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ABSTRACT. Deuterium oxide (BO) is known to promote the assembly of tubulin into microtubutes

vitro, to increase the volume of mitotic spindles and the number and length of spindle microtubules, and
to inhibit mitosis. Reasoning that its actions on cellular microtubules could be due to modulation of
microtubule dynamics, we examined the effects of replacin@® Mith D,O on microtubule dynamic
instability, treadmilling, and steady-state GTPase activity. We found that replacing 50% or more of the
H,0O with D,O promoted microtubule polymerization and stabilized microtubules against dilution-induced
disassembly. Using steady-state axoneme-seeded microtubules composed of pure tubulin and video
microscopy, we found that 84%,D decreased the catastrophe frequency by 89%, the shortening rate by
80%, the growing rate by 50%, and the dynamicity by 93%. Sixty perce@td2creased the treadmilling

rate of microtubules composed of tubulin and microtubule-associated proteins by 42%, and,89% D
decreased the steady-state GTP hydrolysis rate by 90%. The mechanism responsible for the ability of
D0 to stabilize microtubule dynamics may involve enhancement of hydrophobic interactions in the
microtubule lattice and/or the substitution of deuterium bonds for hydrogen bonds.

Deuterium oxide (BO)! is known to have strong stabiliz-  This activity is associated with substantial increases in the
ing effects on protein assemblies. For example, replacementiength and number of mitotic spindle microtubules. Because
of H,O with D,O stabilizes the aggregated forms of such of the importance of microtubules in such cellular processes
diverse oligomeric proteins as phycocyani), (lactic de- as chromosome movement and separation during mitosis and
hydrogenase and glutamate dehydrogenagesflactoglo- meiosis, vesicle transport, and cellular motility, it would be
bulin A (3), N*%-formyltetrahydrofolate synthetasd)( and expected that a change in the number of microtubules, their
malate dehydrogenaseé)( Assembly processes such as distribution, or their stability, would have profound effects
flagellin polymerization ), the conversion of G-actin to  on cell function.

F-actin (7), and the formation of microtubules from tubulin microtubules possess two interesting kinetic properties,
(8—10) are also strongly promoted by,D. The solventalso  dynamic instability 25) and treadmilling 26, 27). Dynamic
stabilizes some proteins against inactivation and denaturationnstability refers to the ability of individual microtubules to
(6, 10-16). Several explanations for the effects of@on  aternate between states of growth and shortening. This
protein self-assembly and stability have been proposed,dynamic property aids the microtubule in searching for
including an increased strength of hydrophobic interactions pinding targets such as the kinetochores of chromosomes
(15), the greater strength of deuterium bonds compared to during mitosis. Treadmilling is the ability of microtubules
hydrogen bonds3 6, 11), and changes in thekavalues of {0 grow at their plus ends and shorten at their minus ends.
amino acid side chainsl(). Treadmilling occurs because the critical protein concentra-

D20 appears to affect diverse processes in cells such asjons are different at the two ends. The importance of the
microfilament distribution, DNA synthesis, and centrosome dynamic nature of microtubules to mitosis is evident from
function (7, 18—24). A number of studies have demonstrated the fact that both microtubule stabilizing and destabilizing
that D,O can block mitosis (reviewed in refs8 and 19). antimitotic drugs suppress dynamic instabilityvitro (28—

T This research was supported by NIH Grants CA 55141 (R.H.H.) 31) and in cells §2 33) BOth-Of the kinetic.p_roperties of
and NS 13560 (LW.). PP y 7 microtubules, dyna_mlc mstablllty a_nd treadm|ll|ng, are altered

*To whom correspondence should be addressed: Telephone (785)0y @ number of microtubule-binding protein36(-45).
864-3813, Fax $785?.f864_'5294? E-mail hki)mes@ukanS-EdU- It is possible that the antimitotic action of,0 is due to

s Bﬂ:ggg:g gf Eg,;;’;g_'a at Santa Barbara. its ability to suppress 'microtubule dynqmics and treadmilling.

