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a b s t r a c t
Although the effect of a magnetic ﬁeld on functions of many proteins has been reported, tubulin assembly
in a hypogeomagnetic ﬁeld (HGMF) has not yet been characterized. Here, we show disorder in tubulin
self-assembly in an HGMF. Absorbance at 350 nm, commonly used to monitor tubulin self-assembly,
was altered in the HGMF, providing evidence for the effects of HGMF on tubulin. Measurements of
intrinsic ﬂuorescence (335 nm) also revealed a disordered change in tubulin conformation during assembly in the HGMF. Under the same conditions, microtubule-like ﬁlaments were not observed by electron
microscopy, with the exception of amorphous oligomers. Incubation of tubulin with tau in the natural
geomagnetic ﬁeld (GMF) yielded microtubule-like ﬁlaments, while only amorphous oligomers were
observed following the incubation in the HGMF. This distinction suggests that tubulin assembly depends
upon the GMF, and that elimination of the GMF induces disorder in tubulin organization.
Ó 2008 Elsevier Inc. All rights reserved.

Numerous reports on the effect of magnetic ﬁelds on various
cellular processes have been published [1]. The relationship
between a biosystem and a magnetic ﬁeld, especially a strong
magnetic ﬁeld, has been studied by many groups; however, the
mechanisms behind the effects of a magnetic ﬁeld on biomolecules
and cells remain unclear.
Recently, the elimination of the geomagnetic ﬁeld (GMF) was
found to interfere with animal brain functions. Long-term memory was impaired in an one-trial passive avoidance task of chicks
hatching from an incubator in a hypogeomagnetic ﬁeld (HGMF)
[2]. Wild-type Drosophila melanogaster raised in a hypogeomagnetic environment continuously for 10 successive generations
gradually becomes impaired in terms of visual conditioning learning and memory formation. Finally, the tenth generation ﬂies
become morphs of non-learners and are completely amnesiac
[3]. At the level of neurotransmitters, after long-term exposure
to an HGMF, both the amount of norepinephrine (NE) and the
density of NE-immunopositive neurons in the tissue of golden
hamsters decrease signiﬁcantly, and the effects appear to be
progressive with time [4].
Synaptic plasticity, which is crucial for the physical development of animal brains [5], is the ability of a connection, also known
as a synapse, between two neurons to change in strength. The
circuits in the brain allow an animal to move and experience the
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world via the senses. It has been demonstrated that a microtubule
system is important for the establishment of circuits, through
processes such as neurite growth and the formation of connections
between axons and dendrites [6]. Microtubules are required for
axonal transport and morphogenesis [7,8]. Therefore, tubulin
assembly should be paid special attention under conditions in
which the GMF is eliminated.
Tubulin is the protein unit of a microtubule. The microtubule
is a key cytoskeletal constituent of eukaryotic cells as it is involved
in mitosis, cell division, regulation of cellular shape, intracellular
transport, and motility [9]. When tubulin molecules assemble in
electric or magnetic ﬁelds, parallel arrays are formed [10].
Microtubules formed under an electrical ﬁeld (400 kV/m) show
a clear tendency to align along the direction of the electric
ﬁeld [11]. Microtubules have a permanent longitudinal electric
dipole [12], which causes them to align parallel to applied electric ﬁelds with magnitudes close to the MV/m range. Furthermore, the magnetic ﬁeld also affects the self-organization of
tubulin. Glade and colleagues found that tubulin self-organization is dependent upon the presence of a strong magnetic ﬁeld
[13].
Tau is a major microtubule-associated protein that promotes
the assembly and maintenance of microtubules [14]. In a normal
neuron, tau is localized to the axon and neuronal soma [15,16].
Thus, the effect of tau protein on tubulin assembly is worthy of
study in a weak geomagnetic ﬁeld. This paper addresses tubulin
assembly in the presence and absence of tau in a weak geomagnetic ﬁeld, and demonstrates disordered tubulin assembly as a
result of this treatment.
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BL21 (DE3) cells. Recombinant tau protein was produced in these
bacteria. Neuronal tau23 was then puriﬁed from these bacteria
as described in [18]. The puriﬁed tau23 protein appeared as a single protein band on SDS–PAGE (Fig. 2a).
Determination of protein concentration. Tubulin was dissolved in
6 M guanidine–HCl, and its absorbance at 275 nm was determined
by spectrophotometry. The extinction coefﬁcient for tubulin in
guanidine–HCl at 275 nm is 1.03 ml/mg/cm [19]. Tau concentration was measured by a bicinchoninic acid (BCA) protein assay
kit (Pierce Biotechnology Inc., USA).
Tubulin assembly and turbidity measurement. The assembly
conditions and the turbidity measurement were performed as described in [20]. Brieﬂy, thawed tubulin was centrifuged (15,000 g,
4 °C 10 min) to pellet tubulin aggregates. The supernatant was
used in the assembly reaction in the HGMF. Assembly was initiated by the addition of 1 mg/ml tubulin (in the absence of tau)
or 0.1 mg/ml tubulin (in the presence of 0.1 mg/ml tau23) to
the assembly mixture, which contained 1 mM GTP/1 mM DTT/
1 mM MgCl2/1 mM EGTA/100 mM Mes (pH 6.8). The assembly

