switching the pulling direction (fixing the C
terminus instead).
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