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ABSTRACT For over 50 years, it has been known that the mitosis of eukaryotic cells is inhibited already at high hydrostatic
pressure conditions of 30 MPa. This effect has been attributed to the disorganization of microtubules, the main component of
the spindle apparatus. However, the structural details of the depolymerization and the origin of the pressure sensitivity have
remained elusive. It has also been a puzzle how complex organisms could still successfully inhabit extreme high-pressure
environments such as those encountered in the depth of oceans. We studied the pressure stability of microtubules at different
structural levels and for distinct dynamic states using high-pressure Fourier-transform infrared spectroscopy and Synchrotron
small-angle x-ray scattering. We show that microtubules are hardly stable under abyssal conditions, where pressures up to
100 MPa are reached. This high-pressure sensitivity can be mainly attributed to the internal voids and packing defects in the
microtubules. In particular, we show that lateral and longitudinal contacts feature different pressure stabilities, and they define
also the pressure stability of tubulin bundles. The intactness of both contact types is necessary for the functionality of microtu-
bules in vivo. Despite being known to dynamically stabilize microtubules and prevent their depolymerization, we found that the
anti-cancer drug taxol and the accessory protein MAP2c decrease the pressure stability of microtubule protofilaments. More-
over, we demonstrate that the cellular environment itself is a crowded place and accessory proteins can increase the pressure
stability of microtubules and accelerate their otherwise highly pressure-sensitive de novo formation.
INTRODUCTION
Although they are exposed to extremes of temperature,
pressure, pH, and salinity, a great variety of creatures
can still be found living in regions characterized by these
phenomena, which represent the greatest portion of our
biosphere on Earth (1). Living systems, both prokaryotes
and eukaryotes, are organized into highly dynamic and
structured functional units, providing a platform for life.
A dynamic and protein-composed cytoskeleton is required
to spatiotemporally organize the cellular content, to estab-
lish cell shape, to provide mechanical strength, and to
realize movement (2). It has been shown that such delicate
tasks are among the most pressure-sensitive processes
found in vivo (3–5). However, the underlying mechanism
of the pronounced pressure sensitivity of the cytoskeleton
is still largely unknown and is hence the focus of this
work.
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The eukaryotic cytoskeleton consists of four main kinds
of filaments: actin filaments, microtubules, intermediate
filaments, and septins (6). Among such non-covalently
built-up biopolymers, microtubules are mainly involved
in developing and maintaining cell shape and polarization
and providing platforms for intracellular transport, and
they are crucial for cell signaling and mitosis (2). To fulfill
those functions, the heterodimer consisting of a- and
b-tubulin (ab-tubulin) polymerizes into hollow tubes of
�25 nm in diameter, whereby the heterodimers form linear
protofilaments in a head-to-tail fashion, and 10–15 of them
then associate laterally to form a hollow and polar cylinder
(7). Each tubulin monomer binds a guanine nucleotide,
whereby the nucleotide bound to a-tubulin (N-site) is
buried at the intradimer interface and is not hydrolyzed
upon polymerization, whereas GTP bound to b-tubulin
(E-site) is exchangeable in solution and becomes hydro-
lyzed in the polymerized state (7,8). Lateral interactions
between protofilaments occur between adjacent a-tubulins
and adjacent b-tubulins (homotypic contacts) forming a
B-lattice with a seam in which a-tubulin and b-tubulin
interact laterally (heterotypic contacts) (9,10).
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Pressure Effects on Microtubules
The microtubule assembly in vitro and in vivo is distin-
guished by the energetically unfavored and time-consuming
nucleation step, which is bypassed in vivo by microtubule
templates such as g-tubulin ring complexes localized at
the microtubule-organizing center (11,12). Spontaneous
polymerization of tubulin in vitro requires a stable olig-
omer/nucleus consisting of several tubulin dimers (13).
Once such nuclei are formed, they will elongate rapidly in
both longitudinal and lateral direction (14). At steady state,
microtubules undergo rapid cycles of growing and shrink-
ing, a non-equilibrium behavior called dynamic instability
(15), which is crucial for their cellular functions and is ener-
getically realized by the polymerization-triggered hydroly-
sis of GTP bound to b-tubulin. A recent cryo-electron
microscopy study revealed that the GTP hydrolysis pro-
vokes a lattice compaction around the interdimer interface
along the protofilament axis, which is proposed to cause
conformational strain that would be released by breaking
of the lateral contacts and bending of the protofilaments
during depolymerization (10,16,17). Interestingly, the struc-
tural compaction induced by GTP hydrolysis is inhibited in
the presence of taxol, an antimitotic drug, which binds to a
pocket in b-tubulin and is known to prevent microtubules
from depolymerization (16,18).