Materials and methods
Hypogeomagnetic ﬁeld installation. A compensated HGMF space
was produced by three orthogonal Helmholtz coils, each 40 cm in
diameter, intersecting one another vertically and thus compensating the values of the geomagnetic ﬁeld in the three directions along
the central axis of each coil: vertical, north to south, and east to
west, as described in [3,4]. The magnitude of the residual geomagnetic ﬁeld resulting from this was 10–100 nT (the natural GMF in
this laboratory is about 50000 nT).
Puriﬁcation of tubulin and tau protein. Tubulin, containing a-/bsubunits, was freshly puriﬁed from calf brain after two cycles of
assembly and disassembly, as described previously [17]. The tubulin samples were processed through a phosphocellulose column to
remove residual microtubule-associated proteins. SDS–PAGE
showed that the preparations did not contain any detectable
microtubule-associated proteins (Fig. 1a).
A prokaryotic vector (Prk172) bearing the human tau23 gene, a
kind gift from Dr. Goedert, was transformed into Escherichia coli

lane
tubulin
tubulin
Mol marker
66,200

1
+

2
+
-

3
+
-

12 μg
3 μg
β
α

43,000

Change of OD at 350nm

B

A

0.04
0.03

In GMF
0.02

In HMF

0.01

BSA

0.00
0

5

10

15

20

C

Aribitrary Fluorescence

Time (min)

C′

120
100
80
60
40
0

5

10

15

20

Time (min)

D′

110

Arbitray Fluorescence

D

100

Tubulin

90
80
70

BSA

60
0

5

10

15

20

Time (min)
Fig. 1. Tubulin assembly in the HGMF. Tubulin was puriﬁed from calf brain as described in [17] (panel a). Tubulin (ﬁnal concentration 1 mg/ml) was resuspended in 100 mM
Mes buffer (pH 6.8) containing 1 mM DTT, 1 mM MgCl2, and 1 mM GTP at 37 °C in the HGMF, as indicated. The absorbance at 350 nm was measured at different time points
and changes in the absorbance over time were calculated (panel b). Under the same conditions, the intrinsic ﬂuorescence at 335 nm following excitation at 292 nm was
measured in the HGMF (panel c). The ﬂuorescence of a solution of tubulin that underwent self-assembly in the GMF was used as a control (panel d). Tubulin self-assembly in
the HGMF (panel c0 ) and the GMF (panel d0 ) was analyzed by electron microscopy. Bar = 200 nm.
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Fig. 2. Tubulin assembly in the presence of tau protein in the HGMF. Recombinant tau23 protein was expressed and puriﬁed as described previously [18,27,28] (panel a).
Tubulin (ﬁnal concentration 0.1 mg/ml) and tau (ﬁnal concentration 0.1 mg/ml) were mixed in 100 mM Mes buffer (pH 6.8) containing 1 mM DTT, 1 mM MgCl2, and 1 mM
GTP at 37 °C. Aliquots were taken and submitted the spectrophotometric analysis to determine their absorbance at 350 nm (panel b) and intrinsic ﬂuorescence (panel c) at
multiple time points. Tubulin assembly in the presence of tau in the GMF was used as a control (panel d). Electron microscopy was used to observe tubulin assembly in the
HGMF (panel c0 ) and GMF (panel d0 ). Bar = 200 nm.

