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ABSTRACT

	

Although it is now apparent that the intracellular pH may rise considerably above
neutrality under physiological conditions, information on the effect of alkaline pH on micro-
tubule assembly and disassembly is still quite fragmentary. We have studied the assembly/
disassembly of bovine brain microtubule protein at alkaline pH in vitro. When microtubules
are assembled to a steady state at pH <7 and pH is then made more alkaline, they undergo a
rapid disassembly to a new steady state. This disassembly is reversed by acidification. The
degree of disassembly is determined largely by the pH-dependence of the critical concentration,
which increases five to eight times, from pH 7 to 8. A fraction of assembly-incompetent tubuhn
is identified that increases with pH, but its incompetency is largely reversed with acidification.
Measurements of microtubule lengths are used to indicate that disassembly occurs by uniform
shortening of microtubules . A comparison of shortening by alkalinization with dilution suggests
that the intrinsic rate of disassembly is accelerated by increasing pH .
The capacity for initiating assembly is progressively lost with incubation at alkaline pH

(although some protection is afforded by sulfhydryl-reducing agents) . However, direct assembly
from depolymerized mixtures is possible at least up to pH 8.3, and the steady state achieved at
these alkaline pH values is stable . Such preparations are readily disassembled by cold and
podophyllotoxin (PLN) . Disassembly induced by PLN is also markedly enhanced at alkaline
pH, suggesting a corresponding enhancement of "treadmilling."
The implications of physiological events leading to alkaline shifts of pH for microtubule

assembly/disassembly are discussed, particularly in the light of recent hypotheses regarding
treadmilling and its role in controlling the distribution of microtubules in vivo .

The microtubules of eukaryotic cells are characteristically in a
dynamic state of assembly and disassembly, showing rapid
changes in both distribution and number, as a function of cell
cycle, cell shape, and diverse surface events . Despite intensive
study of microtubule polymerization in vitro, our knowledge
of factors that could account for the regulation of microtubule
assembly and disassembly in vivo is still fragmentary.

In search of physiological mechanisms of control of micro-
tubule assembly and disassembly, we have considered the role
of pH . There is increasing evidence that intracellular pH is
rapidly and significantly altered during a variety ofphysiolog-
ical processes . For example, the intracellular pH rises by as
much as 0.5 unit (from 6.8 to 7.3 or higher) after fertilization
of sea urchin eggs (33), and significant alkaline pH shifts have
been reported during the acrosomal reaction (31) and during
mitosis (10) . It is already suggested that these alkaline shifts
have important effects on microfilaments . Thus, microfila-
ments ofthe sea urchin egg cortex are stabilized at alkaline pH
(1), and acrosomal microfilament polymerization may also
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depend on intracellular alkalinization (34) . We proposed that
alkaline pH could also affect microtubules, most likely causing
their more rapid disassembly . This proposal was based in part
on the characteristic absence of microtubules from regions of
microfilament aggregation ; for example, their absence in the
pseudopods of phagocytizing cells, despite a substantial com-
plement of microtubules in other regions of the same cells (3) .
The simplest hypothesis to explain this reciprocity would be to
assume that the same conditions making for microfilament
assembly/aggregation promote microtubule disassembly or
prevent microtubule assembly . One such condition could be an
alkaline pH shift. By this reasoning, the behavior of microtu-
bule protein above pH 7.0 might be critical for understanding
microtubule dynamics .
Whereas the pH dependency of assembly has been carefully

analyzed between pH 6 and 7, assembly above neutrality has
been relatively little studied and disassembly not at all. We
shall show that the maximum pH at which assembly can occur
is at least pH 8.3 and will indicate why this has not been
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recognized previously . At alkaline pH, microtubules display
quantitatively different properties, including marked enhance-
ment of drug-induced disassembly.

MATERIALS AND METHODS

Microtubule Protein
Microtubuleprotein wasprepared from freshbovine brain by cyclic assembly/

disassembly without glycerol, using slight variations in the procedures of Margolis
and Wilson (27). The basic buffer was 20 mM sodium phosphate, 100 mM
sodium glutamate, pH 6.75. Assembly medium included 1.0 mM EGTA, 0.5 mM
MgC12 , and 1.5 mM GTP, 30°C, 20 min. Disassembly was attained by Dounce
homogenization of pelleted microtubules on ice for roughly 40min. Two or three
cycles of assembly/disassembly were employed . Aliquots of the final preparation
were stored frozen in buffer at -70°C.

