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Abstract We have used cell culture of astrocytes aligned within microchannels to investigate
calcium effects on primary cilia morphology. In the absence of calcium and in the presence of
flow of media (10 pL.s ") the majority (90%) of primary cilia showed reversible bending with
an average curvature of 2.1 £ 0.9 x 10™* nm '. When 1.0 mM calcium was present, 90% of
cilia underwent bending. Forty percent of these cilia demonstrated strong irreversible bending,
resulting in a final average curvature of 3.9 = 1 x 107 nm ™", while 50% of cilia underwent
bending similar to that observed during calcium-free flow. The average length of cilia was
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shifted toward shorter values (3.67 + 0.34 um) when exposed to excess calcium (1.0 mM),
compared to media devoid of calcium (3.96 + 0.26 pm). The number of primary cilia that
became curved after calcium application was reduced when the cell culture was pre-incubated
with 15 uM of the microtubule stabilizer, taxol, for 60 min prior to calcium application.
Calcium caused single microtubules to curve at a concentration ~1.0 mM in vitro, but at higher
concentration (=1.5 mM) multiple microtubule curving occurred. Additionally, calcium causes
microtubule-associated protein-2 conformational changes and its dislocation from the micro-
tubule wall at the location of microtubule curvature. A very small amount of calcium, that is
1.45 x 10" times lower than the maximal capacity of TRPPs calcium channels, may cause
gross morphological changes (curving) of primary cilia, while global cytosol calcium levels
are expected to remain unchanged. These findings reflect the non-linear manner in which
primary cilia may respond to calcium signaling, which in turn may influence the course of
development of ciliopathies and cancer.
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1 Introduction
1.1 General considerations

Primary cilia are solitary, non-motile, typically slender and cylindrical cellular membrane
protuberances (Fig. 1a, b) as discussed in a number of papers [1-3].

It is due to the numerous membrane receptors, channels, and also primary cilia’s skeleton
(constituted of nine radially arranged doublets of microtubules, known as the axonemal
microtubules) that primary cilia are considered cellular sensory sub-systems that are critically
important in both health and disease [4, 5]. Primary cilia are found during interphase in almost
all eukaryotic cells, while during other cellular stages they appear to be reabsorbed [6].

In this study, the interaction between calcium/microtubules has been studied to examine the
sensing aspect of the informational system of primary cilia, which is illustrated schematically
in Fig. lc. Briefly, this informational system begins with calcium-based channels (known as
polycystin 1/2 (TRPP1/2)) located at the primary cilia membrane. Once detected, this system
picks up extracellular environmental signals, expressed as calcium changes. The signal is
further processed by primary cilia axonemal microtubules’ doublets and subsequently by
triplets of centriole microtubules positioned in the pericentrosomal matrix. Finally, the signal
is transduced deep into the intracellular space, where it can be transduced and integrated within
intracellular signaling cascades, influencing important ongoing intracellular processes, such as
the cell cycle [7-9].

Importantly, the primary cilium is a dynamic structure that can disassemble and
reassemble in conjunction with specific environmental changes. This includes rapid
and reversible morphological changes, from slight changes in length and curvature to
complete disappearance and reappearance, in response to different biophysical-
biochemical environmental conditions [10—17]. These changes are enabled by modifica-
tions of the primary cilium skeleton, for example, in axonemal microtubules [18]. The
very direct role of primary cilium axonemal microtubules in defining its morphology in
response to changes of environmental conditions is demonstrated in microfluidic exper-
iments that have shown how primary cilia respond to tightening of the space of their
physical confinement by shortening their length [19, 20].

Morphological changes within the primary cilium, such as change of length or bending,
may directly interfere with the function of the calcium signaling mechanism of primary cilia
receptors and channels. Therefore, it is likely that, due to these specific morphological
changes, as a specific response to environmental conditions, primary cilia have a particularly
critical role in tissue morphogenesis and homeostasis, indicating their potential role in
carcinogenesis [15, 21-26]. Indeed, primary cilia may assume a pathological appearance,
become reduced in number, or become completely lost in different cancers, as shown in
astrocytoma/glioblastoma cell lines, the pre-invasive and invasive stages of prostate cancer,
and in breast cancer [5, 15, 27-29].

Furthermore, structurally aberrant primary cilia or their complete absence may lead to
incomplete integration of signal transduction and, consequently, to disastrous illnesses known
as ciliopathies, e.g., polycystic kidney disease (PKD), polydactyly, diabetes, blindness, obesity,
situs inversus, infertility, respiratory diseases, hydrocephalus, cognitive impairment, and
developmental disorders [4, 7, 30, 31].

It has been suggested that there is a direct connection between primary cilium changes of
length and bending in a local extracellular flow gradient and the sensory function of cilia [13, 30].
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Fig. 1 Primary cilia (PC). a Primary cilia () of astrocytes experimentally aligned in a lane by means of micro-
channels and visualized by scanning electron microscopy (SEM). b Primary cilia () from the same preparation
as depicted in a, but fluorescently labeled with BODIPY-cholesterol. ¢ Primary cilia are connected via
microtubule pathway systems to the cell interior. As a matter of principle, an environmental calcium-based
signal, captured by calcium-based polycystin channels (TRPP1 and TRPP2), could be transmitted by this
pathway wherever it is needed within the cell interior

1.2 Calcium entry into the primary cilium space triggers changes in primary cilium
morphology and the microtubules-based skeleton

Recently, primary cilia have been recognized as ‘specialized calcium-signaling organelles’ [3].
Indeed, calcium-based channels (TRPP1/2) located within the primary cilia membrane and
axonemal microtubules that possess numerous calcium binding sites constitute a necessary part
of the primary cilia calcium signaling mechanism that processes calcium signals from the
cellular environment into the intracellular space.

A large amount of a current research data indicates that the primary cilium responds to
calcium entry by morphological adjustments [3, 32-39]. However, the precise molecular
mechanism underpinning these changes remains to be elucidated. Although primary cilia are
recognized as microtubule-based organelles and ‘specialized calcium signaling organelles’ [3],
there are little data available to shed light on how calcium interaction with axonemal
microtubules may have an important role in ciliary sensing. For example, a tight functional
connection between calcium-based channels (polycystin 2 (TRPP2)) and calcium-binding
axonemal microtubules has been revealed by the finding that the activity of the channel was
rapidly decreased by the addition of the microtubule depolymerizing agent colchicine, while it
was increased by the addition of the microtubule stabilizing agent paclitaxel [40].

The hypothesis to be tested by this study is that calcium may be the common causal
denominator responsible for morphological changes of primary cilia and axonemal microtu-
bules. Calcium that enters in the intra-ciliary space via mechanosensitive TRPP2 channels is
likely to bind to axonemal microtubules within the cilia, increasing their flexibility, and
resulting in a larger extent of bending and a shortening of the cilia.

2 Materials and methods
2.1 Cell culture

Mixed cultures of spinal cord glia were obtained from 12-h-old neonatal Sprague-Dawley rat
pups by use of culture methods adapted from Scemes and colleagues [41]. To obtain a culture
of astrocytes, further purification was performed using methods established elsewhere [42, 43].

