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Atomic force microscopy (AFM) has been used to investigate the local mechanical and structural properties
of microtubules polymerized using guanylyl-R-â-methylene diphosphonate (GMPCPP), a slowly hydrolyzable
analogue of guanosine triphosphate. Using a combination of AFM imaging and local force spectroscopy,
GMPCPP-polymerized microtubules have been qualitatively and quantitatively compared to paclitaxel-stabilized
microtubules. GMPCPP-polymerized microtubules qualitatively display a greater resistance to destruction by
the AFM probe tip during imaging and during deformation measurements and maintain structural details
after indentation. In addition, using force spectroscopy taken during the indentation and collapse of individual
microtubules with the AFM probe tip, an effective spring constant of the microtubule wall (kMT) for both
types of microtubules was determined. The averagekMT of GMPCPP-polymerized microtubules, 0.172 N/m,
is more than twice that of paclitaxel-stabilized microtubules. These results complement previously reported
measurements of bending experiments on GMPCPP-polymerized and paclitaxel-stabilized microtubules.

Introduction

Microtubules are one of the three primary components of the
cytoskeleton found in eukaryotic cells.1 They provide mechan-
ical stability and structural support for the maintenance of cell
shape, support intracellular transport, and can act as small
molecular machines that perform dynamic processes within cells
when they undergo cycles of polymerization and depolymeri-
zation, as in mitosis. Hence, studying the structural and
mechanical properties of microtubules, especially the regulation
of polymerization and depolymerization, can provide a more
complete understanding of their physiological roles.

Free tubulin exists as dimers that associate head-to-tail to
form protofilaments. Between 8 and 17 protofilaments bind
laterally to create the cylindrical microtubule structure.2 Mi-
crotubules have been observed to undergo periods of growth
and rapid depolymerization, creating what is referred to as
“dynamic instability,” a process that is closely linked to the
hydrolysis of guanosine triphosphate (GTP) bound between
tubulin dimers in the microtubule lattice.3 Microtubules contain-
ing hydrolyzed GTP are intrinsically unstable, hindering direct
in vitro studies of their mechanical properties. Therefore, the
slowly hydrolyzable GTP analogue guanylyl-R-â-methylene-
diphosphonate (GMPCPP) has been used to mimic GTP-
containing protofilaments for in vitro studies of microtubule
structure due to the similar structures and tubulin-binding
affinities of GTP and GMPCPP.4-9 Cryoelectron microscopy
studies have shown that the intrinsic curvature between tubulin
subunits within protofilaments is greater in guanosine diphos-
phate (GDP)-containing protofilaments than in GMPCPP-
containing protofilaments.5 However, if protofilaments are

constrained to a straight orientation within the microtubule
lattice, the energy released during hydrolysis of GTP results in
accumulation of strain in the microtubule. Thus, GTP hydrolysis
prepares the microtubule for rapid depolymerization to release
the increased strain within the lattice. The most popular models
of the GTP hydrolysis cycle in microtubules require the
existence of a GTP cap that prevents microtubule depolymer-
ization. In these models, the endmost tubulin dimers in the
microtubule contain GTP, maintain a straight protofilament
structure and a cylindrical microtubule, and prevent rapid
depolymerization.3,6 However, direct observation of the GTP
cap has proven difficult and has prevented a more precise
understanding of the relationship between GTP hydrolysis,
microtubule mechanics, and dynamic instability.

Previous measurements and subsequent models of the me-
chanical properties of microtubules have focused most heavily
on bending experiments in which bending of stabilized micro-
tubules is induced by thermal fluctuations or optical trapping
and is observed and quantified by optical microscopy. Paclitaxel,
microtubule-associated proteins (MAPs), and GMPCPP have
been used to stabilize microtubules in these experiments. Most
of these studies consider the microtubule as a uniform hollow
cylinder.4,10-17However, recent studies of paclitaxel-stabilized
microtubules by intentional deformation of the microtubule
cylinder using AFM have begun to probe mechanical properties
of microtubules on a local level and have used models of the
microtubule as a cylindrical shell with realistic molecular-level
structure.18-21 Although paclitaxel stabilizes microtubules from
depolymerization and allows for in vitro studies of microtubule
mechanical and structural properties, the structural rigidity of
paclitaxel-stabilized microtubules has been found to vary
significantly in GDP-containing, GMPCPP-containing, and
MAP-stabilized microtubules in bending experiments,4 limiting
the applicability of paclitaxel in studies of microtubule me-
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chanical stability. In this study, the local mechanical and
structural properties of GMPCPP-polymerized microtubules
were probed using AFM in order to better understand the
stabilizing effects of unhydrolyzed GTP and to relate this to
models of the GTP cap.