Conditions for Assembly-Disassembly
Aliquots of purified microtubule protein in buffer were prewarmed at 30DC in

a constant-temperature chamber. Assembly was initiated by the addition of a x
100 neutralized concentrate ofEGTA, Mg, and GTP. pH shifts were induced by
addition ofTris base, NaOH, or HCI. These adjustments didnot change the ionic
strength ofsodium concentration by >20%.
SDS polyacrylamide gel electrophoresis, using gradient slab gels of 5-15%

with a 3% stacking gel, was performed using the Tris-glycine system ofBryan (6).
All samples were boiled for 2 min in SDS immediately before application . The
gels were fixed and stained in 0.025% Coomassie Brilliant Blue R, 10%D glacial
acetic acid, 25% isopropanol, and destained in 10% methanol, 10,70 glacial acetic
acid . Forquantitation of gel proteins by scanning, the gels were stained overnight
in 0.25%D fast green FCF in 50%methanol, 10% acetic acid, and destained in 7.5%
acetic acid . Protein was determined by the method ofLowry et al . (22).

Microtubule assembly was followed by turbidity measurements at 350 run. It
has been established that under conditions in which polymer rods are long
compared to the wavelength of the incident light, turbidity is a function of the
total massof the scattering particlesirrespective of theirlength (4) . This condition
was verified over the pH range used . Thus, in allinstancesabundant microtubules
were observed by negative stain and the turbidity or absorbance showed propor-
tionality to logy (wavelength), and the calculated exponential k was: pH 6.79,
-3 .36; pH 7.40, -3.14; pH 7.94, -3 .14.

The terminology employed is that of Oosawa and Asakura (30), in which
"microtubule mass concentration" indicatesthe total concentration of material in
polymeric form and "microtubule number concentration", the concentration of
polymeric particles .

Electron Microscopy
For negative staining, a Formvar- and carbon-coated grid was inverted over

a drop of sample for 30 s, the excess drained with wet filter paper, and the grid
inverted over 1% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, for 1 min.
The fixed sample was placed over water, then stained with filtered saturated
aqueous uranyl acetate, air-dried, and examined in a JEOL 100 CX electron
microscope.

To determine microtubule lengths, we photographed and printed the speci-
mens to a final magnification of x 17,800 and measured the individual micro-
tubules with a sonic digitizer (Graf Pen; Science Accessories Corp., Southport,
Conn.). The measured lengths of microtubules that extended beyond the edge of
the print were multiplied by two, because on the average only half such micro-
tubules remain on the print (16).

Forthin-section analyses, the microtubules were pelleted by centrifugation at
100,000 g for 30 min, fixed in 1% glutaraldehyde, and processed as described
previously (3) .

RESULTS

Microtubule Disassembly by Alkaline Shift
of pH
Because several physiological events are known to be accom-

panied by alkaline pH shifts, we first examined the effect of
such shifts in vitro on preassembled microtubules.
As described many times previously, the time-course of

microtubule assembly in vitro by light scattering is rapid and
slightly sigmoidal, and reaches a plateau that reflects a steady
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state in which assembly and disassembly are equal . When a
microtubule steady state is achieved at the usual "optimal" pH
and the pH is then raised, the result is an almost immediate
decrease in turbidity followed by a plateau or a very slow
decline (Fig . l, top) . In this example (pH shift from 6.8 to 7 .6),
the initial rate of decay was -59%/min . This disassembly rate
exceeds that induced by colchicine or podophyllotoxin by more
than an order of magnitude (25-27) and is comparable to the
rate obtained by dilution of assembly mixtures to below the
critical concentration for assembly (17) . It should be immedi-
ately emphasized, however, that whereas dilution may have no
physiological counterpart, alkaline pH shifts in vivo are already
demonstrated .

Addition of sufficient acid to restore the pH causes a rapid
reversal to nearly the original steady-state level (Fig . 1). This
reassembled material remains cold labile and microtubules are
demonstrable by negative staining in amounts compatible with
the optical density (see below) .
The chemical species used to induce alkalinization was not

critical. Tris base and OH- (as NaOH) produced equal disas-
sembly. As discussed below, the magnitude of disassembly was
a function of pH and total protein concentration .

Assembly at Alkaline pH
When assembly is allowed directly at alkaline pH (bottom

curve, Fig. 1), a steady-state plateau is achieved but at a slightly
lower level then initially obtained by disassembly from a more
acid to the same alkaline pH. (Continued incubation of the
disassembled preparation leads finally to the same level [data
not shown] .) Acidification of the alkaline assembled prepara-
tion to pH 6.8 leads to rapid assembly (bottom curve, Fig. 1) .
After these pH regimens, -90% of the assembled microtubules
are cold labile.

In general, the kinetics of microtubule assembly conform to
the predictions of a condensation polymerization mechanism
(16, 30). In particular, there is a critical concentration (Cr) of
free tubulin dimers below which no polymers are formed, and
which is in equilibrium with polymers at all higher concentra-
tions .
We find Cr is strongly pH-dependent . Cr was determined by

two methods : extrapolation of steady-state turbidity values
obtained at different protein concentrations to zero turbidity,
and measurement of the supernatant protein concentration
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Microtubule assembly and disassembly at different pH
values . The protein solution was incubated for 2 min at 30 ° C before
initiation of assembly by Mg-GTP . The arrows indicate changes in
pH induced by addition of Tris base (arrow down) or HCI (arrow
up) . Solid line indicates more acid condition, pH 6.65 ; broken line
indicates more alkaline, pH 7 .63 . Total protein : 3 mg/ml .



after pelleting the microtubules assembled at various total
protein concentrations .