1 Abbreviations: PEM buffer, 0.1 M 1,4-piperazinediethanesulfonate, TO test this hypothesis we have examined the effects,6f D
1 mM ethylene glycol bigi-aminoethyl ether)-N,N,NN'-tetraacetic on the dynamic instability of microtubulés zitro by video

acid, and 1 mM MgSQ@ pH 6.9; PMME buffer, 87 mM 1,4- ; ; i ;
piperazinediethanesulfonate, 36 mM morpholinoethane sulfonate, 1.8m|crOSC0py and on microtubule treadmilling. We find that

mM MgCl,, and 1 mM ethylene glycol bigtaminoethyl ether)- that D0 strongly suppresses both microtubule kinetic
N,N,N',N'-tetraacetic acid, pH 6.9. properties.
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EXPERIMENTAL PROCEDURES uM in PEM containing 0.5 mM GTP and either 8% DMSO
. N - . or 89% DO or at a concentration of 3oM in the absence
Tubulin Purification For the treadmilling and dynamic ¢ pvsO or D.O. At the desired time, 50L samples were

instability experiments, microtubule protein consisting of removed and added to/A of 70% perchloric acid. After
tubulin containing microtubule-associated proteins (MAPS) 30 min on ice, the sample was centrifuged for 4 min in a

was isolated from bovine brain as described previoushy. ( microcentrifuge. The supernatant (40) was added to 400
MAP-free tubulin was purified from this preparation by 4L of a malachite greenammonium molybdate solution (3
phosphocellulose chromatograplr). The GTPase experi- g1 mes of 0.045% malachite green, 1 volume of 4.2%
ments were performed with MAP-free tubulin purified by o 0 onium molybdateni 4 M HCI, and 0.02 volume of

the method of Algaier and Himesi§) from MAP-rich —( 5504 Sterox), and after 1 min, &2 of 34% sodium citrate
tubulin isolated as described by Tiwari and Suprendfl.( ;55 added. The absorbance at 650 nm was measured after

Determination of Steady-State Microtubule Polymer Mass 39 min. Rates were determined from data between 20 and
Tubulin (8 #«M) was mixed withStrongylocentratus purpu- 45 min.

ratusflagellar axonemal seeds in 87 mM Pipes, 36 mM Mes,
1.8 mM MgCh, and 1 mM EGTA, pH 6.9 (PMME buffer),
containing 1.5 mM GTP and incubated at 3C in the
absence and in the presence of differeg®@oncentrations
for 35 min. The microtubules were pelleted by centrifugation
at 4800@ for 1 h and the pellets were solubilized in PMME
at 0 °C. Protein concentration was determined by the

Bradford _method 48). . » ) because we found that microtubules without DMSO e®D
Analysis of Dynamic InstabilityTubulin (8 uM) was depolymerized during centrifugation. A control was done to
polymerized at the ends of axonemal seeds in PMME buffer ¢ngyre that glutaraldehyde did not cause unpolymerized

in the absence and presence ofCD After 35 min of  ypylin to pellet. The concentration of protein in the
incubation, 3ulL of the suspension was prepared for video g nermatants was determined and used to calculate the
microscopy. The dynamic instability of individual microtu-  5mount of protein in the pellet.
bules was recorded at 3T (28). The ends were designated
as plus or minus on the basis of the growing rate, the number
of microtubules that grew at opposite ends, and their relative
lengths 80, 50). Microtubule length changes with time were
determined with a computer-based analysis system (a gift
from Dr. E. D. Salmon)Z8). Data points were collected at
3—5 s intervals. The rates of growing and shortening were
determined by least-squares regression analysis of the dat
points for each growing or shortening phaseB)( We
considered a microtubule to be in a growing phase if it
increased in length by 0.2um at a rate>0.15x¢m/min and
in a shortening phase if it decreased in length>.2 um
at a rate>0.3um/min. Microtubules showing length changes
<0.2um over the duration of six data points were considered
to be in an attenuated state. Twenty to thirty microtubules
were analyzed for each experimental condition.
Treadmilling RatesThe treadmilling rate of MAP-rich
microtubules was determined by measuring the incorporation
of [3H]GDP at steady state by a filter ass@). MAP-rich
tubulin (3 mg/mL) was incubated for 40 min at 3C in
100 mM Pipes, 1 mM EGTA, and 1 mM Mgg&lpH 6.9
(PEM buffer), containing 0.1 mM GTP and a GTP regen-
erating system (10 mM acetate kinase and 1 unit/mL acetyl
phosphate). Incubations were done in the absence an
presence of 60% iD. At the end of 40 min, 65AL samples
were removed and added to & of [3H]GTP (15 uCi).
Samples (4QuL) were removed over a 50 min period and
added to 4 mL of stabilizing buffer (PEM containing 30% Effects of DO on Axonem&eeded Microtubule Polym-
glycerol, 10% DMSO, and 5.6 mM ATP). The stabilized erization We determined the effects of,D on the polym-
samples were filtered through GF/F glass fiber filters and erization of tubulin into microtubules by video microscopy.
the filters were washed and counted in a scintillation counter. Tubulin at a concentration (0.3 mg/mL) that is below that
At the end of 50 min, samples were also removed for mean required for assembly of microtubules at the ends of axoneme
length and polymer mass determinations. seeds in HO was incubated with seeds at 32 for 30 min
GTP Hydrolysis Ratesk, released as a result of GTP in PEM buffer in the absence and presence of 84%.D
hydrolysis was measured by the malachite green asddy ( The number of microtubules nucleated at the ends of 200
Tubulin was polymerized at 37C at a concentration of 15 seeds was determined. As expected in th® ldontrol, no