Experimental Methods

Tubulin was purified from fresh calf brain according to
established protocols.22 For complementary optical microscopy,
some cycled tubulin was labeled with carboxytetramethyl-
rhodamine (Invitrogen, Carlsbad, CA).23 Paclitaxel-stabilized
microtubules were polymerized at 37°C in BRB80 buffer (80
mM K-pipes, 1 mM EGTA, 1 mM MgCl2, pH 6.85) containing
4 mM MgCl2, 1 mM GTP, 5% DMSO, and 32µM cycled
tubulin for 20 min and diluted 100-fold into room temperature
BRB80 containing 100µM paclitaxel (Sigma-Aldrich, St. Louis,
MO). GMPCPP was synthesized according to established
protocols.7,8 GMPCPP-polymerized microtubules were polym-
erized at 37°C in BRB80 containing 4 mM MgCl2, 1 mM
GMPCPP, 5% DMSO, and 0.25µM cycled tubulin for 4-6
h.7 The incubating solution was replenished with 0.2µM cycled
tubulin every 30 min to sustain microtubule polymerization.7

GMPCPP-polymerized microtubules were diluted 100-fold into
BRB80 before imaging. Force data were collected over a period
of several days, during which microtubule solutions were
prepared immediately prior to AFM imaging.

To prepare AFM substrates, freshly cleaved mica sheets (Ted
Pella, Redding, CA) were exposed to aminopropyltriethoxysilane
(APTES) in a desiccator.24 AFM imaging and force curve
collection were performed using a Veeco Multimode/Nanoscope
IIIa operating in TappingMode (Veeco Metrology, Inc., Santa
Barbara, CA). Imaging of microtubules and collection of force
data were performed under buffer at room temperature using
oxide-sharpened triangular Si3N4 cantilevers with nominal spring
constants of 0.06 N/m and a nominal tip radius of curvature of
10 nm (Veeco Metrology, Inc., Santa Barbara, CA). The
cantilevers were calibrated using the reference cantilever
method25 and found to have spring constants of∼0.1 N/m.
Multiple cantilevers were used in order to account for variability
among cantilevers. Microtubules were immobilized on APTES-
mica by exposing the surface to the microtubule solution, and
AFM imaging was performed immediately under the same
solution. Force measurements were obtained without Tapping-
Mode cantilever oscillation, and after the collection of a force
curve, the microtubule was reimaged in TappingMode to
examine the region of indentation. Calibration curves of
cantilever sensitivity were obtained over regions of the mica
surface that did not contain adsorbed protein.

The force curves were analyzed using MATLAB (The
MathWorks, Natick, MA). Curves of cantilever deflection versus
distance were converted into force versus indentation by
comparing microtubule curves to cantilever sensitivity curves
and by using the calibrated spring constant values of the
cantilevers used for microtubule indentation. In accordance with
previous AFM indentation experiments, analysis was focused
on the linear regime of the microtubule indentation, which
occurs with indentation up to∼4 nm. The slope of the curve in
this region revealskMT, which could then be used to estimate
the Young’s modulus of the microtubules using a previously
reported thin-shell, finite-element model of the microtubule.19,21