Extrapolations of turbidities for a pH series using a single,
twice-cycled tubulin preparation are shown in Fig. 2A . The
intercepts are plotted as a function of pH in Fig . 2 B . An eight-
fold increase in Cr was seen, from pH 6.35 to 7.75 . A significant
increase in Cr with pH was reported by Doenges et al . (7),
using a similar extrapolation. Increasing pH thus should force
microtubule disassembly until the concentration offree tubulin
reaches the new Cr and a new steady state is achieved.
The slopes of the linear regression equations fitted by least

squares to the data at each pH are given in the legend to Fig.
2A and are slightly different, decreasing progressively with
increasing pH. Thus, the differences between CT and the total
protein concentrations also increase at a given OD. However,
because the microtubule mass concentration is proportional to
the OD, these differences imply that a decreasing fraction of
total protein is competent to assembly at increasing pH. There-
fore, the total protein concentrations cannot be used directly to
compare G at different pH values . To correct for this effect,
we normalized the apparent critical concentrations to the con-
dition at pH 6.35 by multiplying Cr by the ratio ofthe slope at
any pH to the slope at 6.35 . This essentially eliminates "incom-
petent" protein in excess ofthat present at pH 6.35 . The values
obtained are plotted in Fig. 2 B, using open circles. A similarly
strong dependence of Cr on pH is seen .
To obtain the Cr in terms of the absolute concentration of

competent microtubule protein, we assembled microtubules at
varying total protein concentration to the steady state, pelleted
the microtubules, and measured the supernatant protein con-
centration . These were then extrapolated back to zero total
protein. The results for assembly at pH 6.53 and 7.50 are shown
in Fig . 2 C. The extrapolated values for Cr are 0.18 mg/ml at
pH 6.53 and 0.79 mg/ml at pH 7.50. This five-fold increase is
consistent with the results obtained from turbidity measure-
ments . In addition, because the Cr should remain constant
irrespective of the total assembled mass, any supernatant pro-
tein in excess of Cr is essentially incompetent of assembly . The
slope of the supernatant extrapolation (see legend) at pH 7.5 is
nearly double that at pH 6.5, indicating double the fraction of
incompetent protein. In this preparation, cycled three times
and stored frozen at -70°C for 1 wk before use, this fraction

was 13% . Under our conditions of storage, the decay of com-
petency was roughly 5%/wk .
We emphasize that the greater degree of assembly incom-

petence at alkaline pH is largely reversible. As shown in Fig.
1, a shift to more acid pH leads to assembly that is nearly equal
to the assembly obtained in solutions that had not been exposed
to alkaline pH .

It is apparent that the absolute change in steady-state level
for any pH change is dependent on the total microtubule
protein concentration . In essence, pH shifts correspond to
vertical movements between the family of lines represented in
Fig . 2A. Thus, the lower the protein concentration, the more
exaggerated the relative change in the steady-state level of
polymerization.

Depolymerization

To analyze the pathway of depolymerization after a shift to
more alkaline pH, we determined the microtubule-length dis-
tribution. Fig . 3A is a histogram oflengths during steady-state
assembly/disassembly at pH 6.8 . In this example a shift to pH
7.6 by addition of Tris base led to a new steady state with an
assembled mass (proportional to OD) some 41% less . Fig . 3 B
is a histogram ofmicrotubule lengths at the new pH value. The
mean microtubule length was reduced by 19% . This small
degree of shortening suggests at once that fragmentation does
not occur as a result of alkalinization . Further analysis showed
that the length distributions were entirely consistent with mi-
crotubule shortening by a zero-order process (i.e., proportional
to the number of microtubule ends and not to the length of the
microtubule) . Specifically, we tested the hypothesis that the
decrease in microtubule mass was caused by a shortening ofall
microtubules at the same rate . The histogram (Fig . 3 C) was
constructed from the data represented in Fig . 3 A by shortening
all measured microtubules an equal amount. The total length
decrease for all microtubules was calculated from the pH-
associated decrease in polymer mass concentration. Where the
shortened "length" exceeded the actual microtubule length, the
difference was distributed over the remaining microtubules,
which were additionally shortened . Iteration of this procedure
quickly converged to a distribution for all remaining microtu-
bules.

