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Nanospring behaviour of ankyrin repeats

Gwangrog Lee!, Khadar Abdi?, Yong Jiang', Peter Michaely®, Vann Bennett? & Piotr E. Marszalek'

Ankyrin repeats are an amino-acid motif believed to function in
protein recognition; they are present in tandem copies in diverse
proteins in nearly all phyla'. Ankyrin repeats contain antiparallel
a-helices that can stack to form a superhelical spiral®>. Visual
inspection of the extrapolated structure of 24 ankyrin-R repeats?
indicates the possibility of spring-like behaviour of the putative
superhelix. Moreover, stacks of 17-29 ankyrin repeats in the
cytoplasmic domains of transient receptor potential (TRP)
channels have been identified as candidates for a spring that
gates mechanoreceptors in hair cells as well as in Drosophila
bristles*”. Here we report that tandem ankyrin repeats exhibit
tertiary-structure-based elasticity and behave as a linear and fully
reversible spring in single-molecule measurements by atomic
force microscopy. We also observe an unexpected ability of
unfolded repeats to generate force during refolding, and report
the first direct measurement of the refolding force of a protein
domain. Thus, we show that one of the most common amino-
acid motifs has spring properties that could be important in
mechanotransduction and in the design of nanodevices.

The atomic structure of 12 ankyrin-R repeats suggests that ankyrin
stacks composed of n = 24 repeats should form a full superhelical

turn with putative spring properties’. We used an atomic force
microscope (AFM) to identify individual stacks of 24 ankyrin-B
repeats (Supplementary Fig. S2) and found that they do indeed have
a hook-like shape® with the molecules’ end-to-end distance closely
matching the ~12 nm determined for the extrapolated structure
(Fig. 1a). Thus, the AFM images strongly suggest that the engineered
protein, bearing at its terminus a glutathione S-transferase (GST)
module, is correctly folded and does not aggregate. These con-
clusions are further supported by circular dichroism and hydro-
dynamic measurements (Supplementary Table 1 and Supplementary
Fig. S1).

For elasticity measurements, heptahistidine-tagged polypeptides
containing 24 ankyrin-B repeats with or without GST, or 12 repeats
with GST, were immobilized on a glass surface bearing the metal
chelate N-nitrilotriacetic acid (NTA)®” (Fig. la). Molecules were
stretched vertically, in solution, by the AFM cantilever, and their
length and tension were measured with subnanometre and ~10 pN
precision® . Most trials revealed complex force—extension profiles
with irregularly spaced force peaks typical of multiple molecules
(Supplementary Fig. S4a). However, ~5% of the force—extension
curves had simple and consistent features that, we argue, represent
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Figure 1| Atomic force microscopy measurements reveal the linear
elasticity of ankyrin-B repeats. a, The extrapolated structure of 24 ankyrin-
R repeats” and a diagram of the elasticity measurement on a His-tagged
ankyrin fragment bound to NTA (red handles) and stretched with the AFM
cantilever. b—e, Force—extension curves of individual ankyrins: 24 repeats
with GST (b-d); 24 repeats with no GST (e). In b, the molecule detached
from the AFM at the stretching force peak (blue); in ¢, the molecule’s
attachment was preserved after stretching (blue trace) and the molecule was
subsequently relaxed (red trace); in d, the molecule unfolded at the
stretching force peak (blue) but remained attached to the AFM. The inset in
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b shows how ankyrin spring constant s was determined by fitting the
straight-line equation to the data: f, force; f,, force offset; x, extension; R?,
coefficient of determination; L, contour length (determined as the
extension at 150 pN). In d, the relaxing trace (red) after the unfolding of
ankyrin that occurred at the stretching force peak (blue) revealed small force
peaks (arrows) indicating the refolding of individual repeats (see also
Supplementary Fig. S6). f, Ankyrin spring constant decreases with the
increasing length of the stretched fragment. Black dots, 24 repeats with GST;
green dots, 24 repeats with no GST; red dots, 12 repeats with GST.
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the elasticity of single ankyrin stacks. Figure 1b—e shows 4 of 77
similar recordings. Interestingly, at forces of 100 pN or less, all of
these curves display a linear region where force is directly pro-
portional to extension. The length L. of the stretched segment
(Fig. 1b, inset) varied between ~5 and ~30 nm, which is consistent
with random adsorption of the AFM tip along the ankyrin polypep-
tide. Provided that stretching was stopped before unfolding, the
extension was fully reversible (compare the red and blue traces in
Fig. 1c). In other cases where the molecules detached (Fig. 1b, ) or
were unfolded (Fig. 1d), extension was not reversible.