Results and Discussion

Figure 1 shows AFM images comparing GMPCPP-polym-
erized microtubules (Figure 1B) and paclitaxel-stabilized mi-

crotubules (Figure 1A) immobilized on APTES-mica. The
surface coverage of GMPCPP-polymerized microtubules was
lower than paclitaxel-stabilized microtubules, likely due to the
lower concentration of the GMPCPP-polymerized microtubules
in solution. GMPCPP-polymerized microtubules are generally
more uniform in diameter and length and appear straighter than
paclitaxel-stabilized microtubules. Under local application of
high force (>1.5 nN) with the AFM tip, the upper layer of
tubulin can be removed. This force is greater than that which
has been reported for paclitaxel microtubules.26 Although it is
difficult to resolve the microtubule substructure (protofilaments)
on the outer surface of the GMPCPP-polymerized microtubules
(Figure 1C), the removal of the upper tubulin layer reveals
microtubule substructure inside the microtubule (Figure 1D).
Protofilaments are visible as linear striations in the damaged
area of the microtubule. Although the outer surface of the
microtubule has deeper grooves between protofilaments,27 the
protofilament structure might be more easily imaged on the
flatter inner surface because objects with high aspect ratios (e.g.,
the microtubule) are more susceptible to imaging convolutions.

Microtubules are known to polymerize in vitro with varying
numbers of protofilaments under various buffer conditions.2

Cryoelectron microscopy studies have revealed that GMPCPP-
polymerized microtubules most often contain 14 protofilaments
rather than the 13 protofilaments most often found in paclitaxel-
stabilized microtubules.7 The diameters of the GMPCPP-
polymerized microtubules imaged typically ranged from 30 to
40 nm, whereas those of paclitaxel-stabilized microtubules
typically ranged from 25 to 30 nm. AFM tip broadening can
distort the apparent lateral dimensions of objects with high
aspect ratios (such as microtubules) (Figure 2A, D); therefore
the diameters of microtubules were estimated from the heights
as measured by AFM (Figure 2C, F). Two factors may
contribute to the increased height of GMPCPP-polymerized

Figure 1. AFM images of (A) paclitaxel-stabilized and (B) GMPCPP-
polymerized microtubules imaged under buffer. GMPCPP-polymerized
microtubule are straighter and less numerous than paclitaxel-stabilized
microtubules in similar scan sizes. (C) A higher-resolution image of a
GMPCPP-polymerized microtubule. (D) The same region of the
microtubule after a local applied force of∼1.7 nN. The linear structure
of the protofilaments (running along the microtubule axis) is visible in
the damaged region after the upper layer of tubulin was removed by
the AFM probe tip.
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microtubules: (1) the presence of a greater number of protofila-
ments in GMPCPP-polymerized microtubules or (2) AFM
imaging artifacts due to their greater resistance to compression
by the AFM probe tip, which might artificially enhance diameter
differences between the two types of microtubules under
comparable imaging conditions.

In addition to increased diameters, abrupt diameter changes
were observed along the length of several GMPCPP-polymer-
ized microtubules in AFM images (Figure 3). Height data from
cross sections on either side of these diameter changes reveal
differences in diameter of∼5 nm (Figure 3, inset). These
changes in microtubule diameter may correspond to changes
in the number of protofilaments within the microtubule lattice
that have been reported previously.2,28,29Interestingly, in previ-
ous AFM studies as well as in the current study, diameter
changes have not been observed in paclitaxel-stabilized micro-

tubules.19 This observation has been explained using the
argument that only the most stable (13-protofilament) paclitaxel-
stabilized microtubules are able to withstand imaging with
AFM.21 Since at least two different types (diameters) of
GMPCPP-polymerized microtubules were observed, this is an
indirect indication that GMPCPP has a greater stabilizing effect
than paclitaxel. It is known that microtubules with a lattice
different from an “ideal” 3-start, 13-protofilament lattice must
accommodate some excess mechanical stress that arises from
deviations in interprotofilament interactions from the “ideal”
case.30,31 This excess mechanical stress results in a less stable
microtubule. In contrast to paclitaxel, the stabilizing effect of
GMPCPP is sufficient to allow AFM imaging of a different
microtubule structure that deviates from the ideal case and is
less favorable. Although specific microtubule geometries cannot
be assigned from the data, higher-resolution AFM imaging may

Figure 2. (A, B) A comparison of height data collected over paclitaxel-stabilized microtubules before (A) and after (B) the collection of force data.
(C) Cross sections reveal that the cylindrical structure of paclitaxel-stabilized microtubules is destroyed entirely under an applied force of∼0.8 nN
by the AFM probe tip. (D, E) A comparison of height data collected over GMPCPP-polymerized microtubules before (D) and after (E) the collection
of force data. (F) Cross sections show that the cylindrical structure of GMPCPP-polymerized microtubules remains intact after an applied force of
∼0.9 nN. In C and F, height profiles across the microtubules correspond to the lines indicated in A-B and D-E, respectively.