process was monitored via absorbance (350 nm) on an F-2010
spectrophotometer (Hitachi, Japan). We utilized the ratio of SD/
mean to identify disordered assemblies. SD represents the standard deviation and the ‘‘mean” represents the average absorbance
value.
Measurement of intrinsic ﬂuorescence. Conditions for tubulin
assembly were as described previously [20]. Tubulin was incubated in the presence and absence of tau (37 °C, 30 min) in the
HGMF. During the course of tubulin assembly, aliquots were taken
at multiple time points to measure the intrinsic ﬂuorescence
(335 nm) by excitation at 292 nm on an F-4500 ﬂuorescent
spectrophotometer (Hitachi, Japan) [21].
Determination of the critical concentration for tubulin assembly.
The desired concentration of tau was 0.8 lM. The assembly buffer
and the turbidity measurement were the same as those described
above. At least four different concentrations of tubulin were
applied in each assembly group. The analysis and the critical

concentration determination were performed as described in
[19,22].
Sedimentation assay. Tubulin was incubated in Mes buffer (pH
6.8), allowed to stand in the HGMF at 37 °C for 30 min, and then
centrifuged (100,000 g, 25 °C, 30 min). The pellet was resuspended
in the same Mes buffer and then boiled (5 min) prior to submission
to SDS–PAGE. Samples treated in parallel in the GMF were used as
controls.
Electron microscopy. The assembled microtubules were diluted
to 0.1–0.3 mg/ml in Mes buffer supplemented with 30% (v/v)
glycerol and 1% glutaraldehyde at 37 °C. The samples (5 ll) were
then immediately placed on a formavar-coated EM grid, and incubated (25 °C) for 1 min. The liquid was subsequently wicked-off
with ﬁlter paper. The samples were washed twice with ddH2O
(10 ll each) at 25 °C, and once with 3% uranyl acetate (10 ll,
1 min) and wicked off again at 25 °C. Finally, samples were visualized using a JEM-100CX electron microscope (JEOL Ltd., Japan).
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Characterization of tubulin self-assembly in the HGMF
A sedimentation assay was used to separate the assembled and
disassembled tubulin. The pellet and supernatant were both subjected to SDS–PAGE (Fig. 3a). Almost all of the tubulin (95%)
assembled in the GMF (Fig. 3b), while much less of the tubulin
assembled (64%) in the HGMF.
The relationship between tubulin assembly and the initial tubulin concentration was checked during the incubation in both the
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As a microtubule-associated protein, tau protein may be able to
restore tubulin self-assembly in the HGMF. Absorbance at 350 nm
was used to monitor tubulin assembly in the presence of tau23
(Fig. 2b). Changes in turbidity became regular in the presence of
tau despite the inﬂuence of the HGMF. Tubulin co-incubated with
tau in the GMF was used as a control; it showed an ordered
increase in turbidity. The data suggest that tau protein may restore
tubulin self-assembly in the HGMF.
The intrinsic ﬂuorescence was measured after the addition of
tau (Fig. 2c). The ﬂuorescent intensity randomly changed with
incubation time and the SD/mean ratio was as great as 0.2535 after
a 20 min incubation. Co-incubation of tubulin and tau in the GMF
was used as a control; this solution exhibited a regular change in
intrinsic ﬂuorescence (Fig. 2d) with an SD/mean ratio of only
0.0125. These data suggest that tubulin assembly in the presence
of tau is disordered in the HGMF.
Electron microscopy was employed to investigate tubulin
assembly in the presence of tau. Remarkably, amorphous tubulin
oligomers were observed in the HGMF (Fig. 2c0 ). The size of the
oligomer granules was 56.00 ± 5.31 nm (greater than that in the
absence of tau). Tubulin assembly in the presence of tau in the natural GMF resulted in the generation of microtubule-like ﬁlaments
(Fig. 2d0 ) with a diameter of 29.52 ± 2.32 nm.
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To observe tubulin self-assembly, we incubated tubulin in the
HGMF and measured the absorbance at 350 nm at multiple time
points (Fig. 1b). Changes in the absorbance of tubulin solutions
became discrete after the 5 min incubation. The data deviation
increased with the length of the incubation. The maximum ratio of
SD/mean in the HGMF was as high as 0.8083 after 20 min of incubation, whereas the ratio was only 0.1249 in the natural GMF. The
negative control, BSA, showed little change in turbidity. These data
suggest that tubulin self-assembly is disturbed in the HGMF.
To further investigate the hypogeomagnetic effect, we measured intrinsic ﬂuorescence during tubulin self-assembly. Changes
in the intrinsic ﬂuorescence of tubulin incubated in the HGMF were
also discrete (Fig. 1c). The maximum SD/mean ratio was as high as
0.5039. In the local GMF, however, the emission intensity at
335 nm increased at the initial stage (at 2 min) and then decreased
with an SD/mean ratio of only 0.0046 (Fig. 1d). This indicates
disorder in the self-assembly of tubulin in the HGMF.
Under an electron microscope, tubulin molecules were seen to
be present in amorphous oligomers and little microtubule-like
ﬁlaments could be observed in the HGMF (Fig. 1c0 ). The size of
the oligomers was 27.47 ± 1.96 nm while that of native tubulin
was 25.14 ± 1.47 nm. Tubulin self-assembly products in the GMF,
which served as a control, appeared as microtubule-like ﬁlaments
(Fig. 1d0 ). Their diameter was 26.67 ± 1.13 nm. These data demonstrate that a signiﬁcant disturbance of tubulin self-assembly
occurred in the HGMF.
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GMF and the HGMF (Fig. 3c). The minimum concentration required
to initiate tubulin assembly was 1.02 mg/ml in the HGMF, which
was higher than that in the GMF (0.84 mg/ml). In contrast, in the
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Fig. 3. The critical concentrations for tubulin assembly in the HGMF and GMF.
Tubulin was incubated in the HGMF (37 °C, 30 min) and centrifuged (100,000g,
25 °C, 30 min). Aliquots of the supernatant and pellet were taken for SDS–PAGE
(panel a). Grey density was scanned to show the protein quantity present in the
supernatant and pellet, as indicated (panel b). Different concentrations of tubulin
were incubated with or without tau protein in the HGMF and GMF, and then the
absorbance was measured (panel c). The time course of turbid changes at 350 nm
(the same data in Figs. 1b and 2b) were plotted in a semilogarithmic fashion (panel
d), according to Tsou’s method [23].

D.L. Wang et al. / Biochemical and Biophysical Research Communications 376 (2008) 363–368