To form a pattern of parallel astrocyte lanes on transparent microscopic coverslips, we
employed a photolithographic micropatterning technique described elsewhere [44—48]. Brief-
ly, a coverslip of 80-um thickness was pre-covered with 20 pg/ml poly(D)lysine (Sigma). The
mold of lithographically home-designed microchannels was premade in silicone elastomer
Sylgard (Dow Corning, Midland, MI, USA). Using the patterned mold of microchannels, the
appropriate pattern was transferred onto the coverslip. Thus, microchannels were formed
whose poly(D)lysine base was ~20 um wide and the microchannels were tens of microns
long. The base of the lane was confined by the walls of 1.0% high-gelling temperature agarose
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Fig. 2 Bending and shortening of astrocyte primary cilia. Thirty primary cilia were investigated in this
experiment, with the images shown representing typical morphological changes of PC during the experimental
procedures. a An illustration of the micropatterning technique employed in this work: astrocytes self-align in
lanes within microchannels created by photolithography allowing primary cilia integrity to be preserved. b The
‘lane cell culture’ of astrocytes was equilibrated and oxygenated at 36°C in standard culture medium, unperturbed
by any flow for 30 min. The white arrowheads indicate straight primary cilia — this was taken as the referential
state of 100% straight primary cilia. ¢ Aligned astrocytes were exposed to calcium-free flow (10 pls™') of cell
culture medium for 15 min. The majority of primary cilia underwent two types of slight bending (vellow
arrowheads). 15 min after flow stoppage, bent primary cilia returned to their straight shape. One mode of
primary cilium bending is “slight” bending, which refers to the bending that happens gradually from its base up
to its tip, while the other mode of bending is bending close to the base of the primary cilium, while the rest of its
body is straight. d Aligned astrocytes were washed by flow (5 uls ') using standard culture medium for about
15 min. Astrocytes were subsequently exposed to medium flow (10 pl.s™') that contained 1.0 mM calcium for
15 min. The majority of primary cilia again became bent. However, some of them became “slightly” curved,
similar to their appearance in the calcium-free flow (vellow arrowheads), while others were “strongly” curved
(red and green arrowheads). There was also a subpopulation of shortened primary cilia among those that were
strongly curved (red); 30 min after the flow had been stopped, the subpopulation of “strongly”” bent primary cilia
did not return to their straight shape, while the “slightly” bent subpopulation did (not shown)
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(Sigma). Therefore, cells (astrocytes) can grow in the lanes formed by the poly(D)lysine path
but are confined by the agarose walls (Fig. 2a).

The unlabeled primary cilia were observed as tiny cylindrical, slender protrusions of the
membrane of the aligned astrocytes by using a scanning electron microscope (Philips XL 30
CP; University of Sydney, Australian Centre for Microscopy & Microanalysis) (Fig. 1a). Also,
primary cilia were identified at the membrane of aligned astrocytes when cells were stained
with BODIPY-cholesterol using an Ott-Lippincott-Schwartz protocol [49] and visualized by
using a physiological fluorescence microscope (Olympus BX50WI) (Fig. 1b).

To investigate and quantify the morphological changes of primary cilia of aligned astro-
cytes under different conditions, we used the light mode of the fluorescence microscope. The
biological viability of the cells arranged in lanes was successfully tested by calcium propaga-
tion experiments as described elsewhere [45].

2.2 Exposing cultured cells to a flow of its medium

To generate the flow of cell culture medium in the cell culture chamber, we used an open
perfusion system as described elsewhere [6, 35]. Flow rate was calibrated by the measurement
of the efflux into a reservoir of known volume. Unless stated otherwise, we used a flow of rate
of 10 pls .

2.3 Reassembly of microtubules and ultrastructural examination

To reconstitute microtubules in vitro we used microtubule protein (MTP). MTP denotes a mix
of tubulin and microtubule-associated proteins (MAPs). MTP was obtained from bovine brain
by the temperature-dependent cyclic assembly/disassembly method, as described elsewhere
[50]. MTP concentration was determined by the modified Lowry protein assay method, as
described in the Pierce Instruction Manual (#23240; Pierce Inc., IL, USA). Using quantitative
densitometric analysis of SDS-polyacrylamide gels, stained with Coomassie brilliant blue
R-250, the MTP was shown to contain 95% tubulin and 5% MAPs, where percentages are
calculated in terms of total MTP protein [50].

During cyclic preparation of tubulin, MAP-2 is by far the predominant MAP purified, since
it is heat stable. Additionally, following purification, there was sufficient MAP-2 to bind along
the entire microtubule length [51]. Moreover, the periodicity of the MAPs distribution and the
length of the projections (~32 nm) in Fig. 8a and b correspond well to the MAP-2 superlattice
[51].

We performed two sets of experiments: the first was related to microtubules of predomi-
nantly straight morphology, while the second was related to microtubules of predominantly
curved morphology. Unless stated otherwise, all experiments were performed under standard
solution conditions, with microtubules reconstituted from MTP in MES buffer, containing (in
mM): 100 MES, 1 EGTA, 0.5 MgCl,, 1 GTP, pH 6.6. In the case of the first group, the buffer
did not contain an excess of calcium. The second group of experiments was carried out in the
presence of an excess of 1 mM CacCl,, or as indicated in the text. The excess of calcium was
added to the solution prior to microtubule assembly [52].

Microtubules were prepared for electron microscopy (EM) according to Langford’s method
[53]. Briefly, microtubules were reconstituted at the desired MTP concentration by leaving
them to assemble for 60 min at 36 °C. Microtubules were fixed and stained with 2% uranyl
acetate on ‘200 mesh grids’. Samples were left overnight at room temperature prior to
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microscopic examination. Microtubule morphology was assessed using an analytical Philips
CM12 transmission electron microscope (TEM) at the Australian Key Centre for Microscopy
and Microanalysis, University of Sydney. EM Images were obtained using a Gatan multiscan
CCD camera and an exposure time of 1.51 s.

2.4 Determination of lengths and extent of bending of microtubules and cilia

To determine the curvature of microtubules and primary cilia, a chosen curvature was
approximated by a circle. The radius of the circle was measured by Imagel-1.46r using the
straight mode. Curvature was calculated as the inverse of the circle radii. The effective lengths
were measured by ImageJ-1.46r using polygonal mode.

3 Results

3.1 Identification of primary cilia in the lane system of aligned astrocytes
and comparison of the data obtained by other authors using different techniques

The presence of unstained primary cilia at the surface of aligned astrocytes was confirmed
using scanning EM (Fig. 1a). BODIPY—cholesterol staining permitted identification of prima-
ry cilia, including morphological detail of the head-end of the tip of the primary cilia (Fig. 1b).
On the other hand, primary cilia, when not stained, were still easily visualized due to their
distinctive head-end-morphological features, in particular when extending laterally out of the
lane. Therefore, we continued our observations of primary cilia by the microchannel technique
without staining them (Fig. 2b, ¢, and d and Fig. 3a, b, and c).