In vivo, myriad microtubule-associated proteins (MAPs)
are known to regulate the formation and the non-equilib-
rium dynamics of microtubules in a nucleotide-independent
manner, mostly by stabilizing them against depolymeriza-
tion (19). However, there are also MAPs (e.g., MCAK,
Kip3p, and Kar3) known to destabilize microtubules, in
particular by accumulating at the ends of growing microtu-
bules, and thus to balance the growth and shrinkage
required to regulate their dynamics (19,20). In case of sta-
bilizing factors, MAPs like tau and MAP2 are also shown
to be involved in inducing bundle formation of microtu-
bules to grow and maintain membrane protrusions like
axons and dendrites (21–23). Interestingly, such proteins
do not directly cross-link the microtubules within the
bundle, but control spacing between them by long-range
repulsive forces reminiscent of polyelectrolyte polymer
brushes (24). The C-terminal domain of such MAPs con-
sists of three or four 18-residue microtubule binding repeats
allowing electrostatic binding to the microtubule surface,
whereby each repeat binds to one tubulin monomer, allow-
ing longitudinal stabilization of microtubule protofilaments
by bridging the interdimer interfaces (25). Furthermore,
such abilities to bridge and shield charges have been
reported to accelerate the steps of nucleation and elongation
during microtubule formation (26–28). The N-terminal
projection domain of MAPs varies in length for different
isoforms and is highly negatively charged to keep microtu-
bules at a distance from each other (29,30). However, the
mechanism by which MAP2 and tau mediate attractive
interactions between microtubules within bundles is largely
unknown. Recently, the Safinya group proposed a mecha-
nism by which the projection domains of tau on opposing
microtubules mediate the spacing by a balance between
repulsive forces and transient sub-kBT cationic/anionic
charge-charge attractions (22). In vitro, like-charge attrac-
tion between the negatively charged microtubules and
formation of tightly packed hexagonal bundles have been
observed in the presence of multivalent counterions (elec-
trostatic condensation) and concentrated solutions of poly-
mers (depletion attraction) (31–33).

Pioneering works in the 1960s to 1980s showed that
elevated hydrostatic pressure induces mammalian epithe-
lial cells to round up or marine eggs to arrest in the cell
cycle, processes largely caused by disorganization of actin
stress fibers and spindle microtubules, respectively (3–5).
Pressures up to 30 MPa have been shown to induce rapid
and reversible depolymerization of microtubules in a
variety of eukaryotic cell types and thus to inhibit mitosis.
However, details and the underlying mechanism of their
pronounced pressure sensitivity are largely unknown.
In contrast, actin filaments, another important component
of the eukaryotic cytoskeleton, have been shown to be
stable up to �150–200 MPa (34,35). Recently, our labora-
tory showed that the pressure sensitivity of actin fila-
ments originates from the limited pressure stability of
the monomeric building block, which is hardly stable un-
der abyssal conditions, and that actin-binding proteins
such as cross-linkers and nucleators can significantly
improve their pressure resistance (35–37). Here, we sys-
tematically studied the pressure stability of microtubules
at different structural levels and for distinct dynamic states
using high-pressure Fourier-transform infrared (FTIR)
spectroscopy and Synchrotron small-angle x-ray scattering
(SAXS). Our data provide structural details of the pres-
sure-induced disintegration of microtubules and shed
new light on molecular strategies to improve their pressure
resistance.
MATERIALS AND METHODS