presence of tau, the minimum tubulin concentration was at least
one order of magnitude lower in all cases (0.1 mg/ml for HGMF
and 0.08 mg/ml for GMF) than that required by the samples in
the absence of tau. These data indicate that the critical concentration for the initiation tubulin assembly was decreased in the presence of tau in both the HGMF and the GMF. Tau protein promoted
tubulin assembly at a lower initial tubulin concentration (0.1 mg/
ml), even though microtubule-like ﬁlaments were not observed
in the hypogeomagnetic environment.
To compare tubulin assembly in the HGMF with that in the
GMF, we analyzed the data presented in Figs. 1b and 2b according
to Tsou’s method [23]. The turbidity of tubulin solutions in the
absence of tau protein underwent a monophasic transition in both
the HGMF and GMF (Table 1). The ﬁrst-order rate (3.84 
103 s1) of the increase in the turbidity in the HGMF was about
one time greater than that in the GMF (1.92  103 s1). This difference in rate suggested that the formation of amorphous oligomers was faster than that of microtubule-like ﬁlaments.
However, in the presence of tau, changes in the turbidity became
biphasic, involving fast and slow phases (Fig. 3d). The ﬁrst-order
rates of the fast phase of tubulin-assembly with tau in both the
HGMF and the GMF were greater than those in the absence of
tau. Furthermore, the ﬁrst-order rate of the slow phase in the presence of tau in the GMF was greater than that in the HGMF. This
relationship indicates that tau protein not only improves assembly
into microtubule-like ﬁlaments in the GMF, but also enhances the
formation of amorphous oligomers in the HGMF.
Discussion
Tubulin self-organization is dependent upon the presence of a
high magnetic ﬁeld for a brief critical period early in the process
[13]. A strong magnetic ﬁeld inﬂuences the orientation of the
centrosome and affects the division of Xenopus leavis zygotes
[12]. Tubulin assembly and organization are involved in the molecular events during cell division. In this work, we have found that
disordered tubulin assembly occurred in a weak GMF. Amorphous
oligomers were found in the HGMF.
We monitored tubulin self-assembly using turbidity at 350 nm
(Fig. 1b). This parameter is indicative of the size of the protein
particle in solution, as described in [20]. The intrinsic ﬂuorescence
at 335 nm has been measured in the hypogeomagnetic environment. Changes in the intrinsic ﬂuorescence are related to conformational changes of the protein in solution [24], but not to the
size of the polymers. Therefore, changes in the turbidity and the
intrinsic ﬂuorescence should be different for measurements made
during tubulin assembly (Fig. 2b and c). We have measured the
emission ﬂuorescent intensity (335 nm) that is contributed by
Trp residues. Tubulin (a-/b-subunit) contains eight Trp residues;
each of the two subunits contains four Trp residues (A21, A346,
A388, and A407 in a-subunit; B21, B103, B346, and B407 in b-subunit) [25]. Tau protein does not contain any Trp residues. Furthermore, Tyr has a ﬂuorescent intensity (kem = 305; kex = 280 nm) that
is much weaker than that of Trp. Thus, the intrinsic ﬂuorescence
should be the combinatorial emission from the eight Trp residues

Table 1
The ﬁrst rate constants of changes in turbidity at 350 nm in the HGMF and GMF
HGMF

GMF

Reaction phase

Fast phase

Slow phase

Fast phase

Slow phase

Tubulin alone
Tubulin + tau

3.84
6.53

–
0.26

1.92
10.01

–
2.56

The rate constants are in 103. The data are from Figs. 1b and 2b under analysis by
Tsou’s methods [23].