Total protein concn(mg/ml)

	

pH

	

Total Protein mg/ml
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Critical concentration (Cr) for microtubule assembly as a function of pH . (A) Plots of the turbidity at its plateau (steady
state) for microtubules assembled at different pH as a function of protein concentration . The phosphate-glutamate buffer was
adjusted with HCI or Tris and the pH measured at the conclusion of the experiments . The ionic strength was between 0.08 and 0 .1 .
The lines were drawn according to least-square fit of the data, r 2 = .99 . The ratios of the slopes for pH 6.35:6 .85:7 .50:7 .75 were 1 :
0.81:0.72:0.65. (B) Aplot of C r as determined from the x-intercepts of A as a function of pH . The upper curve is taken directly from
the figure. The lower line is calculated accounting for the difference in slopes as explained in the text . (C) Supernatant protein
remaining after centrifugation of microtubules assembled at varying total protein concentration . The y-intercepts correspond to
the C r in the absence of nonpolymerizable protein . A, pH 7.50; ", pH 6.53.
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The agreement with the measured distribution, Fig. 3 B, is
remarkable: there is no statistically significant difference by t
test and the calculated mean microtubule lengths are nearly
identical to the observed values . The fall-off in rate of disas-
sembly probably occurs because of a diminishing number of
disassembly sites resulting from the complete disassembly of
the shorter microtubules as described by Johnson and Borisy
(16) for the kinetics of cold disassembly.

In this experiment, a new steady state was achieved very
quickly and maintained for the next 45 min (the longest period
followed) . The rather short mean length of microtubules indi-
cated a high number concentration that would favor any zero-
order process. In some experiments microtubules assembled to
approximately the same OD were found to undergo a rapid
initial decrease on alkalinization, followed by a slow decline
(see Fig . 1 and inset, Fig . 4) . In this case, length histograms
revealed a greater mean length (Fig . 4A) and a more gradual
decrease in length (Fig. 4 B and C), which is also consistent
with a hypothetical simple shortening mechanism (theoretical
histograms not shown) .

Acceleration of Disassembly at Alkaline pH
Thus far, it would appear that the fall in steady-state level

after a shift from acid to alkaline pH can be explained by a
shortening of microtubules until disassembly is sufficient to
raise the free microtubule protein to the critical concentration .
However, this implies nothing about the rate of disassembly
per se. The rapidity of change on pH shift suggested that the
disassembly rate was also greatly accelerated.
To rest this possibility more directly, we compared micro-

tubule shortening from pH shift with shortening from rapid
dilution of microtubules assembled to a steady state . The two
cases are highly analogous in that in both conditions the free
microtubule protein is decreased below the critical concentra-
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FIGURE 3 Histograms of microtubule lengths before and after
disassembly associated with alkaline pH shift . The x corresponds to
mean microtubule length . Fig . 3 illustrates an experiment in which
the shift led to an immediate plateau in optical density . (A) Histo-
gram sampled from steady-state assembly at pH 6 .8 1 min before
alkalinization . ( 8) Histogram 1 min aftershift to 7 .6 . ( C) A theoretical
distribution of lengths based on the initial distribution A and equal
shortening of all microtubules as described in the text .

tion: in the alkaline shift, Cr is raised ; in dilution at the same
pH, Cr remains constant, while the free microtubule protein
concentration is lowered . Samples were taken for determina-
tion of microtubule length before and 60 s after pH shift/
dilution. Understandably, the time of the fixation could not be
precisely known. However, all samples were treated identically
so that microtubule length distributions could be directly com-
pared . After dilution at the same pH, no shortening (in fact, a
small lengthening) was observed. Although rapid shortening
might be expected based on the OD changes as reported by
Karr and Purich (17), our result is consistent with the statistical
variation in length measurement reported by Bergen and Borisy
(2), whose data indicate that changes in microtubule length
cannot be detected reliably over a 60-s interval . By contrast,
after the same interval a pH shift leads to a marked 30%
shortening that is increased to 48% by dilution . These much
larger changes in length induced by alkalinization indicate an
increase in the intrinsic rate ofdisassembly . We emphasize that
the acceleration of disassembly is not the result of an increased
number of microtubule ends . As discussed above, the distri-
bution of microtubule lengths after alkalinization is consistent
with a simple shortening mechanism . Moreover, based on the
fall in OD or polymer mass concentration, and the relatively
smaller decrease in the mean microtubule length, it is evident
that the concentration of ends is actually decreasing during
alkaline disassembly .

Nucleation and Kinetics of Assembly
A comparison of the length distribution of microtubules

directly assembled at alkaline pH with that of microtubules at
the same pH derived from a population assembled initially at
a more acid pH reveals that, despite the slightly lower polymer
mass concentration, the mean microtubule length is signifi-
cantly greater in the alkaline-assembled preparation . Histo-
grams of the microtubule length distributions obtained at
alkaline pH are shown in Fig. 5 . These histograms are directly
comparable to those of Fig. 4, obtained in parallel with the
same protein preparation assembled at pH 6.8. After alkalini-
zation of the pH 6.8-assembled protein (Fig. 4), the OD falls
to

	

0.105 . On direct assembly at the same alkaline pH, the
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Progressive shortening of microtubule lengths in an ex-
periment in which the new steady state at alkaline pH was estab-
lished more gradually. A is the steady-state distribution . 8 was
obtained 1 min after shift to pH 7.8; and C, 9 min after shift .