Reagents

ab-Tubulin purified from calf brain was obtained from the Centre of

Biological Research (CSIC; Madrid, Spain) as lyophilized powder. PIPES

(1,4-piperazinediethanesulfonic acid), spermidine, and spermine were pur-

chased from Sigma-Aldrich (Taufkirchen, Germany). Taxol from Taxus

brevifolia was purchased from Sigma-Aldrich as dry powder and was dis-

solved in dimethylsulfoxide with a stock concentration of 2 mM.
Purification of MAP2c

Rat MAP2c was purified as described previously (38). Detailed methods

can be found in the Supporting Material.
Sample preparation

Detailed methods for preparing dynamic and taxol-stabilized microtubules

can be found in the Supporting Material.
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High-pressure Synchrotron SAXS

SAXS experiments were performed at the beamline BL9 of DELTA in

Dortmund, Germany (39), and the beamline I22 of the Diamond Light

Source in Didcot, United Kingdom (40). Detailed methods can be found

in the Supporting Material.
High-pressure FTIR

Pressure-dependent FTIR spectra were collected using a Nicolet 6700 FTIR

spectrometer (Thermo Fisher Scientific, Waltham, MA) equipped with a

liquid-nitrogen-cooled MCT detector (HgCdTe). Pressure up to 400 MPa

was applied using a P-series diamond anvil cell (DAC) with type IIa dia-

monds (High Pressure Diamond Optics, Tucson, AZ). Detailed methods

can be found in the Supporting Material.
Turbidimetry

High-pressure turbidimetry experiments were performed using a home-

built pressure cell equipped with two sapphire windows. Detailed methods

can be found in the Supporting Material.
Determination of void volumes

Void volumes are defined as water-inaccessible space inside proteins

after removing all hetero atoms and were calculated using the

CASTp server (41). Detailed methods can be found in the Supporting

Material.
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RESULTS

Stability of secondary structure

To explore the pressure stability of microtubules, we first
examined the secondary structures of tubulin in distinct
morphological states, as well as in the absence and presence
of MAP2c, an isoform of MAP2 with a relatively short
projection domain. To this end, the microtubules were
polymerized in the presence of MAP2c at a 1:5 molar
ratio of MAP2c to ab-tubulin. Fig. 1 shows the pressure-
dependent FTIR spectra of ab-tubulin, microtubules, and
MAP2c-bound microtubules. At ambient pressure, the
area-normalized absorbance spectra of their amide I0 bands
(1700–1600 cm�1) are very similar in shape (Fig. 1, A–C).
Only small differences are visible in the corresponding sec-
ond-derivative spectra, which originate mainly from the
different contents of secondary structure elements such as
a-helices, b-sheets, turns, and random coils (Fig. 1, D–F)
(42). Upon pressurization up to �400 MPa, only marginal,
but still significant, changes in spectral shape are visible,
indicating no global unfolding of the protein. Conversely,
high temperatures above 80�C lead to unfolding with subse-
quent aggregation, as indicated by the intermolecular
b-sheet bands appearing at 1684 and 1618 cm�1 (Fig. 1,
G–I). The second-derivative spectra of ab-tubulin, microtu-
bules, and MAP2c-bound microtubules reveal that the
MAP2C
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FIGURE 1 Effect of pressure on the secondary

structure of microtubules in distinct morpholog-

ical states. (A–F) Pressure-dependent normalized

FTIR absorbance spectra (A–C) and second-deriva-

tive spectra (D–F) of the amide I0 band (1700–

1600 cm�1) for ab-tubulin, microtubules, and

MAP2c-bound microtubules at 37�C. (G–I) Temper-

ature- and pressure-induced secondary structure

changes are shown as normalized absorbance

spectra. To see this figure in color, go online.
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FIGURE 2 Effect of pressure on the quaternary structure of active and

non-active microtubules. Pressure-dependent and azimuthally averaged

Synchrotron SAXS data for (A) active microtubules at 37�C, and (B)

taxol-stabilized microtubules at 25�C. The dotted lines show the fits for

calculation of the pair-distance distribution function (refinement) (see the

Supporting Material). The dash-dotted lines indicate the fitted model scat-

tering curves for microtubules (MT) and protofilaments (PF) (see Results).