The preliminary data obtained from astrocytes aligned by microchannels, using electron
scanning and fluorescence microscopic techniques, show that primary cilia length is on the
scale of several micrometers, while average diameter is approximately 250 nm (Fig. la, b).
These data are in good agreement with the results obtained in other different systems by other
authors [1-3].

3.2 Morphological changes in primary cilia under different experimental conditions
defined by medium flow, calcium, and taxol

To observe morphological changes in primary cilia which were instigated by calcium, we
utilized the lanes of astrocytes prepared according to the procedure illustrated in Fig. 2a.

3.2.1 Bending

We performed the same experiment on 30 astrocytic primary cilia in total, but divided the
experiments into four batches. One batch of aligned astrocytes was removed from the
incubator and was immediately placed in the experimental chamber on the microscope stage
and left to equilibrate with oxygenation at 36 °C for 30 min (Fig. 2b). After 30 min of
equilibration, primary cilia of straight morphology were monitored and an image was taken for
length measurement. The system was then exposed to a flow (10 uls™') of calcium-free
culture medium (containing 1 mM EGTA) for 15 min. Although a majority of morphologically
straight primary cilia were changed into a curved morphology within the first 30 s, we
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Fig. 3 Taxol attenuates primary cilium curving caused by calcium and flow. a Astrocyte cultured and allowed to
stabilize in medium for 15 min, as in Fig. 3b. No flow, no taxol, or no calcium was applied. b 15 uM taxol was
applied for 60 min in the absence of flow, followed by flow for 10 min, as in Fig. 3c. A small number of primary
cilia underwent the “slight” mode of curving (vellow arrowhead) but significantly less than in the absence of
taxol. ¢ | mM CaCl, was subsequently infused for 30 min in the absence of flow. Calcium was then continuously
infused with flow for 10 min, as in Fig. 3d. A small number of primary cilia underwent both “slight” and “strong”
modes of curving (vellow and red arrowheads), but significantly less than in the absence of taxol

measured curvatures 15 min after flow initiation when 90% of primary cilia were bent. An
exemplar can be seen in Fig. 2c. The average curvature of primary cilia was
2.1+0.89 x 10™* nm™" and the curvature frequency distribution is shown in Fig. 4a(a); black
triangles). The percentages of reversible slight bended population of primary cilia are shown in
Fig. 5b (bl, b2). Fifteen minutes after the flow was stopped, all bent primary cilia had
reassumed their straight form (results not shown).

To eliminate EGTA, the system was washed in flowing (5 uls ') standard cell culture
medium for 10 min. The system was then left without any flow for 15 min, ensuring that all
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Fig. 4 Quantitation of the effects of flow, calcium, and taxol on the curvature and length of primary cilia (from
Figs. 2 and 3). a The frequency of curvature distribution shows two distinct curvature groups, ‘slight” curvature
and ‘strong’ curvature. (a) The “slight’ curvature occurs at <0.0003 nm ™', with an average curvature distribution
centered at ~0.0002 nm ! and was observed during flow (10 plAsfl) in the absence of calcium (A ; Fig. 2¢), in
1 mM calcium (m; Fig. 2d), or in the presence of 15 uM taxol (X; Fig. 3b). (b) The ‘strong’ curvature occurs at
>0.0003 nm ™", with an average curvature distribution centered at 0.00039 nm ' and was observed during flow
(10 pl.sfl) in the presence of | mM calcium (#; Fig. 2d), or in the presence of 15 uM taxol and 1 mM calcium (e;
Fig. 3c). b The length distribution of primary cilia decreased in the presence of both flow and calcium: 1. Average
cilia length was 3.96 £ 0.2 um (1 —) in the absence of flow and calcium (Fig. 2b). 2. Average cilia length was
3.90+0.2 pm (2 ) in the presence of flow (10 uls™") but the absence of calcium (Fig. 2¢). 3. Average cilia
length was 3.67 + 0.2 um (3 ") in the presence of flow (10 uls™") and 1 mM calcium (Fig. 2d)

primary cilia reassumed a straight morphology. Medium containing 1 mM CaCl, was then
flowed with a rate of 10 pl.s™'. After 15 min, primary cilia morphology was observed and an
exemplar is shown in (Fig. 2d). The majority (90%) of the primary cilia had undergone
bending within the first 30 s. However, at the end of 15 min, 50% of them were slightly
curved, which was similar to that seen in the calcium-free flow (Fig. 2d; yellow arrowheads).
The associated frequency curvature distribution is show at Fig. 4a(a); black squares). The rest
of the primary cilia (40%) were bent to a greater extent (Fig. 2d; arrowheads). The average
curvature of these strongly bent primary cilia was 3.9 +0.115 x 10™* nm™" and the associated
curvature distribution is shown in Fig. 4b(b); black diamonds). The percentages of the bent
population of primary cilia are shown in Fig. 5c (c1, c2).
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a Straight primary b Exposure to flow (10 uL.s™, no Ca?*, no taxol)
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Gilium ually with uniform curve  at base, with straight body

membrane —»|
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Reversible Reversible
Basal body

C Exposure to flow (10 uL.s™", 1 mMCa?*, no taxol)

¢, 50% of cilia bend grad- ¢,40% of cilia are strongly
ually with uniform curve  bent

‘ Reversible ! Irreversible

d Exposure to flow (10 pL.s™", 15 uM taxol, + Ca?*)

d, 11% of cilia bend grad- d, Additional 15% of cilia
ually with uniform curve  are strongly bent

=)

0 mM Ca? 1 mM Ca?*
Reversible Irreversible

Fig. 5 The population of different curving modes. These diagrams summarize the key outcomes of the
experiments shown in Figs. 2, 3 and 4. a The primary cilium is straight under conditions of no flow, no taxol,
and no calcium. b When flow of medium is applied (10 pls '), 80% of cilia bend “slightly’, exhibiting a gradual,
uniform curvature from the bottom to their top (b;), while 10% of cilia bend by tilting at their base, while the
body of the cilium remains straight (b,). 10% of cilia did not bend (see also Fig. 3b). ¢ When 1 mM calcium was
present in the flow (10 pls "), 40% of cilia ‘slightly” bent, gradually from the bottom to their top (c;) and 50% of
cilia bent ‘strongly’, approximately half way along their length, while the shape of 10% of cilia remained
unchanged (see Fig. 3c). d After incubation with 15 uM taxol for 60 min, 11% of cilia curved ‘slightly’ and
reversibly by during flow of medium (10 uls™") (d,). Following subsequent incubation with 1 mM calcium for
30 min, an additional 15% of cilia appeared ‘strongly’ and irreversibly curved within the flow of medium (d,)

We monitored the cells for 30 min after the flow had stopped and noted that the subpop-
ulation of the more strongly bent primary cilia had not reassumed their straight form, while
those less bent did (not shown). Here the term ‘strong’ bending denotes that the associated
curvature is greater than 2 x 10 nm™, or else the bending is referred to as ‘slight’ bending.