OD plateaued at

	

0.085 (Fig . 5) . Because the mean length is
greater for microtubules assembled at alkaline as compared
with acid pH at roughly the same assembled mass, it follows
that the microtubule number concentration is lower with al-
kaline assembly . Thus, the nucleation ofmicrotubule assembly
at alkaline pH is also impaired. The effect ofpH on the stability
of "initiation factors" will be discussed below .
We did not study the early kinetics of assembly . However,

comparison of Fig . 5A and B (measurements taken at roughly
50% and 100% (OD = 0.046 and 0.085], respectively, of the
steady-state level of assembly) shows that the increase in OD
can be accounted for entirely by lengthening existing micro-
tubules. Thus, nucleation must have been complete by -5 min .
The rates of assembly as a function of pH were treated only

briefly . As expected, the rate increased with increased total
protein concentration. This was shown roughly by plots of the
log of the rate of assembly at its maximum as a function of
total protein concentration . The data for assembly at pH 6.35
and 7.75 are presented in Fig. 6 . Rapid rates at alkaline pH
values are obtainable but at higher total protein concentrations .
The rates of elongation may be approximated from the

length histograms and OD measurements . We assume that all
nucleation is complete before attainment of the maximum
assembly rate (steepest slope ofassembly curve) and, thus, that
the microtubule number concentration is the same as at steady
state (proportional to the steady-state OD, i.e., mass/microtu-
bule length) and that the mean microtubule length at that point
can be calculated as a fraction ofthe mean steady-state length :
(OD at maximal rate/OD at steady state) X steady-state length .
Relative rates of elongation may then be determined from this
number concentration and the steepest slope. From the data of
Figs . 4 and 5, for example, it may be calculated that the number
concentration at pH 6.8 is five times that at 7.89 . At the point
of most rapid net assembly, the slope at pH 6.8 is roughly 7 .5
times as great . Consequently, the difference in assembly rate is
largely a result of the number of sites available for growth .
Although this calculation is very rough, it suggests that the
intrinsic assembly rate is less sensitive to pH than is disassem-
bly. This may describe the summed behavior of both ends of
the microtubule and obviously does not account for potential
differences resulting from polarized growth .
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FIGURE 5 Histograms of microtubule lengths during assembly at
pH 7.89. Sample A was taken at an OD of 0.046 and 8 at 0.085 . The
implication of the correspondence between relative length and OD
is that by 5 min nucleation is complete, microtubule number con-
centration is constant, and the increase in microtubule mass is the
result of microtubule elongation . This protein preparation was also
used to obtain the data represented in Fig . 4. Even at a somewhat
lower OD than the disassembled preparation shown in Fig . 4 at C,
the mean microtubule length is considerably greater in the micro-
tubule preparation assembled directly at an alkaline pH .

Microtubule Disassembly by Podophyllotoxin
(PLN) Is pl-l-dependent

We first established that PLN completely blocks assembly at
all pH values (6.2-8 .3) . The effect of PLN on preassembled
polymers was then tested . Microtubules were assembled at
various pH values to the steady state. PLN was then added
and the decay rate determined from the initial rate of decrease
in turbidity . Fig. 7 shows the turbidity curves for a typical
experiment . Fig . 8 gives the fractional decrease expressed as a
percentage of the steady-state level plotted against pH . The
PLN-induced disassembly approaches zero near pH 6.0 (ex-
trapolation actually yields pH 5.80) and is roughly 6%/min at
pH 8.0 . The experiment analyzed gives a conservative estimate
of the effect of PLN disassembly . Rates of 15-20%/min. at pH
8.0 were commonly observed .
The differential action of PLN as a function of pH is not

related to the absolute steady-state level of polymerization,
which at the same total protein concentration was shown above
to be inversely related to pH. When assembly is allowed at
various protein concentrations and PLN is then added, the
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FIGURE 6 Rate of microtubule assembly as a function of protein
concentration at pH 6.35 (O) and pH 7.75 (") . The rates were
obtained at the steepest slopes of the rising OD assembly curves .
The data were fitted by least squares to the equation, log y= log a
+ bx . For pH 6.35, log(OD X 103/min) = -1 .11 + 1.52 C, r 2 = 0.96;
for pH 7.75, log(OD X 103/min) = 1 .51 + 1 .20 C, r2 =0.99 where C
= protein concentration in milligram per milliliter . The slopes differ
by only 15% but are displaced with respect to protein concentration .
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Effect of podophyllotoxin (PLN) at different pH values. In this example, microtubule protein was 2 .5 mg/ml assembled
at pH 6.24 to a steady state . 50 pM PLN was added directly at pH 6.24 or after alkalinization to pH 7.45 . The much steeper slope of
disassembly at alkaline pH is readily observed, and complete disassembly occurs in 15 min . The order of addition causing rapid
and complete disassembly makes no difference as shown by the alkalinization of the PIN-treated sample (right) .