367

in tubulin. Changes in the ﬂuorescence intensity indicate conformational changes in tubulin. To avoid interference from Tyr ﬂuorescence, we measured the ﬂuorescence at 335 nm by excitation
at 292 nm, as described in [21].
As mentioned above, tubulin was treated with phosphocellulose column chromatography to remove the contaminating microtubule-associated proteins. According to Kravit and colleagues
[26], this protocol produces oligomers of tubulin. The size of a
tubulin monomer is 5–7 nm and the diameter of a microtubule is
25 nm [26]. The diameter of tubulin amorphous granules is
27.47 ± 1.96 nm. Thus, the granules are oligomers formed in the
HGMF. Furthermore, the diameter of the microtubule-like ﬁlaments is 26.67 ± 1.13 nm, which is similar to that of natural microtubules (Fig. 1d0 ). The diameter of tubulin oligomers formed in the
presence of tau is approximately 56.00 ± 5.31 nm greater than that
formed in the absence of tau. This distinction suggests that the
oligomers formed in the presence of tau protein are different from
those that formed without tau in the HGMF.
Mavromatos and coworkers proposed the QED-cavity model of
microtubules [12]. This reﬁned model predicts dissipationless energy transfer along such shielded macromolecules at near room
temperatures as well as quantum teleportation of states across
microtubules and perhaps neurons. They calculated the value of
the permanent electric dipole moment of the tubulin molecule.
Ramalho and colleagues predicted that microtubules have a permanent longitudinal electric dipole, which causes them to align
parallel to applied electric ﬁelds with magnitudes close to the
MV/m range [11]. According to these viewpoints, the permanent
electric dipole should result in formation of a relative stable microtubule structure in the GMF. Upon elimination of the GMF, the
interaction between the dipole moment of tubulin and the GMF
dissipates, resulting in unstable oligomers. Therefore, tubulin molecules oligomerize into disordered amorphous granules.
Summary
Tubulin assembly is sensitive to a decrease of the GMF, which
likely prohibits tubulin assembly into microtubule-like structures.
This hypothesis is supported by the following observations: (1)
tubulin molecules assemble into microtubule-like ﬁlaments in
the GMF with or without tau protein; (2) changes in the turbidity
of the tubulin solution become disordered in the HGMF; (3) the
intrinsic ﬂuorescent intensity of tubulin incubated in the HGMF
follows a discrete progression; (4) the electron microscopy data
indicate that amorphous oligomers form rather than microtubule-like structures in the HGMF; and (5) the tau protein did not
restore the intrinsic ﬂuorescence from discrete changes, nor did
it restore tubulin assembly from amorphous structures.
Acknowledgments
We thank Dr. Goedert for kindly providing the htau-23 clone.
We are grateful for Wei Chuan Mo’s valuable suggestions on the
manuscript. We acknowledge the following support: NSFC