Figure 3. AFM height data collected over individual GMPCPP-polymerized microtubules reveals changes in microtubule diameters along their
lengths. Abrupt changes in microtubule diameter (indicated by white arrows) from∼35 to∼40 nm (left, inset) may correspond to the changes in
the number of protofilaments within the microtubule cylinder. The full vertical scale for the images is 42 nm. Scale bars: 100 nm.
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reveal the protofilament number, helicity of the lattice along
the length of a GMPCPP-polymerized microtubule, or both.

It was also observed that GMPCPP-polymerized microtubules
are more resistant to catastrophic deformation caused by the
AFM probe tip than are paclitaxel-stabilized microtubules. This
is demonstrated in Figure 2. The collection of a single force-
versus-distance curve under high forces (∼1 nN) on paclitaxel-
stabilized microtubules causes the collapse and destruction of
that region of the microtubule (Figure 2B). Height data taken
over the indentation region after the collection of a force-versus-
distance curve shows that all remnants of the microtubule have
been removed (Figure 2C). In contrast, GMPCPP-polymerized
microtubules resist catastrophic deformation after the application
of a similar amount of force by the AFM probe tip (Figure 2E).
The diameter of the indented microtubule is∼20 nm, indicating
some damage to or deformation of the microtubule; however,
this measured height is still greater than the thickness of a
collapsed microtubule (Figure 2F). Therefore, despite significant
indentation by the AFM probe tip, the structure of a GMPCPP-
polymerized microtubule is largely maintained.

To obtain quantitative estimates of the stability of GMPCPP-
polymerized microtubules compared to paclitaxel-stabilized
microtubules, the force required to indent immobilized micro-
tubules was measured. For both types of microtubules, applica-
tion of low forces (<300-400 pN) resulted in an approximately
linear elastic response from the microtubule and little visible
damage to the microtubule structure. Figure 4 shows representa-
tive force-versus-indentation curves that compare a GMPCPP-
polymerized microtubule with a paclitaxel-stabilized micro-
tubule. The data collected on the GMPCPP-polymerized
microtubule reveals its increased structural rigidity. From the
elastic region of 19 force-versus-distance curves collected over
5 GMPCPP-polymerized microtubules using several AFM tips,
an averagekMT of 0.17 ( 0.05 N/m was found using the

calibrated cantilever spring constant of 0.1 N/m. This value is
more than twice thekMT of paclitaxel-stabilized microtubules,
which was found to be 0.07( 0.03 N/m. The paclitaxel-
stabilized microtubule value is in very good agreement with
previously published AFM data.21 For both types of microtu-
bules, measurements were made using several different tips, over
several (at least 3) days, each time with fresh microtubule
samples. Some of the variability in the values ofkMT likely arise
from differences in experimental geometry (such as tip condition
or microtubule adsorption geometry); however, previous ex-
perimental and theoretical studies have shown that variations
in cantilever stiffness and tip radius have little effect on the
average measured values ofkMT.21 Using a finite element model
developed from previous indentation studies of paclitaxel-
stabilized microtubules,19,21it is possible to estimate the Young’s
modulus of the material for the two types of microtubules: for
GMPCPP, 1.4 GPa,32 and for paclitaxel, 0.6 GPa. On the basis
of bending experiments of GMPCPP-polymerized microtubules,
a significant increase in the stiffness for GMPCPP-polymerized
microtubules as compared to paclitaxel-stabilized microtubules
is expected.4 However, it is important to note that local
indentation measurements are probably more sensitive to the
strength of the lateral interprotofilament bonds rather than the
flexibility of protofilament bending, which is measured in
bending experiments.19