FIGURE 8

	

Summary graph of PLN disassembly as a function of pH .
In these experiments, assembly was at pH 6.24. Aliquots were then
alkalinized to varying pH by the addition of small volumes of
concentrated Tris . After 6 min when a new steady state was nearly
established, 50 tLM PLN was added as a x 100 concentrated solution
in ethanol and the initial rate of disassembly measured . The results
given as percent decrease of the initial OD are plotted as a function
of the final measured pH . The line is drawn by least square fit : %
decay/min = 13 .97 + 2 .41 (pH), r2 = 1 .0 . It should be emphasized
that PLN blocks assembly at all pH . The experiment illustrated was
performed with one tubulin preparation . Some variation between
tubulin preparations was encountered, but the relative percent
decay as a function of pH was approximately the same, though
usually greater in magnitude than illustrated .

calculated rate of decay is essentially identical at a given
alkaline pH for all protein concentrations (Fig. 9) . This is to be
anticipated, of course, if PLN acts on microtubule ends and if
the number of ends is proportional to total protein concentra-
tion . Because nucleation is impaired at alkaline pH and thus
the microtubule number concentration is reduced at alkaline
pH, it is clear that the increasing rates of depolymerization
after addition of PLN cannot be the result of increasing the
number of ends available for disassembly.
PLN-induced disassembly is nevertheless dependent on the

microtubule number concentration as expected. No detailed
study of this was made, but it is evident from the following
(see Fig . 1) . When, instead of an acid (at the arrows pointing
upward), PLN was added, rapid disassembly occurred from
both the direct-alkaline-assembled and alkaline-shifted prepa-
rations. However, in one experiment at pH 7.8, for example,
the decay rate of the former preparation was 11%/min and of
the latter, 18%/min . From the analysis of Figs . 4 and 5, it is
clear, however, that the number concentration of the direct-
alkaline-assembled microtubules is significantly less and, thus,
the lower decay rate is explicable in terms of the number of
"ends" available.
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FIGURE 9 Disassembly rates at constant pH (7 .75) at three total
protein concentrations: (top) 5 mg/ml, (middle) 3 .5 mg/ml, and
(bottom) 2 .5 mg/ml . Microtubules were assembled directly at pH
7.75 (no pH shift), and PLN was added after attainment of the
steady state . The decay rates are nearly independent of total protein
concentration and are first order, with a rate constant of -.057/min .
As explained in the text, these data are not directly comparable to
those of Fig . 8, which were obtained after alkalinization ofa different
pH 6.24-assembled preparation . As discussed, the number concen-
tration of the latter is significantly higher than that of the preparation
assembled directly at alkaline pH .

Composition of Microtubules Assembled at
Various pH Values
The increase in Cr, impaired initiation, and susceptibility to

disassembly by colchicine (14, 32) are formally similar to
microtubules assembled from purified 6S tubulin ; i.e ., without
microtubule-associated proteins (MAPS) . It seemed possible
that these associated proteins might not be coassembled at
alkaline pH . To test this possibility, we examined the protein
composition of microtubules assembled at normal and alkaline
pH by SDS PAGE and by electron microscopy . The analysis
was performed on microtubules pelleted by centrifugation.
When assembly was blocked by PLN under normal conditions
of incubation, little protein was pelleted (<5% of total), irre-
spective of pH. Thus, the protein analyzed was indeed associ-
ated with microtubules . Fig . 10 is a photograph showing the
fast-green-stained electropherogram patterns for microtubules
assembled at various pHs between 6.3 and 7.8 . No differences
are apparent. Densitometric scans (not shown) confirmed this
impression . MAPs constituted roughly 28% ofthe total protein



assembled, which is in the reported range for bovine brain
microtubule protein prepared in the absence of glycerol (27) .
The association of MAPS with microtubules at all pH values
was confirmed by electron microscopy ofthin-sectioned pellets
(Fig. 11) . The characteristic filamentous coat and separation of
microtubules at pH 6.5 reported by others (31) was also found
at pH 7.8 .

Stability of Microtubule Protein at Alkaline pH
Gaskin et al. (9) indicated that cold-reversible assembly was

possible in only a narrow pH range-and was absent above
neutrality . However, a total protein concentration of only 2
mg/ml was used in their experiments, which we show here

FIGURE 10 Fast-green-stained SDS PAGE slab gel proteins solubi-
lized from microtubules that had been assembled at varying pH
from x 3 cycled microtubule protein . Two electropherograms of
gels loaded with samples of 50 or 250 tLg of protein respectively.
From left to right : pH 6 .29, 6 .79, 7.27, and 7.81 .