To see this figure in color, go online.

Pressure Effects on Microtubules
region most affected by pressure ranges from 1660 to
1630 cm�1, which is assigned to a-helices, b-sheets, and
random coils (Fig. 1, D–F). Pressure induces vanishing of
the minima at 1653 and 1637 cm�1, suggesting partial
unwinding and unfolding of a-helices and intramolecular
b-sheets. This is also consistent with the concomitant rise
of the subband at 1644 cm�1, which is assigned to random
coils (43). In the case of ab-tubulin and microtubules, the
additional pressure-induced shift toward lower wavenum-
bers can be ascribed to enhanced exposure of such second-
ary structure elements to the solvent and thus toward
strengthened hydrogen bonds between the backbone
carbonyl groups and the solvent molecules (44). This obser-
vation might originate not only from partial unfolding,
but also from disassembly of the heterodimers and microtu-
bules leading to increased solvent-exposed secondary struc-
ture elements. By contrast, the presence of MAP2c causes a
blue shift of such subbands, which can be ascribed to the
pressure-induced elastic compression of chemical bonds
(45). This indicates that those structural elements may
interact with MAP2c and thus are shielded from the solvent,
even upon a pressure increase up to�400 MPa. The second-
ary structure of MAP2c itself is not affected by pressure in
that range (Fig. S1). In contrast, the minima at 1684 and
1671 cm�1, assigned to b-sheets and b-turns, shift slightly
in all three cases to higher wavenumbers. Hence, those sec-
ondary structure elements are buried inside the protein and
are hardly affected by pressure. However, the increase of the
subband around 1616 cm�1 gives evidence of intermolec-
ular b-sheet formation and thus partial aggregation induced
by pressure (46), which is less pronounced compared to
the thermally induced aggregation upon protein unfolding
(Fig. 1, G–I).
Pressure effect on the quaternary structure

We performed complementary high-pressure Synchrotron
SAXS studies to obtain structural information about the mi-
crotubules on the Ångstrom scale. Fig. 2, A and B, exhibits
the pressure-dependent and background-subtracted SAXS
intensity profiles of microtubules in the active (in the pres-
ence of excess GTP) and non-dynamic (stabilized by taxol)
states, respectively. At atmospheric pressure, the shape of
the scattering data is in both cases typical for the form factor
of hollow cylinders (31). A qualitative fit shows that the
active microtubules can be modeled as hollow cylinders
with a wall thickness of 49 Å and an inner radius of
89–90 Å, which corresponds to the dimension of microtu-
bules mainly consisting of 14 protofilaments (Fig. 2 A)
(47). This is in agreement with literature data (7). In the
case of the taxol-stabilized microtubules, the average
inner radius is reduced to 84 Å when the wall thickness is
kept constant (Fig. 2 B). This is also consistent with the
observation that, in addition to stabilizing the existing
population, taxol addition to preformed microtubules leads
to the appearance of 12-protofilament microtubules by
decreasing the critical tubulin concentration for assembly
(18,48,49). Upon pressurization, the intensity of the scat-
tering maxima decreases, indicating disintegration of both
microtubule species (Fig. 2). For the active microtubules,
an intermediate species is observed at 155 MPa upon micro-
tubule disintegration. Its scattering profile is characteristic
of protofilaments, featuring a diameter of �48 Å. Upon
further compression up to 305 MPa, such protofilaments
vanish and dissociate into oligomeric species. The pair-dis-
tance distribution function, p(r), indicates a globular form
for such oligomers with an average radius of gyration, Rg,
of 130 Å (Fig. 2 A; Fig. S2). In contrast, pressure induces
the taxol-stabilized and non-active microtubules to disso-
ciate directly into oligomeric species with a smaller Rg value
of 90 Å (Fig. 2 B; Fig. S2). At 150 MPa, the microtubules
are completely dissociated, without forming an intermediate
species. This finding suggests that binding to taxol destabi-
lizes protofilaments against pressure and causes simulta-
neous disintegration of lateral and longitudinal contacts of
microtubules.