The fact that Fig. 1b, d, e displays a single force peak strongly
indicates that these recordings were obtained on single molecules.
Note also that the relaxing trace in Fig. 1d (red curve) shows small
refolding force peaks (arrows) generated by individual ankyrin
repeats (see below and Supplementary Fig. S6). Moreover, the force
curves shown in Fig. 2b, ¢ show an initial linear phase followed by
rupture of the repeat stack and unfolding of individual repeats (see
below). Together, these traces provide direct evidence that the
unusual linear elasticity captured in our AFM recordings on ankyrin
do indeed represent the properties of individual molecules.

Unlike most modular proteins studied by atomic force
microscopy, including titin®'*™"?, tenascin’, fibronectin', ubiquitin'?,
spectrin'® and filamin'’, whose elasticity typically follows a highly
nonlinear entropic behaviour exemplified by the worm-like chain
(WLC) model'® (Fig. 1c, dashed line), ankyrin is a hookean or
linear spring for which the tension is proportional to the extension.
To behave similarly to ankyrin, a WLC polymer would need an
unphysical persistence length of less than 1 A.

Elastic properties of ankyrin repeats have been proposed on the
basis of their coil-like shape®'**°. Recent steered molecular dynamics
(SMD) simulations also predict that ankyrin-R repeats stretch
reversibly by straightening the superhelical turn, when subjected to
forces of ~25-100 pN. These simulations predicted that the spring
constant of ankyrin-R is 4.1-4.7 pNnm ' for 24 repeats and
increases to 16.4 pN nm ™' for 12 repeats’, indicating that the stiffness
of the stack increases with a decreasing number of repeats. We plotted
the spring constants of various ankyrin constructs as a function of L.
(Fig. 1f) and found that longer ankyrin stacks are on average more
compliant than shorter ones, which is consistent with expectations
of a hookean spring and the SMD simulations®. Moreover, the
GST-tagged protein does not contribute to the spring constant.
The range of spring constants is 1.5-21 pNnm ' for 24 ankyrin-B
repeats and 4.0-23 pN nm ™' for the 12-repeat construct. The spring
constant measured for the longest fragments (extensions: 25-30 nm;
Fig. 1f) presumably containing all 24 ankyrin repeats, is
1.87 + 0.31pNnm ' (mean * s.d., n=15). For comparison, the
estimate based on the SMD calculation gives 4.4 pN nm ' (ref. 5)
and the spring constant of a spring that gates mechanoreceptors in
hair cells was predicted to be 0.5 pNnm ™' (ref. 21).