begins to approach the critical concentration at higher pH . In
addition, in their experiments cold reversal was attempted after
incubation for 1 h at 25° or 37°C . Indeed, we find that tubulin
gradually loses its capacity for assembly on incubation at
alkaline pH . Fig . 12 depicts the progressive decrease in assem-
bly competence when microtubule protein was incubated at
pH 7.5 at 30°C . Because, in general, disulfide formation occurs
more readily at alkaline pH and tubulin is affected by sulfhy-
dryl oxidants (19), it seemed possible that reducing agents
might prevent the loss of assembly competence . In fact, at
modest elevations of pH, dithiothreitol did retard inactivation
(Fig . 12, top line) . At higher pH, however, inactivation was
more rapid and was unaffected by sulfhydryl-reducing agents .
For example, at pH 8.0, assembly competence was lost at the
rate of roughly 1-3%/min . However, the pH-sensitive step
appears to be initiation of assembly . Thus, microtubules assem-
bled to a steady state at pH values as high as 8.3 show no
disassembly with continued incubations of 40-50 min (the
longest followed). Such assembled microtubules remain sensi-
tive to disassembly by PLN. The determination of Cr (above)
as a function ofpH was done over a time period during which
only a small degree of inactivation occurred (10°10) . This inac-
tivation is not to be confused with the reversible incompetence
revealed in the differing slopes of Fig . 2A .

DISCUSSION

The properties of microtubule polymerization in the alkaline
pH range have been relatively neglected . Indeed, assembly has
been reported absent above pH 7.0 or 7.2 (9, 12, 21, 29).
However, assembly at more alkaline pH has been found (7)
and shown to be enhanced by high concentrations of organic
sulfates (15) . It is clear from our studies that the limited
assembly observed can be explained in part by the increase in
the critical concentration with increasing pH and by loss of
capacity for initiation with prolonged incubation at alkaline
pH . Our results indicate that significant polymerization of
microtubule protein occurs up to pH 8.3 (and perhaps higher) .
The slope of the In 1/c vs . -In as+, where c is the protein
concentration, of 0.62 ± 0.29 is in fair agreement with the

FIGURE 11

	

Electron microscopy of thin-sectioned microtubule pellets assembled at pH 6.8 and 7 .8 . Top panels show areas cut
parallel to longitudinal microtubule axes and bottom panels are cross sections . Left : pH 6 .8 assembly ; center: pH 6.8 assembly
followed by pH shift to 7 .8 for partial disassembly; right: pH 7.8 assembly . A fuzzy coat is observed under all conditions and the
microtubule cross sections are well separated .
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Loss of assembly competence . a t pH 7.50 with (" ) or
without (O) 5 mM dithiothreitol (DTT) as a function of time . In
these experiments microtubule protein at pH 6 .8 with or without
DTT was prewarmed to 30°C for 5 min . This DTT made no difference
to assembly at this pH over the next 40 min . At 0 time the solution
was brought to pH 7 .5 by addition of concentrated Tris base . At
various subsequent intervals, assembly was initiated by the addition
of Mg-GTP . The results are expressed as a fraction of the steady-
state plateau achieved with simultaneous addition of Tris and Mg-
GTP .

value (0.86 ± .15) obtained by Lee and Timasheff (20) for
bovine brain tubulin assembled in the presence of glycerol .
Assembly at appropriately high protein concentration above
the G follows a rapid time-course that is virtually identical to
that obtained at the usual pH of assembly . When the data of
Fig. 2A are plotted according to the linked function relations
of Wyman (37), no discontinuity is observed above neutrality.
We focused particularly on the effects of shifts in pH on

microtubule dynamics . We show that increasing pH leads to
rapid disassembly by shortening of microtubules and that the
intrinsic rate ofdisassembly is greatly accelerated . The intrinsic
assembly rate is probably decreased as well. These results imply
that the state ofmicrotubule assembly is extremely sensitive to
changes in intracellular pH, particularly above neutrality.
These properties are likely to be relevant physiologically .

Rapid increases in pH have now been documented in several
systems, for example, in fertilization (33) and in the acrosome
reaction (31, 34) . It is likely that a whole range of hormonal
and other agents that may utilize cyclic AMP as a second
messenger will cause increases in intracellular pH . Thus, Boron
et al. (5), in what may be a glimpse into a general mechanism,
showed that cyclic AMP markedly enhanced acid extrusion
from a perfused muscle cell preparation . What are the likely
effects of an alkaline pH shift? To a first approximation, a rise
in pH should cause disassembly to a degree dependent on the
pH increment and total microtubule protein concentration, as
explained above in reference to Fig . 2A . Cells with the lowest
concentrations might be most affected . The actual situation
may be more complicated and may be profitably discussed in
terms ofKirschner's (18) recent speculations on the significance
of treadmilling (the movement of microtubule subunits from
assembly at one end of the microtubule to disassembly at the
other) .
A necessary consequence of treadmilling as originally for-