90206041, 973-2006CB500703, 2006CB911003 and KSCX2-YWR-119-1.
References
[1] P.M. Vasilev, R. Dronzin, M. Vasileva, Inﬂuence of magnetic ﬁeld on the process
of self-assembly of tubulin, Bolgarskaia Akademiia Nauk 36 (1983) 113–115.
[2] X. Wang, M. Xu, B. LI, D. Li, J. Jiang, Long-term memory was impaired in onetrial passive avoidance task of day-old chicks hatching from hypomagnetic
ﬁeld space, Chinese Sci. Bull. 48 (2003) 2454–2457.
[3] B. Zhang, H. Lu, X. Wang, X. Zhou, S. Xu, K. Zhang, J. Jiang, Y. Li, A. Guo, Exposure
to hypomagnetic ﬁeld space for multiple generations causes amnesia in
Drosophila melanogaster, Neurosci. Lett. 371 (2004) 190–195.

368

D.L. Wang et al. / Biochemical and Biophysical Research Communications 376 (2008) 363–368

[4] X. Zhang, J. Li, Q. Wu, B. Li, J. Jiang, Effects of hypomagnetic ﬁeld on noradrenergic
activities in the brainstem of golden hamster, Bioelectromagnetics 28 (2007)
155–158.
[5] S. Thompson, Synaptic plasticity building: memories to last, Curr. Biol. 10
(2000) R218–R221.
[6] S.A. Lewis, I.E. Ivanov, G.H. Lee, N.J. Cowan, Organization of microtubules in
dendrites and axons is determined by a short hydrophobic zipper in
microtubule-associated proteins MAP2 and tau, Nature 342 (1989) 498–505.
[7] B. Winckler, F. Solomon, A role for microtubule bundles in the morphogenesis
of chicken erythrocytes, Proc. Natl. Acad. Sci. USA 88 (1991) 6033–6037.
[8] R.L. Friede, K.C. Ho, The relation of axonal transport of mitochondria with
microtubules and other axoplasmic organelles, J. Physiol. 265 (1977) 507–519.
[9] D. Bonne, C. Heusele, C. Simon, D. Pantaloni, 40 ,6-Diamidino-2-phenylindole, a
ﬂuorescent probe for tubulin and microtubules, J. Biol. Chem. 260 (1985)
2819–2825.
[10] P.M. Vassilev, R.T. Dronzine, M.P. Vassileva, G.A. Georgiev, Parallel arrays of
microtubules formed in electric and magnetic ﬁelds, Biosci. Rep. 2 (1982)
1025–1029.
[11] R.R. Ramalho, H. Soares, L.V. Melo, Microtubule behavior under strong
electromagnetic ﬁelds, Mater. Sci. Eng. C 27 (2007) 1207–1210.
[12] N.E. Mavromatos, A. Mershin, D.V. Nanopoulos, QED-Cavity model of
microtubules implies dissipationless energy transfer and biological quantum
teleportation, Int. J. Mod. Phys. B 16 (2002) 3623–3642.
[13] N. Glade, J. Tabony, Brief exposure to high magnetic ﬁelds determines
microtubule self-organisation by reaction-diffusion processes, Biophys.
Chem. 115 (2005) 29–35.
[14] D.N. Drechsel, A.A. Hyman, M.H. Cobb, M.W. Kirschner, Modulation of the
dynamic instability of tubulin assembly by the microtubule-associated protein
tau, Mol. Biol. Cell 3 (1992) 1141–1154.
[15] L.I. Binder, A. Frankfurter, L.I. Rebhun, The distribution of tau in the
mammalian central nervous system, J. Cell Biol. 101 (1985) 1371–1378.
[16] S. Khatoon, I. Grundke-Iqbal, K. Iqbal, Levels of normal and abnormally
phosphorylated tau in different cellular and regional compartments of
Alzheimer disease and control brains, FEBS Lett. 351 (1994) 80–84.