3.2.2 Taxol effect

To investigate the effects of the microtubule stabilizer, taxol, on morphological changes of
primary cilia of astrocytes aligned in the lane, we prepared the astrocyte cell culture as shown
in Fig. 2a, and allowed it to stabilize in the medium as in Fig. 2b, for 15 min: no flow, no taxol,
no calcium was applied (Fig. 3a). In the next step, 15 uM taxol was applied for 60 min in the
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absence of flow. No morphological changes were observed (not shown). Subsequently, flow
was applied (maintaining the same concentration of taxol) for 10 min (Fig. 3b). A small
number of primary cilia underwent slight curving (Fig. 3b; yellow arrowhead), but signifi-
cantly less than in the absence of taxol. The curvature frequency distribution is shown in Fig.
4a(a); (x) and Fig. 5d(d;). The effect of calcium was then observed by infusing 1 mM calcium
for 30 min by flow (Fig. 3¢). A small number of primary cilia underwent slight curving (yellow
arrowhead) and a strong mode of curving (red arrowhead), but significantly less than in the
absence of taxol. Quantitative data are shown in Fig. 4a(b); black circles) and Fig. 5d(d,).

3.2.3 Length of primary cilia

Apart from the primary cilia curvature, it was also apparent that the length distribution varied
under the different experimental conditions. Measurements showed that the length of primary
cilia was shifted toward shorter values in the presence of excess calcium during flow (Fig. 4b).
The average length of primary cilia was found to be 3.96 + 0.26 um in the absence of flow and
without an excess of calcium (Fig. 4b(1)). The average length of primary cilia was
3.90 £ 0.34 pm in calcium-free flow experiments (10 ul.s™h (Fig. 4b(2)) and
3.67 £ 0.34 um during flow (10 ul.sfl) in the presence of 1.0 mM calcium (Fig. 4b(3)).
Shortening of primary cilia was detected among 20% of the stronger curved primary cilia (Fig.
2d; red arrowhead); Fig. 4b(3)).

3.2.4 The degree of primary cilia bending varies in different solution conditions: An
illustration

The experiments with calcium indicated that the biophysical character of morphological
changes of primary cilia in the presence of excess calcium is different from those in the
absence of calcium, caused by medium flow alone. Furthermore, taxol attenuates primary cilia
morphological changes caused by flow and calcium. We have summarized these changes in an
empirical model (Fig. 5). This demonstrates that primary cilia are capable to sense fine changes
in solution conditions, as indicated by the appropriate degree of bending. Moreover, taxol
experiments indicate that this primary cilia function is directly related to appropriate morpho-
logical changes of axonemal microtubules.

3.3 The molecular mechanism of primary cilia bending following calcium binding
to axonemal microtubules

‘We have hypothesized that excess calcium can induce primary cilia bending and shortening by
calcium binding to axonemal microtubules causing bending and shortening of these microtu-
bular structures.

It has been previously shown that an excess of calcium cations can induce microtubule
shortening in the absence of MAPs or bending in the presence of MAPs in vitro [52, 54].
Therefore, it is reasonable to assume that bending or shortening of primary cilia may be
primarily driven by bending or shortening of its axonemal microtubule skeleton after calcium
entrance into the ciliary space via calcium-based channels TRPP1/2 and calcium binding to
axonemal microtubules (Fig. 1c; Fig. 5).

The following experiments were undertaken to investigate this hypothesis: (1) effect
of taxol on primary cilia morphology versus calcium effect, (2) a re-investigation of the
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effect of excess calcium on curved microtubule morphology under in vitro conditions,
(3) an investigation to determine whether the size of the resulting microtubule curva-
tures are correlated with the primary cilia curvatures and (4) an estimation of the
required calcium entrance via calcium-based TRPP1/2 channels to produce the obtained
curvatures.

3.3.1 Taxol attenuation of primary cilia morphological changes caused by flow
and calcium

Taxol is known as microtubule structure stabilizer [S5-58]. As described in the previous
section, we have shown that taxol attenuates calcium- and flow-mediated morphological
changes of primary cilia (Fig. 3c; Fig. 4a (x), 4b, black circles); Fig. 5(d)).

3.3.2 Excess calcium induces microtubule bending in vitro

Microtubules were reconstituted in vitro, under controlled conditions, which excluded
excess calcium ([CaCl,] = 0 mM, T = 36 °C as described in Materials and methods). At a
microtubule protein (MTP) concentration of 7.0 mg/ml, the majority of straight micro-
tubules spontaneously undergo self-organization, which results in bundle formation
(visualized by TEM; Fig. 6a(a)). Furthermore, Fig. 6(b) is the same specimen as in
Fig. 6(a), but seen at higher exposure. Here one can see highly aligned straight micro-
tubules within the bundle, which are spatially separated from non-aligned curved micro-
tubules. Since there was no artificial local flow in the sample, the most likely explanation
is that this very local separation of straight from curved microtubules was produced by a
spontanecous phase separation mechanism, as has been observed previously under similar
solution conditions [52].

To observe the effect of calcium on microtubule morphology and self-organization, micro-
tubules were prepared under the same conditions as in Fig. 6a(a), except for the addition of
excess calcium. Fig. 6b(a, b) shows microtubules prepared in the presence of a variable
concentration of calcium as follow: Fig. 6b(a) (0.5 mM CaCl,, 3 mg/ml MTP), while Fig.
6b(b); (1.5 mM CaCl,, 3 mg/ml MTP).

Fig. 6b(a) (0.5 mM CaCl,) shows a mixed population of straight and curved micro-
tubules, where straight microtubules are undergoing a phase separation, characterized by
straight microtubules forming a pattern of parallel microtubules within their domains,
while curved microtubules have formed a pattern of entangled microtubules within their
domains. At higher calcium concentration (1.5 mM), only multiple curved microtubules
appear (shown at Fig. 6b(b)). Bars correspond to either 0.3 um (Fig. 6a(a,b)) or 5.0 um
(Fig. 6b(a,b)).

3.3.3 Basic architectural-structural considerations of microtubule curving

Under the experimental conditions described above for Fig. 6b(b) (Material and
methods; 2 mg/ml MTP; 1.5 mM CaCl,), and using TEM, we have found that
microtubules undergo curving in vitro, due to calcium action. The population of curved
microtubules bifurcates into two microtubule sub-populations with distinctly different
curvatures (Fig. 7a, b, and c¢). The first sub-population has an average curvature of
5.71 £ 0.16 x 10> nm ' with an associated average radius of 145 nm (Fig. 7b(a)). The
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Fig. 6 Transmission electron microscopy reveals phase separation of self-aligned straight microtubules from self-
entangled curved microtubules — the effect of calcium. a Microtubules were prepared in vitro, in the absence of calcium,
at 36 °C (a). Mainly straight microtubules spontaneously self-organized in bundles. Microtubule protein [MTP]
concentration 7.0 mg/ml. (b) The same sample as in (a) but at higher exposure in order to visualize the spontaneous
phase separation of bundled self-ordered phase of straight microtubules from the disordered phase of curved microtu-
bules. Bars correspond to 0.3 um. b The addition of calcium to the MTP alters both microtubule morphology and self-
organization. (a) Following the addition of 0.5 mM CaCl , the populations of straight and curved microtubules underwent
a phase separation. Straight microtubules align and form 3eparate domains from the one-fold-curved microtubules, which
become entangled in their own domains. [MTP] = 3 mg/ml. (b) Following the addition of 1.5 mM CaCl , microtubules
appeared multiply curved with no phase separation seen. [MTP] = 2.0 mg/ml. Bars correspond to 5.0 1fm
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second sub-population had a larger curvature of (10 £ 0.5 x 10> nm ', with an

associated average radius of 100 nm (Fig. 7b(b)). The frequencies of both curvature
distributions are shown in Fig. 7c.