mulated by Wegner (35) is that G is different and lower at the
assembly end as opposed to the disassembly end ofthe polymer.
In Kirschner's view, an important consequence of this differ-
ence is that microtubules anchored to centrioles (and hence,
perhaps, kinetically inert) at the disassembly end, are in equi-
librium with a low free-tubulin concentration, whereas unan-
chored microtubules are disassembled at the same free-tubulin
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concentration. In this way, microtubule networks might be
centrally directed . We show here that the sensitivity of micro-
tubules to disassembly by PLN is markedly pH-dependent.
According to Margolis and Wilson (26), this rate of disassembly
from the steady state at high concentrations of PLN is a
measure of treadmilling . Treadmilling is thus positively corre-
lated with pH . Consequently, with increasing pH not only is
G raised but the difference in Cr at the assembly end as
compared with that at the disassembly end will be increased .
This would have the effect, if Kirschner's view is correct, of
more effectively suppressing free microtubules. Harris et al .
(13) show that even in the large Strongylocentrotus purpuratus
egg, fertilization leads initially to microtubule growth almost
exclusively from centrioles . This period is clearly one of pro-
nounced cytoplasmic alkalinization (33) . At subsequent stages,
the microtubules of the fertilized S. purpuratus egg undergo a
wave of disassembly that seems to originate centrally . This
disassembly may be correlated with a wave of increased free
calcium (11) that will promote disassembly (24, 36). However,
localized pH changes are also possible, driven by proton sinks
or other metabolic events . Local changes would be promoted
in regions of a high surface (ion pumping) area to volume
ratio . The pseudopod of phagocytic cells is an example of a
geometry of this kind .
We have previously shown that pseudopods, though rich in

microfilaments, are devoid of microtubules : the latter underlie
the microfilamentous extension (3). Localized proton efflux in
the pseudopod cup could lead to intracellular alkalinization
and the inhibition of microtubule assembly or rapid microtu-
bule disassembly in the underlying cytoplasm . Nuccitelli et al .
(28) demonstrated a current flow (flow ofpositive charge) into
the tail and out ofthe pseudopods ofamoebae. Though calcium
seemed to carry most of the inward current, the ionic species
flowing outward were not identified . The currents measured
were sufficiently large that ifeven a small part were carried by
protons, a significant rise in local intracellular pH might occur .
This argument, although highly speculative, makes plausible
the idea that a local pH change might be generated by the
pseudopod membrane to a degree sufficient to explain the
absence of microtubules within it .
The pH dependency of microtubule disassembly also may

explain some of the variability among different cell types and
systems in response to PLN or colchicine . With intracellular
pH set low, microtubule assembly could become highly resist-
ant to PLN, and vice versa .

In many respects, microtubules behave above neutral pH as
though deficient or devoid of associated protein (MAPS) : G is
elevated, rates of assembly and initiation are impaired, and
susceptibility to disassembly by PLN is increased. However,
direct analysis shows that there are no major differences in the
proteins associated with microtubules assembled over the pH
range of 6.3-7.8 . In fact the high proportion of MAPS in the
assembled microtubules at all pHs suggests that binding sites
are saturated. Thus it is apparent that the simple colocalization
of tubulin and MAPS by specific immunofluorescence does not
define the kinetic behavior of the associated microtubules .

Several aspects of polymerization at alkaline pH require
further study. In particular, the apparently defective nucleation
of assembly at alkaline pH could correspond to the predomi-
nance of an 18S over 30S tubulin multimer at higher pH (7.4-
8.2) described by Marcum and Borisy (23) and by Doenges et
al . (7) . Galella and Smith (8) recently indicated that above pH
8.2 MAPs were irreversibly denatured . We did not explore this



higher pH range but we observed an unexplained variation in
the stability of microtubule protein near pH 8.0, perhaps
because of a subtle defect in MAP-tubulin interaction or de-
pletion ofa quantitatively minorMAPthat is not obvious from
the gel pattern. We show that the major irreversible effect of
alkaline pH is a defect in nucleation . Once microtubules are
assembled, there is little denaturation . The molecular pH-sen-
sitive target has not been identified .
The increased rate of PLN-induced disassembly with pH

also demands closer investigation . The PLN-disassembly rates
at alkaline pH greatly exceed those previously reported, in-
cluding the recently reported sensitization by ATP (27) . If,
indeed, PLN disassembly is a measure of treadmilling, its role
in any process, including its significance for the stability of
anchored microtubules already discussed, will be enhanced at
alkaline pH . The recent experiments of Bergen and Borisy (2)
employing direct length measurement of microtubules assem-
bled onto axonemes demonstrated appreciable assembly and
disassembly at both "ends" of the microtubules, and only
limited theoretical treadmilling . However, Bergen and Borisy
were careful to indicate that their measurements were made
under only one set of experimental conditions, which included
a pH of 6.75 . Thus, it will be interesting to determine whether
the mechanisms of PLN action and of the polarity of micro-
tubule assembly and disassembly are the same at more alkaline

It is clear that the role of pH in microtubule dynamics in
living cells bears careful investigation . Previous data on intra-
cellular pH have not been gathered with the analysis of micro-
tubule assembly in mind . Thus, our discussion ofphysiological
relevance is clearly inconclusive. A significant need exists for
simultaneous evaluation of intracellular pH and microtubule
assembly with particular regard for the formidable problem of
evaluating pH within local regions. Because of its significant
effects on every aspect of microtubule polymerization, partic-
ularly disassembly, Cr, and perhaps treadmilling, intracellular
pH will likely prove a critical parameter in cytoskeletal regu-
lation.
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