Next, we tested whether MAP2c, known to longitudinally
bridge tubulin subunits along the protofilaments, thereby
inhibiting dynamic instability (25), is able to stabilize the
longitudinal contacts of active microtubules against pres-
sure (Fig. 3 A). At ambient conditions, the shape of the scat-
tering pattern is entirely determined by the form factor of
non-interacting microtubules, indicating that MAP2c does
not induce formation of microtubule bundles as it does
in vivo (21). However, the SAXS profile is shifted to lower
q in the presence of MAP2c, indicating an increase of the
radial size of microtubules (Fig. 3 B). Both an increased
Biophysical Journal 114, 1080–1090, March 13, 2018 1083
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protofilament number and wall thickening due to MAP2c
binding can contribute to the observed radial expansion of
microtubules. Qualitative fits suggest that either the mean
protofilament number is increased from 14 to 16 or
MAP2c binding causes an 18-Å-thick layer on the microtu-
bule surface (Fig. 3 B). As the contrast between the electron
density in the region containing MAP2c and that of water is
expected to be small (25,50), the latter scenario seems
unlikely. Again, we found a simultaneous disintegration
of lateral and longitudinal contacts upon pressurization,
but with ab-tubulin dimers as the dominating species at
155 MPa, which denature and vanish upon further compres-
sion up to 305 MPa (Fig. 3 A; Fig. S3). When starting from
the unpolymerized state, a pressure-dependent behavior
similar to that for ab-tubulin is observed, although it ex-
hibits less pressure stability (Fig. S3). Hence, binding to
the longitudinal cross-linker does not improve, but rather
impairs the pressure resistance of the microtubule’s longitu-
dinal organization.
Pressure stability of microtubule bundles

Further, we investigated the pressure stability of microtu-
bule bundles, tubulin’s next level of supramolecular self-as-
sembly, whereby the like-charge attraction between the
taxol-stabilized microtubules is induced either by electro-
static condensation or by depletion attraction. Multivalent
cations such as spermidine (3þ) and spermine (4þ) have
been reported to condense onto microtubules as polyanions,
thereby partially neutralizing their charge and thus inducing
1084 Biophysical Journal 114, 1080–1090, March 13, 2018
attractive interaction between them (31). Depletion attrac-
tion can be found in crowded environments like those
encountered in cells, where up to 40% of the cellular volume
is occupied by different macromolecules (51). As the
ensuing effect of excluded volume increases the osmotic
pressure and entropy penalty (52), attractive forces between
macromolecules such as microtubules are facilitated (32).
To mimic the intracellular crowding density, polyethylene
glycol (PEG) 20k was used as a crowding agent. Fig. 4 A
shows that both electrostatic and depletion forces are able
to induce the formation of microtubule bundles, which are
packed into a hexagonal lattice, as indicated by the
Bragg peak positions at q10; q11 ¼