Our data also show some defects in the super-lattice structure of MAPs including detach-
ment of MAPs, accompanied by regional microtubule bending caused by calcium binding to
either MAPs or a3-tubulin dimer, or to both (Fig. 8a, b).

3.3.4 Pappus centroid theorem - application

On the basis of the data in Fig. 7a, b, and ¢ and Fig. 8a and b, the basic architectural-structural
arrangements can be schematically illustrated as shown in Fig. 9a, b, and c. An estimation of the
average number of tubulin dimers that occupy the curved part of a microtubule, as well as the
number of MAPs that stabilize microtubule curvature, is made on the basis of an approximation of
the curved part of the microtubule with toroid section (Fig. 9¢). Using Pappus’ centroid theorem
[59] the surface of the toroid section (S) is calculated by the formula

Fig. 7 The one-fold-curved mi-
crotubules. a 2 mg/ml MTP in

1.5 mM CaCl, was viewed by
TEM. Two subpopulations of one-
fold-curved microtubules show
distinctly different curvatures. Bar
is 0.3 um. b The detail (taken from
(a) is an example of the measure-
ment of radii of two typical mi-
crotubule curvatures. The circles
were inserted to best correspon-
dence with the relevant arc-length
of the curvatures. The smaller cur-
vature (a) is 0.0057 + 0.0002 nm-1
with an associated average radius
of 175 nm, and a central angle of
90.08°. The larger curvature (b) is
0.01 + 0.0005 nm-1, with an asso-
ciated average radius of 100 nm,
and a central angle of 130°. Bar is
0.2 um. ¢ Frequency distributions
of the smaller (@) and larger (M)
curvatures

¢ 60

Py 50 @ smaller W bigger

c 40 curve curve

g 30

g 20

+ 10 r/\\

0- : . )
0 0.005 0.01 0.015

Curvature [nm™']

@ Springer



68 V. A. Buljan et al.

a No MAPs MAPs

Curved
microtubule

Straight

m’ microtubule

-

.- '

e Y

Fig. 8 Calcium may induce microtubule curving by partial or complete dislocation of MAPs. a Microtubule
curvature is formed where MAPs are lost completely or partially [92, 93]. b For comparison, a straight
microtubule appears to have all MAPs present. The periodicity of MAPs distribution and the length of projections
(~32 nm) correspond to the MAP-2 superlattice [51, 94]. Bar is 50 nm

_

S=2rxO0xRxr (1)

Fig. 9 The basic architectural considerations of microtubule bending. The degree to which a microtubule can bep>
bent is determined by a combination of intrinsic mobility of the GDP-a3-tubulin dimer within the protofilament
and the presence/absence of MAPs. a (a) The straight microtubule protofilament constituted by GTP-a3-tubulin
dimers and stabilized by MAPs. (b) The straight microtubule protofilament constituted by GDP-«3-tubulin
dimers exhibit two degrees of freedom of motion within the protofilament: rotation about the axis between
neighboring dimers <24°, and it may rotate between its subunits <27° [77]. These motions may allow the
protofilament to bend, although MAPs will stabilize the protofilament against bending. (c) Calcium binding to
MAPs loosens MAPs interaction with GDP-«3-tubulin dimers, allowing the protofilament to undergo curving
<24° between related neighboring GDP- o¢3-tubulin dimers. (d) Calcium binding to both MAPs and to GDP-«[3-
tubulin dimers loosens MAPs interaction and also allows tubulin subunits (cc and (3) to undergo a rotation with
respect to each other <27°. b The behavior of the basic microtubule architecture during bending is illustrated by
considering the motion of the two opposite protofilaments (X,Y) within the microtubule wall, allowing a freedom
of rotation of neighboring dimers relative to each other of 24°. (a) Two protofilaments (X, Y) within the
microtubule wall are positioned opposite to each other at a distance of 15 nm. (b) To conserve the diameter of
the microtubule, when protofilament Y is curved by the rotation of one GDP-x3-tubulin dimer (blue) by 24°, the
curving is automatically accompanied by the curving of protofilament X by rotation of two tubulin dimers (blue).
(c) If microtubule curvature involves an angle greater than 24° then protofilament Y utilizes two successive
rotations (each one is 24°) of two tubulin dimers (blue). In order to maintain the internal diameter of the
microtubule, this is accompanied by the rotation of four tubulin dimers of protofilament X. Hence, the concave
curvature of protofilament Y and the corresponding convex curvature of protofilament X may be expressed in
terms of accompanied radii as: Ry ~ 2.5 tubulin dimers =~ 19.5 nm, associated concave curvature is = 0.051 nm '
while for the convex curvature Rx = 4.0 tubulin dimers ~ 31.2 nm and associated convex curvature is =~
0.032 nm". ¢ Finally, a curved part of the microtubule can be approximated by the toroidal section to calculate
the surface area by applying Pappus’ centroid theorem (see Eq. 1) [59]
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Here 6 is half of the central angle (measured in radians) associated with the curvature, R is the
average radius (measured in nanometers) of the curvature, and 7 is the external radius of the
microtubule (12.5 nm) (Fig. 9c).

Regarding the smaller curvature, the measured half central angle 6 = 0.786 rad (45.04°) and
the radius of the curvature R = 145 £ 12.5 nm (from Fig. 7b(a)). According to formula (1), the
size of the surface of the curved (toroid) section S is 8943 nm?. If a tubulin dimer is
approximated by a cylinder, then the dimensions of the surface of its central axial intersection
are 4 nm x 7.8 nm. Consequently, the size of the surface of the intersection is 31.2 nm?. Here
we did not take into account the gap between neighboring (in the axial direction) tubulin
dimers. Therefore, the number of tubulin dimers that can be accommodated by this toroid
section is 8943 nm? / 31.2 nm?, i.e., 287 tubulin dimers. On the other hand, this toroid section
is constituted by 13 curved microtubule protofilaments. Therefore, on average 22 tubulin
dimers are accommodated by each protofilament of a curved (toroid) region for microtubules
exhibiting a smaller curvature.
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Regarding the bigger curvature, the measured half central angle 6 = 1.134 rad (65°)
and the radius of the curvature is R = 100 £ 12.5 nm (from Fig. 7b(b)). The surface
of the curved (toroid) section S is 8901 nm?. The number of tubulin dimers that can
be accommodated by this toroid section is 8901 nm? / 31.2 nm?, i.e., 285 tubulin
dimers. Consequently, 22 tubulin dimers are accommodated by each protofilament of
a curved (toroid) region for microtubules exhibiting a bigger curvature.