Careful analysis of the retraction data of force-versus-
indentation curves collected on GMPCPP-polymerized micro-
tubules reveals discontinuities that represent the restoration of
microtubule structure after the microtubule has undergone a
collapse of∼5 nm (Figure 4, inset). Thus, discontinuities that
appear in the approach data of force versus indentation curves
of GMPCPP-polymerized microtubule are not catastrophically
damaging to the microtubule and may represent either the
collapse of the microtubule cylinder while the tubulin layers

Figure 4. Representative force versus microtubule indentation data for paclitaxel-stabilized (diamonds) and GMPCPP-polymerized (squares)
microtubules up to 4 nm of indentation. Within this portion of the force-versus-microtubule indentation data curve, thekMT of GMPCPP-polymerized
microtubules, as measured from the slope of the curve, is more than twice as great as thekMT of paclitaxel-stabilized microtubules. (Inset) Individual
force-versus-microtubule indentation curves collected over GMPCPP-polymerized microtubules show large discontinuities in both the approach
and the retraction data. These discontinuities in the approach data indicate either the collapse of the microtubule cylinder or the severing of
interprotofilament bonds. Discontinuities in the retraction curve may indicate restoration of the microtubule cylinder.

5056 J. Phys. Chem. B, Vol. 111, No. 19, 2007 Letters



remain intact or the separation of protofilaments that quickly
reassemble as the AFM probe tip is withdrawn. Similar self-
healing has been reported for paclitaxel-stabilized microtubules,
but at much lower forces and only for 1 nm discontinuities.21

Although discontinuities were observed in force-versus-indenta-
tion curves (Figure 4, inset), to a large degree, GMPCPP-
polymerized microtubules appeared structurally intact during
reimaging.

The enhanced resistance to radial deformation that was
observed for GMPCPP-polymerized microtubules has important
implications for the GTP cap that is found in microtubules in
vivo. The stabilizing effect of the GTP cap is thought to arise
from its ability to restrict the outward curvature of individual
protofilaments within the microtubule lattice and, thus, maintain
the cylindrical shape of the microtubule. In contrast, the binding
of paclitaxel is thought to relieve lattice strain by increasing
the flexibility of the microtubule.9 Due to the differences in the
stabilizing effects of the GTP cap and paclitaxel, the significant
increase that was observed in thekMT of GMPCPP-polymerized
microtubules compared to paclitaxel-stabilized microtubules
likely arises from stronger lateral interactions between protofila-
ments. These stronger lateral interactions would be ideal to resist
the outward strain introduced by the intrinsic curvature of GDP
protofilaments. These data suggest that a significant part of the
stabilizing effect of the GTP cap in native microtubules is due
to increased lateral bonds between protofilaments.

Conclusions

Using a combination of AFM imaging and force spectroscopy,
it was demonstrated that microtubules polymerized with GMPCPP
are more robust and resistant to radial compression than those
stabilized by paclitaxel. By comparing the local structural
properties of GMPCPP-polymerized microtubules and pacli-
taxel-stabilized microtubules, the stabilizing effect of GMPCPP
can be better understood and applied to an understanding of a
native microtubule’s GTP cap on the basis of the structural
differences between the two types of microtubules. Further
studies that address GMPCPP-polymerized microtubules at
different points along their length may help refine the current
model and help elucidate anisotropic properties of the micro-
tubule.33 These local studies of GMPCPP-polymerized micro-
tubules and their implications for existing models of microtubule
mechanics can contribute to a better understanding of micro-
tubules as dynamic elements of cells.
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(18) Kis, A.; Kasas, S.; Babić, B.; Kulik, A. J.; Benoı̂t, W.; Briggs, G.

A. D.; Schönenberger, C.; Catsicas, S.; Forro´, L. Phys. ReV. Lett.2002,89,
2481011-2481014.

(19) de Pablo, P. J.; Schaap, I. A. T.; MacKintosh, F. C.; Schmidt, C.
F. Phys. ReV. Lett.2003,91, 981011-981014.

(20) Kasas, S.; Kis, A.; Riederer, B. M.; Forró, L.; Dietler, G.; Catsicas,
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