ffiffiffi

3
p

q10; q20 ¼ 2q10;
q21 ¼

ffiffiffi

7
p

q10; q30 ¼ 3q10; and q31 ¼
ffiffiffiffiffi

13
p

q10, with a cen-
ter-to-center distance of aH ¼ 4p=ð ffiffiffi

3
p

q10Þ. Some diffrac-
tion peaks are not apparent due to the overlapping
form factor minima of microtubules at those positions.
The peak maxima at q11 and q21 were analyzed. In the
case of the cations spermidine and spermine, the center-
to-center distances amount to �303 and 295 Å, whereas
the presence of 10 and 20 wt % PEG 20k causes center-
to-center distances of �303 and 292 Å, respectively. Hence,
the tightness of the hexagonal bundles increases with the
valence of the counterion as well as the crowding density,
findings that are consistent with literature data (31,32).
When applying pressure, we observed a direct dissociation
of all but the spermidine-induced bundles into denatured
oligomers of tubulin, indicating that the pressure stability
of the bundle phase is predominantly determined by the
pressure limits of microtubules (Fig. 4, C–E). In the case
of spermidine, pressurization up to 90 MPa induces a
gradual dissociation of the bundles into individual microtu-
bules, which then disintegrate completely at 150–165 MPa
(Fig. 4 B). This can be explained by the weakening effect
of pressure on electrostatic interactions (referred to as the
electrostrictive effect), because dissociation of ion pairs
results in rehydration of the ions, which is accompanied
by formation of a compact hydration layer and thus reduc-
tion in the overall volume (53). Similar pressure sensitivity
was recently observed for Mg2þ-induced actin filament
bundles (36). In contrast, the charge density of the tetrava-
lent cation spermine seems to be high enough to overcome
the electrostrictive effect and maintain the electrostatic
condensation of the microtubules up to 150–165 MPa,
where pressure causes complete disintegration of taxol-sta-
bilized microtubules. It is interesting to note that the crowd-
ing effect induced by PEG elevates the pressure stability of
microtubules to 180–195 MPa.
Pressure sensitivity of microtubule
polymerization kinetics

By performing pressure-dependent turbidimetric measure-
ments at 37�C, we studied also the polymerization kinetics
of microtubules as a function of pressure (Fig. 5). In
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addition, using MAP2c as a nucleator, we could bypass the
initial nucleation step, allowing us to distinguish between
the events of nucleation and elongation (Fig. 5 A). In the
absence of MAP2c, a sigmoidal polymerization profile is
observed, where small elongation-competent tubulin oligo-
mers have first to be formed in the nucleation step for further
lateral and longitudinal growth in the elongation phase
(Fig. 5 A). The addition of MAP2c leads to the nucleation
phase being bypassed, resulting in an exponentially shaped
time course of polymerization (Fig. 5 A). Increasing pres-
sure modulates the kinetics of the nucleation and elongation
events differently (Fig. 5, B–E). Although the de novo
polymerization of tubulin is already retarded at 60 MPa
and nearly inhibited at 90 MPa within the measured time
range (Fig. 5, B and C), the elongation kinetics is hardly
affected by pressure up to 90 MPa (Fig. 5, D and E). Owing
to the relatively high dead time of the high-pressure setup,
the data are interpreted in a qualitative manner only. How-
ever, the pressure-dependent decrease of the plateau values
of the unnormalized turbidimetry data in both cases indi-
cates that smaller amounts and/or shorter microtubules are
formed under high-pressure conditions. Formation of un-
usual assemblies like spirals, flat sheets, and other oligomers
could also contribute to the reduced turbidity. Such findings
render the initial oligomer formation the most pressure-sen-
sitive process of microtubule formation.
DISCUSSION

According to Le Châtelier’s principle, an increase of pres-
sure shifts a chemical equilibrium toward conformations
occupying smaller volumes, commonly realized by the
release of defect volumes (packing defects) inside biomole-
cules or at intermolecular interfaces (54,55). Generally, a
change in reaction volume can be described as the sum of
intrinsic, thermal, and hydration contributions (56). The
intrinsic volume consists of the van der Waals volume of
the constituent atoms plus the volume of intrinsic voids,
which are water inaccessible. The hydrational term de-
scribes, with regard to the bulk solvent, the solvent volume
associated with the hydration of solvent-accessible atomic
groups of the biomolecule. The thermal volume is caused
by void volumes surrounding the solvent-accessible surface
area (SASA) of the biomolecule and results from thermally
induced mutual molecular vibrations and reorientations of
the solute and the solvent. Unlike thermal unfolding, high
pressures generally cause water penetration into the biomol-
ecule’s interior, resulting in filling of the voids and swelling
of the core. In particular, pressure-induced unfolding of
proteins is mainly determined by the presence of internal
cavities and voids (57–59). To reveal the molecular origin
of microtubule pressure sensitivity, we calculated the
water-inaccessible voids (without mouth openings to the
outside bulk solution) located inside microtubules based
on cryo-electron microscopy structures using CASTp (41).
We found significant voids in the tubulin subunits and pack-
ing defects at the contact sites along the protofilaments,
whereas the lateral contacts between the protofilaments do
not contribute to any significant defect volumes. Such inter-
filament contacts are only created by a single point, where a
tyrosine or histidine residue of one subunit is sandwiched by
Biophysical Journal 114, 1080–1090, March 13, 2018 1085
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two loops of the adjacent subunit, resembling a lock-and-
key configuration (10). Despite a high degree of identity,
a-tubulin shows increased internal void volumes compared
to b-tubulin (Fig. 6 A). Notably, events like GTP hydrolysis
and binding to taxol lead to an increase of voids within the
a-subunit (Fig. 6 C). In contrast, packing defects along the
protofilaments are more pronounced for the intradimer than
for the interdimer interface (Fig. 6, B and C). Therefore,
such voids and packing defects can significantly impair
the stability of microtubules under high-pressure conditions.