Ankyrin-B repeats extend reversibly in multiple stretch-relaxation
cycles with no signs of hysteresis or wear over a large range of applied
forces exceeding 100 pN (Fig. 1c). However, these stacks do unfold at
relatively high forces ranging from 200 to 1,250 pN (365 £ 202 pN;
mean =* s.d., n = 32; see, for example, Figs 1d and 2; Supplementary
Fig. S9e). Figure 2 describes the mechanical unfolding of ankyrin
stacks in detail. The first force peak, labelled A in Fig. 2a, is a rupture
of a nonspecific adhesive bond between the AFM tip and the
substrate. The next force peak of 310 pN reports the breakdown of
the molecule and not its detachment from the tip (stage 1, peak
labelled U) as demonstrated by the rest of the force curve, which
captured the WLC-like elasticity (stage 2)**. From the length of the
polypeptide chain liberated after the breakdown (U) we estimate that
six repeats were unfolded simultaneously and subsequently
stretched. Interestingly, further extension revealed a sawtooth pat-
tern of six regularly spaced force peaks, each separated by 12.4 nm
(on the basis of the WLC fits). This distance matches the length of an
ankyrin repeat (33 residues X 0.36 nm per residue), indicating that
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Figure 2 | Atomic force microscopy captures the mechanical breakdown of
the ankyrin stack and the unfolding of individual repeats. a, The first force
peak in the force—extension curve at ~150 pN (A) represents a rupture of a
nonspecific adhesion bond. At 310 pN the stack breaks down (1, U); and
about six repeats unravel cooperatively and are stretched in a WLC manner
(curve labelled 2). At point 3 there is a sequential unfolding of the remaining
repeats. Thin solid lines are the WLC fits to the data with a persistence length
p of 2nm and the contour length increment AL of 12.4 nm. Note that the
second peak is actually composed of two peaks (2 and 2) separated from the
first peak by 7.3 and 12.4 nm, respectively. b, A force-extension curve of
another ankyrin fragment reveals in a single pull its linear elasticity, the
breakdown of the stack at ~240 pN, and the unfolding of individual repeats
(red trace). Inset, our interpretation of the events occurring in stage 3 of a.
¢, As in b, but obtained on a different ankyrin fragment. The inset shows a
histogram of unfolding forces of individual repeats. The grey tracein b and ¢
comes from the force—extension curve shown in a.

the force peaks might correspond to the sequential unfolding of
individual ankyrin repeats. The force that is necessary to unfold a
single ankyrin repeat (Figs 2 and 3; Supplementary Figs S9 and S10) is
37 = 9pN (mean * s.d., n = 404 force peaks; Fig. 2¢, inset), which
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Figure 3 | Atomic force microscopy directly measures the refolding forces
of ankyrin repeats. a—e, A sequence of stretch (blue traces) and release (red
traces) measurements of a single partly unfolded ankyrin fragment
(compare with Supplementary Fig. S7). Thin lines are the WLC fits with

p = 1nm and AL. = 12.4 nm. The relaxing traces are offset vertically for
clarity. a, Cycle 4. b, Cycle 5. ¢, Cycle 6: two of the three previously unfolded
repeats reattached to the stack and only a single repeat unfolded. Green

is similar to the unfolding force (25-35pN) of individual spectrin
domains'®.

Figure 2b, ¢ shows two additional examples of the forced unfolding
of different ankyrin stacks, each captured in a single measurement.
They clearly reveal the linear elasticity of the stack followed by its
breakdown (high force peak), which in turn is followed by an
unravelling of individual repeats (small force peaks). Significantly,
these small force peaks overlap well with the small force peaks
captured in Fig. 2a (shown in Fig. 2b, ¢ as a grey trace), strongly
indicating that all these force peaks represent the unfolding of
individual repeats (see Fig. 2b, inset).

A remarkable feature of ankyrin repeats is their ability to refold in a
process that reveals significant refolding forces (Fig. 1d). We further
investigated refolding in a sequence of 33 consecutive stretch-release
recordings obtained on a single ankyrin fragment (Fig. 3; see also
Supplementary Figs S7-S9). The recordings in Fig. 3a—e were
obtained on ankyrin that had already been partly unfolded and
prestretched by 17nm (Supplementary Fig. S7). Figure 3a (blue
trace) revealed two small force peaks of 32 pN, separated by ~12 nm,
similar to those in Fig. 2a, followed by the force curve, which was
separated from the second peak by ~25 nm. This result indicates that
the unfolding of a single ankyrin repeat might have been followed
by the simultaneous unfolding of two repeats. The relaxing trace in
Fig. 3a (red curve) also shows two force peaks of 27 pN and their
spacing suggests that they report the refolding of a single repeat that
was followed by the refolding of the two remaining repeats. The next
cycle (Fig. 3b) shows a similar pattern, except that now two repeats
unfolded first and a single repeat unfolded later. However, the
refolding order was the same as in the previous measurement. This
observation may reflect some strict refolding order similar to p16
ankyrin repeats, in which carboxy-terminal repeats fold before the
amino-terminal repeats®.