Samples at 20 and 45 min were also taken to determine
microtubule concentrations and polymer mass. The polym-
erized tubulin concentration was determined by centrifuging
a 100uL sample of the assembly reaction after 45 min in a
Beckman TL-100 ultracentrifuge at 400pand 37°C for 4
min in a TLA-100 rotor. Before centrifugation the sample
was first made 0.25% in glutaraldehyde. This was done

Microtubule Mean Lengths and Number Concentration
Electron microscopy was used to determine mean lengths
and number concentrations of microtubule populatids. (
Samples from the treadmilling and GTP hydrolysis experi-
ments were diluted into PEM-buffered glutaraldehyde, ap-
plied to carbon-coated grids, negatively stained with 1%
uranyl acetate, and viewed in a Jeol JEM-1200 EX11 at
3000x magnification or in a Philips CM 10 electron
microscope at 1459 magnification. The NIH 1.60 program
or Zeiss MOPIIl was used to determine the length distribution
and mean length (200 microtubules/sample were counted).
From this value, the concentration of polymerized tubulin,
and a figure of 1690 tubulin dimegsh of microtubule, the
microtubule number concentration was calculated.

D,0 Solutions Buffers containing RO were prepared by
diluting 10x solutions of the components into,O or a
mixture of D,O and HO. The pH meter readings were taken
as the pH or pD of the solutions. To introduce tubulin into
the DO solutions for the GTPase experiments, tubulin was
first assembled into microtubules and pelleted by centrifuga-
tion, and the pellets were dissolved in the appropriate
solution. For the dynamics and treadmilling experiments a

oncentrated tubulin solution was diluted into the appropriate

2O/H,0 solution.

RESULTS
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Ficure 1: Effect of D,O on the stability of microtubules against dilution-induced disassembly. TubulipfBOvas polymerized at the
ends of axonemal seeds for 30 min in PEM. Preformed microtubules were diluted (1:30) in tubulin-free PEM in the absence (A) or presence
(B) of 87% D,O. The arrows point to microtubules.

microtubules formed at the ends of the seeds (data not _ 040
shown). However, 84% D strongly promoted polymeri- % I
zation. Greater than 90% of the axoneme seeds contained g 030
one or more microtubules. Similar effects occurred at 64% a 0.20
D,0O (data not shown). These results demonstrate th@at D E
strongly promotes microtubule assembly. 2 0.10
Stabilization of Microtubules against Dilution-Induced ;3 T
DisassemblyWe wanted to determine whether® could 0.00 L .
stabilize microtubules. Thus, we determined the effects of 0 20 40 60 80