3.3.5 Contribution of calcium interaction with a-tubulin dimer in generating
the microtubule curvatures

Based on the number of «f3-tubulin dimers calculated above to be involved in the
formation of the bigger/smaller curvatures, the number of calcium cations that can
participate, via binding to «{3-tubulin dimers, in the formation of these curves can be
calculated. There are 18 calcium binding sites on each «f3-tubulin dimer [60-62]. If all
tubulin calcium binding sites have to be occupied to create the bigger curvature, then
285 x 18, i.e., 5130 calcium cations are required. Concerning the smaller curvature, the
same rationale, i.e., 287 x 18 gives 5166 calcium cations that participate in the
formation of a smaller curvature via calcium binding to «f3-tubulin dimers.

3.3.6 Contribution of calcium interaction with MAPs in generating the microtubule
curvatures

This architectural-structural data allows an estimation of the contribution of MAPs to micro-
tubule curvature stability. Linker MAPs, or microtubule stabilizers, have an average length of
100 nm and are located mainly along the microtubule grooves [63]. An estimate of the number
of linker MAPs involved in stabilizing the bigger/smaller microtubule curvatures are as
follows: 22 tubulin dimers span approximately 171 nm, consequently 1.71 linker MAPs
may be accommodated per one groove, or 22 linker MAPs in total per curved part of the
bigger microtubule curvature, in order to stabilize it. Concerning the smaller curvature, 22
tubulin dimers span along 172 nm, hence, in order to stabilize the smaller curvature, 1.72
linker MAPs may be accommodated per single groove or 22 linker MAPs per curved (toroid)
part of the smaller curvature.

Based on the number of linker MAPs calculated above to be involved in the
formation of the bigger/smaller curvatures, the number of calcium cations that can
participate, via binding to the linker MAPs, in the formation of these curves can be
calculated. There are three calcium binding sites per one molecule of MAP-2 [64].

If all MAP-2 calcium binding sites have to be occupied to create the bigger curvature, then
22 x 3 ie., 66 calcium cations are required. Concerning the smaller curvature, the same
rationale i.e., 22 x 3 gives 66 calcium cations that participate in the formation of a smaller
curvature via calcium binding to MAP-2, consequently loosening interaction with the corre-
sponding «f3-tubulin dimers.

3.3.7 The maximal number of calcium cations engaged in primary cilium curving is
negligible versus the capacity of TRPP1/2 calcium channels

Due to an abundance of calcium binding sites distributed over the af3-tubulin dimers
and associated MAPs, calcium effects within the microtubule system are versatile and
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quite complex. The calcium that we propose acts upon the axonemal microtubules
enters the internal space of the primary cilium by means of its TRPP1/2 channels. On
the basis of our data, up to approximately 10,428 calcium cations are required to
generate the average curvature of a single microtubule.

In making these calculations, we assume that the average curvature of a microtu-
bule used in the calculations above is equivalent to that of a primary cilium, which
contains nine doublet microtubules within the axonemal system of the primary cilium
(approximately equivalent to 18 microtubules). Thus, we calculate that approximately
18 times more calcium will be required to generate primary cilium curvature com-
pared to that for a single microtubule, which is equivalent to 1.88 x 10° calcium
cations.

However, our results show that an average microtubule curvature, caused by calcium,
is 7.9 x 107> nm ™' while the average curvature of a primary cilium caused by a similar
excess of calcium is 3.9 x 10~ nm™! (Fig. 10). Thus, the average curvature of a primary
cilium is about 20 times smaller than the average microtubule curvature. Therefore,
following the reasoning used before, approximately 20 times more GDP-af3-tubulin
dimers constitute primary cilium curvature (the smaller curvature requires the involve-
ment of a larger number of GDP-xf3-tubulin dimers — see Fig. 9b(c)). Therefore, we
calculate that 20 x 1.88 x 10°> = 3.75 x 10° calcium cations are engaged in generating
primary cilium curvature in vivo.

The capacity of a TRPP1/2 channel is 5.42 x 10'7 calcium ions that can be
transported by TRPP1/2 [65]. This number overcomes 1.45 x 10'' times the maximal
number of calcium cations necessary to create primary cilium curvature. This is in
agreement with the finding that TRPP1/2 channels can supply sufficient calcium ions to
cause primary cilium curving without significantly disturbing global levels of cytoplas-
mic calcium as recently suggested [66].
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I The average primary cilia curvature caused by a culture medium flow (10 pL.s™") only.

] The average primary cilia curvature caused by a culture medium flow with 1 mM
excess of calcium.

Il The average microtubule curvature caused by the presence of 1.0 mM calcium.

Fig. 10 Calcium instigates bending of both primary cilia and microtubules. The average curvature of a single
microtubule is about 20 times stronger than the curvature of the primary cilia
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4 Discussion

In this work, we address the question of biophysical mechanisms underlying primary cilia
morphological changes, such as bending and length changes, in terms of axonemal microtu-
bules bending and changes in length in response to calcium binding to their surface, i.e., to
o -tubulin dimers and microtubule-associated proteins (MAPs).

4.1 Calcium instigated morphological changes of primary cilium

Our data show that calcium is able to mediate changes in the morphological and biophysical
properties of primary cilia subjected to flow, by altering both the extent of bending and the
length of the primary cilia. In calcium-free flow medium, the response by primary cilia was
quite homogeneous, with 90% becoming “slightly” curved, i.e., there was only a small
amplitude change in curvature. This “slight” bending was reversible and no change in the
length of the primary cilia was observed. The remaining 10% of primary cilia did not respond
to flow. However, in calcium-enriched flow medium, there was a bifurcation of response. 90%
of the primary cilia became curved, but 50% demonstrated “slight” bending and 40%
demonstrated “strong” bending. Additionally, the length of the primary cilia was reduced by
6% in the presence of calcium within the flow medium.

4.2 The bending of axonemal microtubules caused by binding of calcium cations
underlies bending of primary cilia: Taxol effects

Although numerous research data have illustrated that calcium may be involved in primary
cilium morphological changes (see Introduction), the molecular mechanism of this is still
elusive. The only data (to our knowledge) that show a direct correlation between calcium entry
in primary cilium intra-space and the behavior of axonemal microtubules was produced by
Montalbetti and colleagues [40]. By examining calcium interaction with the primary cilium
axonemal microtubule system, the role of calcium as a signaling molecule that may be able to
control the dynamics of primary cilium morphological changes may be revealed, allowing
further elucidation of its integration into subsequent cellular signaling events.