Our results clearly show that the lateral contacts are
the most pressure-sensitive interactions in active microtu-
bules. The most likely explanation for this high-pressure
sensitivity could be the fragile lock-and-key configuration
forming the lateral contact, which may be susceptible to
perturbation by the high local compressibilities of internal
voids of the tubulin subunits. Thus, any minor structural
change of this contact site, most likely induced by the
partial unfolding and unwinding of secondary structure
1086 Biophysical Journal 114, 1080–1090, March 13, 2018
elements of tubulin, as observed by FTIR spectroscopy,
can cause lateral dissociation of the microtubules into
protofilaments. The subsequent disintegration of the proto-
filaments observed upon further pressurization can be inter-
preted as a consequence of release of packing defects at the
longitudinal contact interfaces. This is further facilitated by
the pressure-induced weakening of salt bridges and polar
interactions, which are involved in forming the intra- and
interdimer contacts (8). Another possibility is the release
of the nucleotide at the E- and/or N-site, which has been
demonstrated to cause disintegration of filaments formed
by actin and its prokaryotic homolog ParM upon pressuri-
zation (34,60). In the case of taxol-stabilized microtubules,
we found the pressure stability of the microtubule protofila-
ments to be decreased. Although taxol binds to a pocket in
b-tubulin and restores the GDP lattice to a GTP-like
extended state by swelling its binding site and expanding
longitudinally the interdimer interface (16), our void
analysis shows that taxol binding is also accompanied
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by significantly increased formation of packing defects in
a-tubulin (Fig. 6 C). This could explain the simultaneous
dissociation of lateral and longitudinal contacts of taxol-
bound microtubules under high-pressure conditions. In
contrast to the case of taxol binding, the decreased pressure
stability of protofilaments observed in the presence of
MAP2c is more likely caused by additional packing defects
at the longitudinal interfaces provoked by lattice con-
straints, which are a result of MAP2c acting on the protofi-
lament conformation. These findings indicate that such
longitudinal cross-linkers are not able to do double duty
and that other molecular strategies are thus required to
improve the pressure tolerance of microtubules in deep
sea organisms. Interestingly, although taxol and MAP2c
modulate the number of protofilaments and thus the lattice
of microtubules, we did not find distinguishable pressure
stabilities for lateral organization among the microtubule
types.

Given the observed pressure sensitivity of the lateral and
longitudinal contacts in microtubules, we found that they
also determine the pressure stability of the bundle phase,
which is in stark contrast to the effect of pressure on actin
filament bundles. Recently, we reported that interfilament
interactions between actin filaments realized by electrostatic
condensation (induced by Mg2þ) and a protein cross-linker
(fascin) are gradually diminished by pressure, leading to a
decreasing tightness of the bundle phase and thus a contin-
uously increasing interfilament distance before complete
dissociation into actin filaments occurs (36). In the case
of microtubule bundles, pressure does not modulate the
packing tightness before complete disintegration of the bun-
dles into denatured oligomers. Hence, actin filaments and
microtubules, as the most important components of the
eukaryotic cytoskeleton, exhibit not only differences in their
morphology and function, but also in their pressure stability.
At 150 MPa, the upper limit of the physiologically relevant
pressure range, when the microtubules and their bundles are
completely disintegrated, actin filaments start to deform,
and their dissociation is completed only beyond 400 MPa
(35). In contrast, cytoskeletal filaments formed by their
prokaryotic homologs (e.g., FtsZ, MreB, and ParM) exhibit
pressure tolerances ranging from 40 to 200 MPa (60–62).