D,O on dilution-induced microtubule disassembly in two Deuterium oxide ( percent )
ways. In the first, tubulin (3.0 mg/mL) was polymerizeq in Ficure 2: Effect of D,O on microtubule polymer mass. Tubulin
PEM buffer at the ends of axoneme seeds. We then diluted(g ;M) was p0|ymer?zzed in the absenceporypresence of different
the microtubules 30-fold to 0.1 mg/mL into PEM buffer concentrations of BD as described under Experimental Procedures.
either in HO or in 87% DO to obtain a qualitative
determination of whether IO could stabilize microtubules.  tions of D,O and the microtubule mass was determined by
The seeds contained between two and four microtubules priorcentrifugation 35 min after initiation of polymerization. As
to dilution as revealed by video microscopy. Thirty minutes shown in Figure 2, BO strongly increased the microtubule
after dilution in HO, the seeds contained no microtubules mass in a concentration-dependent manner. For example,
(Figure 1A). However>95% of the axonemes retained one 20% D,O increased the mass 1.7-fold and 80%OD
or two microtubules when diluted into 87%O (Figure 1B). increased the mass 4.4-fold.
While the microtubules were fewer in number and shorter  \We then determined the effects ob® on the dynamic
than those in the undiluted sample, indicating that some instability behavior of the microtubules in vitro. At the time
disassembly had occurred, the results show clearly th@t D  analysis was begun (35 min), control microtubules had
strongly stabilized microtubules. reached a minimum of 80% of the steady-state polymer level.
In the second approach, we assembled microtubules richin the HO control, the microtubules grew only at the plus
in microtubule-associated proteins in the absence of seedends, and in the presence of high concentrations 43,D
to polymer mass steady state and pulsed the suspension witlthey also grew predominantly at the plus ends. Several life
a trace of JH]GTP for 45 min to label the microtubule plus history traces of length changes of individual microtubules
ends with H]GDP in the e-site ofs-tubulin (49). One in the absence (Figure 3A) or presence (Figure 3B) D D
portion of the microtubule suspension was diluted into water- are shown. Control microtubules spent most of the time in
based buffer and the second was diluted into buffer contain-the growing and shortening phases and only a small fraction
ing 89% D,O. The microtubules were collected at various of time in an attenuated state (pause), with no detectable
times after dilution and the amount of radiolabeled GDP- growing or shortening. It is clear that,O strongly sup-
tubulin was determined by a filter assag9). The DO pressed the dynamic instability behavior of the microtubules,
reduced the rate of dilution-induced dissociation of tubulin as they spent most of the time in an attenuated state.
from the microtubule ends approximately 4-fold, from 17.5  The quantitative effects of f» on all of the measured
to 4.5 st dynamic instability parameters are shown in Table 1. The
Effects of DO on Dynamic Instability To analyze the  effects of QO on the growing and shortening rates are shown
effects of DO on dynamic instability with axonemal-seeded in Figure 4. DO strongly suppressed the shortening rate in
microtubules, it was first necessary to determine the effectsa concentration dependent manner (Table 1, Figure 4). For
of D,O on the mass of microtubule growth at the ends of example, 84% BO reduced the shortening rate by 79% from
the seeds. Tubulin (8M) was polymerized at the ends of 304+ 3.9 to 6.2+ 2.8 um/min. On the other hand, D did
the seeds in the absence and presence of different concentraaot affect the growing rate until the D concentration in
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Microtubule Length (um)

Time (min)

Ficure 3: Growing and shortening length changes of microtubules
at plus ends in the absence (A) or presence (B) of 84&:. Dength
changes of individual microtubules with time were determined as
described under Experimental Procedures.

Table 1: Effects of BO on Dynamic Instability Parameters of
Individual Microtubuled

D,0 concentration

parameter 0% 20% 62% 84%
Rate ggm/min)
growing 0.65+0.10 0.72+0.13 0.71+0.07 0.32+0.10
shortening  30.&: 3.9 26.2+ 4.4 12.8+ 2.5 6.2+ 2.8
Average length
Excursion fgm/event)
growing 1.8+ 0.56 1.2+ 0.25 1.71+ 0.2 0.47+ 0.08
shortening 3.4t 0.45 3.9+ 0.53 3.6+ 0.7 2.0+ 0.88
Transition
Frequency (min?)
catastrophe  0.2& 0.07 0.3+ 0.07 0.14+ 0.04 0.032+0.01
rescue 3.8 0.45 2.4+0.8 3.0+ 0.83 24+1.1
Time Spent in Phase (%)
growing 80 67.3 73 17.7
shortening 3.2 6.4 4.1 11
attenuation 16.7 26.3 22.9 81.2
Dynamicity (m/min)
143 1.5 0.93 0.1

a + values refer to SD except for rates of growing and shortening,
which are SEM.