The sixth stretching cycle on the same molecule (Fig. 3¢), which
was previously stretched to 66 nm, now yielded a maximum exten-
sion of 40 nm. This result indicates that two of the three repeats that
refolded in the event captured in Fig. 3b (red trace) must also have
reattached to the core of the stack and did not unfold in the
subsequent pull (see also Supplementary Figs S8 and S9). The fact
that the reconstructed stack can sustain forces in excess of 600 pN
(Fig. 3¢) indicates enormous cohesive forces between neighbouring
ankyrin repeats in the stack. This observation also suggests that
the (small) force peaks in Fig. 3a, b probably correspond to the
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dotted circle, instability of the refolded stack captured in the relaxing trace.
d, Cycle 7: the stretching trace reveals that the two repeats that had
reattached to the stack now detached again and all three repeats unfolded
sequentially, then refolded. e, As in d, but obtained after 26 more
stretch-release cycles. f, The unfolding trace of e superimposes perfectly on
the template trace of Fig. 2a. The inset shows a histogram of the refolding
forces of individual repeats.

mechanical unfolding of the repeats that detached earlier from the
stack and remained separated from it even after refolding. Taken
together, these results are consistent with observations of very
favourable interfacial interactions between the nearest repeats in
the stacks of ankyrin repeats®. The next and subsequent stretching
cycles (Fig. 3d, e) revealed three evenly spaced force peaks and two
refolding force peaks, indicating that the repeats that had reattached
to the stack detached again and were sequentially unfolded. The
unfolding patterns shown in Fig. 3 overlap perfectly with the
sawtooth pattern of Fig. 2a (Fig. 3f), indicating that the refolding
of repeats occurs with high fidelity.

Altogether, we observed a similar refolding behaviour of ankyrin
repeats in 75 separate experiments performed on different molecules
on different days, using different AFM instruments and cantilevers.
In more than 100 separate observations (including different record-
ings on the same molecule) we recorded major refolding of the stack
as shown in Fig. 3¢ (see also Supplementary Fig. S9d, e). The average
refolding force was 32 = 8 pN (mean * s.d., n = 315 force peaks;
Fig. 3f, inset). Although refolding of proteins under force has been
observed previously'>*>*, here we have made direct measurements
on single molecules that capture the magnitude of the refolding force
of a protein domain.

Ankyrins interact directly with cytoplasmic domains of a variety of
membrane transporters and cell adhesion molecules, and couple
these proteins to the spectrin-based membrane skeleton”. We
propose that the linear elasticity of 24 ankyrin-B repeats shown
here might have a role in modulating activity of ankyrin-associated
transporters in response to mechanical strain and/or in generating
tension in the plane of the membrane bilayer. More generally, the
unusually strong tendency of ankyrin repeats to refold may be of
particular significance to proteins with four to six ankyrin repeats.
Finally, the mechanical properties of ankyrin repeats shown here
make them ideal candidates as the building blocks of bio-inspired
springy nanostructures and nanomaterials with an inherent ability to
self-repair.

METHODS

Purification and characterization of ankyrin-B polypeptides. These are
described in Supplementary Information.

Immobilization of ankyrin molecules. Glass coverslips were functionalized
with the metal chelate NTA as described in refs 6, 7. NiCl, solution (50 pl,
50 mM) was loaded onto the NTA-functionalized glass for 5min to achieve
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chelation, and the glass was rinsed gently with solution composed of 20 mM
phosphate buffer supplemented with 300 mM NaCl; 40 pl of solution containing
heptahistidine-tagged ankyrin molecules at a concentration of 2-10 pg ml ™" was
deposited on a glass coverslip and incubated at 20-25 °C for 20 min.

AFM stretching measurements. All pulling measurements were made with
custom-built AFM instruments’ equipped with an AFM detector head (Veeco
Metrology group) and high-resolution piezoelectric stages (Physik Instrumente)
equipped with position sensors (a vertical resolution 0.1nm). The spring
constant of each MLCT-AUHW micro-cantilever (Veeco) was calibrated by
using the energy equipartition theorem as described in ref. 28. Molecules were
picked up for stretching measurements by gently touching the substrate with the
AFM tip, exploiting a nonspecific adsorption of ankyrin to the tip. Force—
extension measurements were performed at pulling speeds of between 0.012 and
0.2 nm msfl, in solution and at room temperature.
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