Despite the high-pressure sensitivity of such cytoskeletal
components, life has not been prevented from invading the
high-pressure habitats of marine depths. This raises the
question of which strategies deep sea organisms have evolu-
tionarily established at a molecular level to improve the
pressure resistance of their cytoskeleton. For microtubules,
we found that the effect of macromolecular crowding, a
typical generic phenomenon of the cellular environment,
can increase the pressure stability of microtubules by
15–45 MPa. The high content of macromolecules inside
cells restricts the accessible volume by the excluded volume
effect (steric repulsion) and thus entropically stabilizes pro-
teins and enhances their associations by favoring more
compact and folded structures (63). In addition, we demon-
strated that accessory proteins like MAP2c can also assist
in ensuring the formation of microtubules under high-pres-
sure stress, thereby acting as a nucleator to bypass the pres-
sure-sensitive nucleation step, the initial event of tubulin
self-assembly. The pressure-dependent retardation of the
nucleation step corresponds to a positive activation volume,
which reflects the formation of large defect volumes and the
release of hydration water during the assembly of tubulin
oligomers as elongation-competent nuclei. Similar observa-
tions were also made by us for the polymerization reaction
of actin filaments (37,64).
CONCLUSIONS

We have investigated the pressure stability of microtubules
in different dynamic states using FTIR spectroscopy and
SAXS and discussed the origin of the observed pressure
sensitivity. In summary, we showed that microtubules are
hardly stable under abyssal conditions, where pressures up
to at least 100 MPa are reached. We show that this pressure
sensitivity can be mainly attributed to the internal voids and
packing defects in the microtubules. Most importantly, we
found that at every structural level, microtubules are less
pressure stable compared to actin filaments. In particular,
Biophysical Journal 114, 1080–1090, March 13, 2018 1087
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we found that lateral and longitudinal contacts feature
different pressure stabilities in the case of dynamic microtu-
bules. The more pressure-labile lateral interactions cause a
progressive disintegration of the microtubules into protofila-
ments upon pressurization. The longitudinal dissociation
starts from 150 MPa. This is consistent with the in vivo
observation that pressures up to 30 MPa induce rapid and
reversible depolymerization of spindle microtubules in a
variety of eukaryotic cell types and thus inhibit mitosis
(3–5). Hence, the intactness of both contact types is neces-
sary for the functionality of microtubules in vivo. Further,
we showed that such contacts also define the pressure stabil-
ity of the bundle phase. The dynamic instability of microtu-
bules is commonly explained by thermodynamically labile
associations of ab-tubulin, in addition to conformational
changes driven by GTP hydrolysis. Both taxol and
MAP2c are known to bind to microtubules and prevent
them from depolymerization. However, we found that the
pressure instability of the contact sites does not correlate
with the dynamics of microtubules. In contrast, binding
to taxol or MAP2c causes a decreased pressure stability of
the protofilaments relative to that of the active microtubule
protofilaments. Hence, owing to the high-pressure sensi-
tivity of the microtubules, adaptation strategies, both
intrinsic and extrinsic, must exist in nature to improve the
pressure resistance of cellular dynamics and movements
found in living organisms thriving under extreme pressure
conditions. In this study, we found that the cellular environ-
ment itself is a crowded place and that accessory proteins
(e.g., MAP2c as nucleator) can increase the pressure stabil-
ity of microtubules and accelerate their otherwise highly
pressure-sensitive de novo formation. Further adaptation
strategies need to be unraveled to fully understand how
the range of extreme environments that organisms can
successfully inhabit could expand.
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