Axonemal microtubules constitute the primary cilium skeleton, occupying a large part (~70%) of
primary cilium intra-space. Calcium may directly interact with the axonemal microtubules system
after entering into the primary cilium intra-space via calcium-based TRPP1/2 channels. Changes in
calcium concentration within the primary cilium intra-space can occur without substantially altering
the global cytoplasmic calcium [2]. Within the primary cilium intra-space, calcium may interact with
numerous negatively charged cationic sites (specialized for Ca®* binding) located at the surface of
the o3-tubulin dimer [60—-62, 67]. However, there are also three strong calcium binding sites MAP-
2 [64, 68]. Additionally, previous data have shown that calcium may can cause microtubule
shortening in the absence of MAPs and can induce bending in the presence of MAPs [52, 54].

Having demonstrated a direct effect of calcium on primary cilia morphology, we have
replicated and quantitated these effects on isolated microtubules in vitro, to determine the
quantity of calcium required within a cilium intra-space to mediate structural change in
the axonemal microtubules, such as curving and shortening. By pharmacologically
targeting axonemal microtubule structure with the microtubule stabilizer, taxol, we have
substantially attenuated the morphological/structural effects that we propose are mediated
by cilium intra-space calcium.

@ Springer



Calcium—axonemal microtubuli interactions underlie mechanism(s) of... 73

4.2.1 Interaction of calcium with microtubules in vitro in the presence of MAPs induces
microtubule bending

We have shown that increased calcium concentration produces microtubule bending in the
presence of MAPs in vitro. Bending appears to be single-fold when the calcium concentration is
about 1 mM or less, but becomes multiple-fold at a higher calcium concentration (Fig. 6b).
Furthermore, at intermediate calcium concentrations, a mix of straight and curved microtubule
populations may exist. We propose that a phase separation mechanism may spatially separate
these populations (Fig. 6a, b), in agreement with previous data [52], and consistent with the
population of calcium-free microtubules being more rigidly straight. This finding supports a
direct connection between calcium as a signaling molecule and spatial re-organization of
cellular substructures such as microtubules. Indeed, this observation may be an example of
calcium signaling integration, where calcium initiates events in the primary cilium that are
subsequently transmitted deeper into the cell via a chain of intracellular microtubules.

Our data also demonstrate that within the curving region of the microtubule in vitro, MAP-2
is partially or completely dislocated (Fig. 8). We propose that calcium binding to MAP-2 leads
to a weakening of the MAP-2-microtubule interaction. MAP-2 is a microtubule stabilizer,
hence dissociation of MAP-2 from the microtubule following calcium binding supports the
hypothesis that microtubule bending is, in part, mediated via disruption of MAP-2 interaction
with the microtubule. However, this does not preclude microtubule curving due to the
interaction of calcium directly with «3-tubulin dimers.

Calcium effects on microtubule structure and dynamics encompass a range of other
possibilities that also need to be considered. For example, the tubulin C-terminal tail is
composed of a highly negative amino-acid sequence, and extends away from tubulin by
~4.5 nm. Calcium binding to the tail instigates its compaction that is essential for MAPs
interaction with microtubules [69, 70]. Additionally, calcium may interfere with electric energy
transfer by microtubules [71]. Calcium binding to «3-tubulin dimers and MAPs may also play
a critical role in the activation of nano-pores [72, 73]. Nano-pores are located between
neighboring tubulin dimers, which belong to the neighboring microtubule protofilaments
[74]. Nano-pores are believed to play a role as biological switches [72, 75, 76].

4.2.2 Taxol attenuates primary cilium curving caused by calcium

The microtubule stabilizer, taxol, promotes the assembly of microtubules in the presence of
agents capable of causing disassembly, including calcium, in vitro [55-58]. To directly
demonstrate that primary cilium curving is caused by calcium binding to axonemal microtu-
bules, we demonstrated that taxol attenuated the ability of calcium to cause primary cilium
curving. This observation strongly supports our hypothesis that primary cilium curving is
caused by calcium binding to the axonemal microtubule system.

4.2.3 Calcium is a common denominator between microtubule and primary cilium
curving

Our data have shown that calcium may instigate curving of microtubules as well as primary
cilia. However, the average curvature of primary cilia, under our experimental conditions, was
an order of magnitude smaller than those of microtubules free in solution. If no other factors
were involved that are capable of destabilizing the axonemal microtubule system, the
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difference in extent of curvature could be due to the additional stabilization of the axonemal
microtubule system by its intrinsic construction pattern conditions (nine doublets of intercon-
nected microtubules). In spite of the apparent difference in the extent of curvature, it is likely
that calcium is the common cause of the bending phenomena in both cilia and microtubules.
Therefore, one can conclude that it is likely that curving of axonemal microtubules, due to
calcium binding, allows curving of primary cilia under flow conditions.

4.3 Bifurcation in the extent of microtubule bending caused by calcium excess

The bifurcation phenomenon associated with microtubules bending caused by calcium is
reflected in the appearance of the two different subpopulations of curved microtubules with
distinctly different curvatures. It appears that the smaller curvature corresponds to the bending
of the microtubule protofilament, formed by GDP-of3-tubulin dimers, due to re-alignment
between neighboring GDP-af3-tubulin dimers: the bending amounts <24° [77]. In theory, this
bending may be caused by a MAP-2 conformational change due to calcium binding to MAP-2.
On the other hand, the bending with a larger curvature is likely to correspond to bending of the
protofilament between « and 3 tubulin subunits: this bending amounts to <27° [77]. Similarly,
this bending may be caused by conformational changes within MAP-2 that are associated with
the relevant tubulin subunits. It is also possible that conformational changes within relevant
tubulin subunits, caused by independent calcium binding to tubulin itself, can contribute to this
bending. It is also possible that the two different curvatures may be produced by varying
combinations of these two bending modalities.

It has been previously shown that microtubule-associated proteins (MAPs) make an impor-
tant contribution in microtubule bending due to calcium binding [52]. Indeed, calcium binding
“to either the low or high affinity Ca>* binding sites on tubulin may decrease the interaction of
o -tubulins with the microtubule-binding domain of MAPs, leading to an increase in curva-
ture” [68]. In addition, microtubule stabilization by MAPs against calcium effects is very
strong: “MAPs-free tubulin is nearly an order of magnitude more sensitive to Ca®* than
observed in the presence of MAPs” [78]. Therefore, the role of MAPs should be taken into
account in microtubule bending caused by calcium. Our data show that irregularity in the MAP-
2 super-lattice and detachment of MAP-2 accompanies microtubule regional curving.