[17] D. Job, M. Pabion, R.L. Margolis, Generation of microtubule stability
subclasses by microtubule- associated proteins: implications for the
microtubule ‘‘dynamic instability” model, J. Cell Biol. 101 (1985) 1680–
1689.
[18] X. Wang, D. Wang, J. Zhao, M. Qu, X. Zhou, R. He, The proline-rich domain and
the microtubule binding domain of protein tau acting as RNA binding
domains, Protein Pept. Lett. 13 (2006) 679–685.
[19] G.C. Na, S.N. Timasheff, Physical properties of puriﬁed calf brain tubulin,
Methods Enzymol. 85 (1982) 393–408.
[20] H.C. Tseng, D.J. Graves, Natural methylamine osmolytes, trimethylamine Noxide and betaine, increase tau-induced polymerization of microtubules,
Biochem. Biophys. Res. Commun. 250 (1998) 726–730.
[21] R. Tian, S.J. Li, D. Wang, Z. Zhao, Y. Liu, R. He, The acidic C-terminal domain is
involved in stabilization of protein-disulﬁde isomerase in its chaperone
function, J. Biol. Chem. 279 (2004) 48830–488305.
[22] H.C. Tseng, Q. Lu, E. Henderson, D.J. Graves, Phosphorylated tau can promote
tubulin assembly, Proc. Natl. Acad. Sci. USA 96 (1999) 9503–9508.
[23] C.L. Tsou, Reaction between modiﬁcation of functional groups of proteins and
their biological activity, I.A graphical method for the determination of the
number and type of essential groups, Sci. Sin. 11 (1962) 1535–1558.
[24] G. Chang, H. Lee, Monitoring protein conformational changes by quenching of
intrinsic ﬂuorescence, J. Biochem. Biophys. Methods 9 (1984) 351–355.
[25] P.S. Sardar, S.S. Maity, L. Das, S. Ghosh, Luminescence studies of perturbation of
tryptophan residues of tubulin in the complexes of tubulin with colchicine and
colchicine analogues, Biochemistry 46 (2007) 14544–14556.
[26] N.G. Kravit, C.S. Regula, R.D. Berlin, A reevaluation of the structure of puriﬁed
tubulin in solution: evidence for the prevalence of oligomers over dimers at
room temperature, J. Cell Biol. 99 (1984) 188–198.
[27] Q. Hua, R. He, N. Haque, M. Qu, A.d.C. Alonso, I.G. Iqbal, K. Iqbalb, Microtubule
associated protein tau binds to double-stranded but not single-stranded DNA,
Cell Mol. Life Sci. 60 (2003) 413–421.
[28] M. Goedert, R. Jakes, Expression of separate isoforms of human tau protein:
correlation with the tau pattern in brain and effects on tubulin polymerization,
EMBO J. 9 (1990) 4225–4230.