the solution was higher than 62% (Figure 4). At 84%D
the growing rate was reduced by 50% from 069.1 to
0.32 &+ 0.1. D,O also significantly increased the time
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Ficure 4: Effects of BO on the growing 4) and shortening®)

rates. The growing and shortening rates were determined as
described under Experimental Procedures. The error bars represent
the SEM.

transition from growing or attenuation to shortening) in a
concentration-dependent fashion. However, it did not ap-
preciably affect the rescue frequency (Table 1). In the
presence of 84% O the catastrophe frequency was reduced
by 90%, from 0.28&+ 0.07 to 0.032+ 0.01, suggesting that
D,0O might affect the capping mechanism.

Dynamicity is the measure of all detectable dimer ex-
change at the microtubule ends (the total detectable tubulin
dimer addition and loss at a microtubule end including the
time the microtubules spend in the attenuated st2&¥6).

It reflects the extent to which an agent kinetically stabilizes
a microtubule. As shown in Table 1,0 strongly suppressed
the dynamicity; 84% BO reduced the dynamicity by 93%,
and thus, strongly stabilizes microtubules.

The dynamic instability experiments were done in buffers
having identical pH meter readings. However, because of
the difference in the glass electrode response’taitl D,

a correction must be made for solutions containing@ o
obtain the pD value52). While the pH meter reading was
6.9, the true pD value for an 85%,0 solution is about 7.2.

To ensure that this difference was not responsible for the
large difference in dynamic instability, we determined the
effects of elevated pH on the dynamics of individual
microtubules. We found that the overall dynamicity was 1.38
um/min at pH 7.2, compared to 1.48n/min at pH 6.9 (data
not shown). Thus, the suppressed microtubule dynamics
observed in the presence of@were not due to differences
in the pH and pD values.

Effects of DO on the Treadmilling Rate of MAP-Rich
Microtubules Treadmilling is mechanistically distinct from
dynamic instability. It occurs because the critical subunit
concentrations at the opposite microtubule ends are different
(27). The effect of RO on treadmilling was determined with
MAP-rich microtubules anc®H]GTP exchange methodology
(49). Both dynamic instability and treadmilling give rise to
incorporation of fH]GDP into the microtubules. However,

microtubules spent in the attenuated state. Interestingly, 62%MAP-rich microtubules show little dynamic instability
D20 increased the polymer mass by 3.5-fold and therefore pehavior 44, 45) and the linear incorporation offfjGDP
reduced the soluble tubulin-GTP concentration from 7.2 10 that occurs after the initial burst of incorporation due to

5.2uM. Despite the reduction in the concentration of soluble

tubulin, the growth rate did not decrease (Figures 2 and 4).

Thus, BO must reduce the rate of tubulin dissociation from

dynamic instability at the extreme ends of the microtubules
is due primarily to treadmilling (see ref4). Microtubule
protein (tubulin plus MAPSs) was polymerized to polymer

microtubules or increase the association rate constant (segnass steady state, at which time the microtubules were pulsed

Discussion).
The switching frequency is a reflection of the mechanism

of gain and loss of the stabilizing cap at microtubule ends.

with [®H]GTP. The kinetics of JH]GDP-tubulin incorpora-
tion into the microtubules were determined (Figure 5) and
the treadmilling rate was calculated from the linear portion

D,O strongly suppressed the catastrophe frequency (theof the data. The treadmilling rate was 0.461/h in H;O,
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1400 Table 2: GTPase Activity of Microtubules at Steady State

1200 MT mean concentration P, formation P formation
solvent length gm) of MTs (nM)  (uM/min) (P min~t MT™Y)

1000 - : HO  23.1+135 0.37 3.32 8973
DO  16.7£7.2 0.41 0.33 805

800 | . DMSO 11.5+6.3 0.51 0.86 1686

a Assembly reactions and rate determinations were carried out as
described under Experimental Procedures. The concentration of as-
sembled tubulin was 14,/8M in H,0, 11.6uM in D,0, and 1M in
DMSO. The length measurements were taken at the 20 min time point
after assembly was initiated. Length measurements also done at the 45