4.4 Importance of non-linearities within the primary cilium intra-space in terms
of calcium interactions with axonemal microtubules

Our data show that the bifurcation phenomenon is present in morphological changes of both,
primary cilium and microtubules. The occurrence of bifurcations in turn strongly suggests that
events related to the intra-cilium space are driven by non-linearities. Indeed, the first and
foremost non-linearity relates to ‘dynamic instability’ of microtubule growth. This non-
linearity is underlined by the two other non-linearities, which involve strong and complex
electrostatic interactions and cross diffusion. Both of these are strongly implicated by high
level crowdedness within the intra-cilium space. The o3-tubulin dimer, the intrinsic building
block of microtubules, may undergo a great variety of conformational changes, which in turn
instigate the non-equilibrium process known as ‘dynamic instability’ [79, 80]. Dynamic
instability consists of random inter-conversions between periods of fast shrinking and slow
extension of a microtubule during its growth. Since its discovery, dynamic instability has
become a hallmark of non-linear microtubule behavior [81].
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Importantly, the primary cilium backbone, constituted by nine microtubule doublets known
as axonemal microtubules (Fig. 1¢), is directed toward the tip of the primary cilium, where the
microtubule fast growing end, that exhibits prominent dynamic instability, is located. This
indicates that there could be tight correlation between primary cilium morphological changes
and axonemal microtubule dynamic instability. Therefore, it is reasonable to expect that
diverse, rapid and reversible morphological changes of primary cilium are critically driven
by non-linear characteristics of axonemal microtubule dynamic instability. In other words, the
phenomenological similarity of non-linear dynamics of the primary cilium shortening/
extension and in vitro microtubule shortening/extension may have a common molecular basis,
which is the non-linearity of microtubule dynamic instability.

It is also important to note that the dynamic instability phenomenon may be additionally
modulated by other strong nonlinearities, mediated by complex electrodynamic interactions
and cross-diffusion that occur within the highly crowded primary cilium intra-space [69, 71,
82-86].

Electrodynamic conditioning originates from the strong surface charge of microtubules,
including both the o 3-tubulin dimer and MAPs, as well as the bound calcium cationic charge.
The surface of the «f3-tubulin dimer exhibits strong overall net negative charge density [87].
Apart from strong electrostatic forces, the overall net negative electric surface charge of the
af3-tubulin dimer generates a strong dipole moment pertained to each o3-tubulin dimer [69,
88, 89]. Moreover, the existence of ionic clouds around individual microtubules has been
quantitatively predicted, yielding non-linear ionic pulses along individual microtubules, and
strong ionic coupling between them [69, 71, 82-85, 90, 91]. Furthermore, dipole moments can
influence the dynamics of microtubule growth, by contributing to dynamic instability, by
directly affecting the strength of «f3-tubulin dimer-dimer interactions [69, 88].

Additionally, these electrostatic forces may influence the way in which axonemal microtu-
bules form and maintain their doublet structure, under the boundary conditions within the
narrow and crowded intra-space of the primary cilium. The ionic clouds of individual
microtubules and non-linear ionic pulses, in the case of nine doublets of radially organized
microtubules within the primary cilium, may in turn generate a more complex electro-dynamic
and integrative super-structure that includes all axonemal microtubules [88, 90]. The electro-
dynamic phenomenon is of particular importance within the primary cilium, since the con-
densed ionic cloud may form an electrostatic mantle around the axonemal microtubules, all
located within a small, closed, highly crowded space between the surface charge of axonemal
microtubules and the charged primary cilium membrane.

Cross-diftusion of the calcium cation may be another source of non-linearity, since the
movement of calcium through the primary cilium intra-space, its docking and final interaction
with MAPs or the microtubule surface may all be affected by the electrostatic mantle. The
axonemal set of nine microtubule doublets, including MAPs, occupies a substantial part of the
intra-ciliary space (~70%). Apart from microtubule proteins, more than 1000 other protein
species have been identified within the intra-ciliary space. Since the intra-ciliary space is
defined by narrow boundary conditions, i.e., it is 200 nm in diameter and several microns in
length, the intra-ciliary space seems highly crowded. Consequently, the high excluded volume
determined by the high crowdedness is likely to significantly affect all interactions and
freedom of motion of all particles, including proteins, and in particular small ions, such as
the calcium cation. For example, assuming a high surface charge of the microtubule system
and large excluded volume, cross-diffusion within the intra-cilium space is highly likely to
essentially be a non-linear phenomenon [86]. Under conditions of cross-diffusion, the
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concentration gradient of one species may change the gradient of another species. Therefore,
the gradient of calcium cations may be influenced by the gradient of another species, and vice
versa.

The motion of calcium cations within the intra-ciliary space may be modulated by both
mechanochemical forces, such as cross-diffusion gradient forces, and electrodynamic forces.
There may be strong coupling between these two non-linear phenomena within the intra-
ciliary space. Consequently, our current data suggest that the interplay between these two
forces may critically tune the calcium-dependent ability of microtubules to modulate signals,
particularly electro-mechanical signals, orchestrated by microtubule morphological changes
within the primary cilium [88].

Finally, the non-linear nature of the system is also highlighted by the minuscule amount of
calcium cations necessary for bending of the primary cilium by means of microtubule skeleton
bending. We have estimated that this critical amount is far smaller than the capacity of TRPP1/
2 calcium channels by approximately a factor of 1.45 x 10'". This amount of calcium is
negligible, and would not be expected to significantly disturb the global level of cytosol
calcium, but it is sufficient to instigate gross morphological changes with the primary cilium
[3, 39, 66].

Speaking generally, instigation of gross changes within a system by a negligible amount of
a certain agent is a typical characteristic of non-linear systems. The insight that our data
provide into the non-liner nature of ciliary signaling highlights the potential importance of the
small changes in calcium concentration being substantially multiplied in terms of ciliary
functional characteristics. Microtubule dynamic instability, as a non-linear phenomenon, is
endowed with substantial and sudden bifurcation points. Therefore, if the concentration of a
certain agent, e.g., calcium, is slightly altered above or below the critical threshold, the
microtubule system will undergo significant shortening/extending or bending/straightening.
Therefore, under particular solution conditions, this effect may drive the whole system
(primary cilium morphology) in one direction or the other. Consequently, non-linearity,
together with the strong bifurcation points of axonemal microtubule dynamic instability, could
be the starting point for understanding “dual and opposing roles of primary cilia in medullo-
blastoma development” [15].

4.5 Conclusions

Calcium entry into primary cilia is regulated by calcium-sensitive polycystin channels
(TRPP1/2). Our data strongly supports the hypothesis that calcium binding to axonemal
microtubules in turn leads to nonlinear regulation of cilia morphology, in terms of curvature
and length changes. This fundamental mechanism is highly likely to be of relevance in both
health and disease, as the extracellular availability of calcium is tightly controlled, especially in
the central nervous system.

Taken together, our work demonstrates that axonemal microtubules are not only tracks that
merely support the transport of different proteins between the tip of primary cilia and their
bases, but represent more complex, dynamic structures that are specifically sensitive to
signaling agents, such as the second messenger calcium. This may explain the disassembly
and re-assembly of primary cilia on coordinated time scales and in different phases of the cell
cycle. Our results illustrate a few rather simple dynamic morphological changes of primary
cilia in response to calcium binding. Moreover, it is reasonable to assume that complex
dynamic responses of axonemal microtubules, which interact with signaling agents, play an
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important role in the pathogenesis of various diseases. The development of future therapies for
ciliopathies seems especially attractive in the context of cancer and nervous system aging.
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