600 |

400 |

Tubulin dimers per microtubule

200 " min time point gave the following mean lengths:;®{ 22.1+ 13.9
. um; DO, 19.5+ 10.8um; and DMSO, 11.9 6.3 um.
0 10 20 30 40 50 60 microtubule in RO (805 Pmin~t MT 1) was about 10% of

Time (min) that in HO (8973 Pmin~t MT1). The rates of 1686 and
FIGURE 5: Suppression of the treadmilling rate by 60%0D MAP- 805 R min~* MT1 in 8% DMSO and RO, respectively,
rich tubulin (3 mg/mL) was polymerized to steady state in PEM compare to a rate of 1808 min~! MT ! for porcine brain
buffer. Microtubules were pulsed witRH]GTP and the kinetics microtubules %3) and 1500 P min~t MT! for yeast

of [®H]GDP incorporation into the microtubules were determined . . L
as described under Experimental Procedures. The mean length ofhicrotubules §4), both in 1 M glycerol. Thus similar to the

the microtubules was 13/m in the absence of f (®) and 8.8  DMSO, DO strongly suppresses GTP hydrolysis at micro-
um in its presenced), indicative of a greater degree of nucleation tubule ends, consistent with the idea that it strongly stabilizes

in D;O. microtubules.
250 ; ' DISCUSSION
200 | HO | It is clear from the data presented in this work tha©D

has a very strong stabilizing effect on microtubulesOD
strongly promoted microtubule assembly and stabilized

s 150 T ] microtubules against dilution-induced disassembly. It also
= strongly suppressed the dynamic instability behavior of
& 100 b _ axoneme-seeded MAP-free microtubules by reducing the

catastrophe frequency and the shortening rate. Finally, it

5ok omso | suppressed the treadmilling rate of MAP-rich microtubules,
M 0,0 and it inhibited the rate of GTP hydrolysis of microtubules
T at steady state.

Y ; ) Effect of DO on the Catastrophe Frequendy,O strik-

20 30 Time, min4° 50 ingly reduced the catastrophe frequency. For example,_84%
_ _ D,0 reduced the catastrophe frequency by 89%. A micro-
Ficure 6: Rates of P formation. Assembly reactions were

performed and Pmeasured after steady state was reached as tubu]g .W'” continue to grow asllong as It maintains a
described under Experimental Procedures. italues were 6 for  Stabilizing GTP or GDP-P; cap at its end. Loss of the cap

H,0, 4 for DMSO, and 8 for RO. induces a catastrophe and the microtubule rapidly loses
subunits. The catastrophe frequency, therefore, is a reflection
consistent with previous reportd4). DO (60%) reduced  of the loss of the stabilizing cap. It is reasonable to think
the treadmilling rate 42% to 0.28m/h. that the decrease in the catastrophe frequency,d B a
Effect of DO on the Steady-State GTPase Aityi reflection of the suppression of microtubule dynamics, caused
Because of the dynamic nature of steady-state microtubulesgither by a greater stability of the microtubule lattice or by
they constantly hydrolyze GTP in association with tubulin a reduction in the dissociation of tubulin-GTP or tubulin-
exchange. The level of GTPase activity is a measure of the GDP—P, from the microtubule end. Alternatively,,D may
dynamic nature of the microtubules; stable microtubules suppress the catastrophe frequency by having a direct effect
would be expected to have low rates of GTP hydrolysis. We on the hydrolysis rate. However, we feel this is a less likely
measured the GTPase activity of microtubules assembled inpossibility (see below).
the absence of seeds in®} in DO, and, for comparison, Effect of O on Shortening and Growing RateB,0O
in the presence of 8% DMSO, a known microtubule reduced the shortening rate dramatically (Figure 4). These
stabilizing agent 46). The kinetics of Prelease in the results support the idea that,® stabilizes dimerdimer
presence of KD, D,O, and DMSO are presented in Figure bonds in the lattice. Although it is not known how® might
6. The mean rate ofiFormation was 3.3 0.72uM/min stabilize microtubules, one reasonable possibility consistent
in H,O, 0.484+ 0.21uM/min in D,O, and 0.84+ 0.28 uM with other data 15) is that it increases the strength of
in 8% DMSO. The rate of GTP hydrolysis is proportional hydrophobic interactions between tubulin dimers in the
to the number concentration of microtubules, but we found lattice. It is commonly accepted that hydrophobic interactions
that this value was almost the same for the three assemblyare important in dimerdimer interactions in the microtubule
conditions. In Table 2 the rates of GTP hydrolysis per lattice 64). This concept receives further support from the
microtubule are presented for one experiment. The rate perfinding that mutations at three conserved leucine residues
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in S-tubulin, L215, L217, and L228, destabilize microtubules be due to suppression of both the catastrophe frequency and
(56). L215 and L217 are located in a loop between helices the shortening rate of mitotic microtubules. HowevesQOD
6 and 7 ing-tubulin, and L228 is located within helix BY). is also known to exert antiproliferative activity during
The electron crystal structure of tubulin and a 20 A map of interphase. The fact that ,D strongly suppresses the
the microtubule indicate that this region is involved in both dynamic instability and treadmilling of microtubules suggests
lateral and longitudinal contacts in the microtubub&)( D,O might inhibit cell proliferation during interphase by
The effect of DO on the growing rate was complex stabilizing the interphase microtubule cytoskeleton. Disas-
(Figure 4). At low and intermediate concentrations (20% and sembly of the interphase microtubule network is a prereg-
62%), DO did not alter the growing rate; however, it did uisite for the formation of mitotic spindles and.®@ might
reduce the growing rate at a high (84%) concentration. The prevent the disassembly.
growing rate at a microtubule end depends on the association

rate constant, the dissociation rate constant, and the concenREFERENCES

tration of free tubulin, according to the relationshjp= k:C

— k-, whererq is the growing ratek, is the association rate
constantk- is the dissociation rate constant, a@ds the
soluble tubulin dimer concentration. The microtubule poly-
mer mass increased inO, and therefore, the soluble tubulin
dimer concentration decreased. For example, 60% D
increased the polymer mass by 350% compared to that in
H,O (Figure 2). In the control microtubule suspension the
soluble tubulin concentration was #®1, and in the presence

of 62% D,O, the soluble tubulin concentration was /.
Thus, a 25% decrease in the tubulin concentration did not
result in a noticeable change in the growth rate. This result
could be explained by a decrease in the dissociation rate

constant, an increase in the association rate constant, or a

combination of both. Evidence obtained by dilution-induced
disassembly (see Results) indicates th#d Btrongly reduces
the dissociation rate constant. At a high concentration (84%),
D0 did reduce the growing rate, which probably is due to
reduction of the soluble tubulin concentration.

Effect on Steady-State GTP Hydrolydtss possible that
D,O could directly decrease the rate of hydrolysis. As a
general rule, the rate of hydrolysis of a reaction where the
transfer of an exchangeable hydrogen is the rate-limiting step
would be decreased by,D (58). Thus, the decrease in
microtubule dynamics by D could be due to a decrease in
the GTPase activity of microtubules in the presence 69 D
However, previously we showed that the drug-stimulated
GTPase activity of tubulin is increased by@ i.e., there is
an inverse solvent isotope effeb®. Assuming the chemical
mechanism of hydrolysis of GTP during addition of tubulin
to a microtubule is identical to the mechanism of the drug-
induced GTPase activity, we would have expected an

increase in steady-state GTP hydrolysis in the absence of
other considerations. We therefore propose that the decreased19.

dynamics of the microtubules explains the large decrease in
the steady-state rate of GTP hydrolysis, although it is
certainly possible that the solvent isotope effect on the steady-
state hydrolysis of GTP may differ from the effect on the
drug-induced hydrolysis by unpolymerized tubulin.

D,0O as an Antimitotic and Antiproliferate Agent The
antimitotic effects of RO require high RO concentrations.
Its effects on mitosis also vary among cell types. For
example, 50% BO causes a substantial increase in spindle
size in marine oocytesl, 19) and grasshopper spermato-
cytes 60) but not in mammalian cells2@, 61, 62). When
cells are exposed t©50% or less RO, mitosis still proceeds
but usually at a slower rate than norm@0,(61). Concentra-
tions of 75-80% inhibit cell proliferation during late G2
and early mitosisq1, 23, 24, 61). Our data suggest that the
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