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Modulation of Tubulin-Nucleotide Interactions by 
Microtubule-Associated Proteins: Polymerization with Ribose-Modified 
Analogues of Guanosine 5’-Triphosphate+ 

Ernest Hamel,* Anthony A. del Campo, Jay Lustbader, and Chii M. Lin 

ABSTRACT: We have examined the ability of a series of ri- 
bose-modified analogues of GTP to support microtubule-as- 
sociated protein (MAP)-dependent polymerization of purified 
tubulin in 0.1 M 2-(N-morpholino)ethanesulfonate-0.5 mM 
MgCl,. Both the tubulin and the MAPS were free of nu- 
cleosidediphosphate kinase activity. Deoxyguanosine 5’-tri- 
phosphate analogues and arabinosylguanosine 5‘-triphosphate 
all supported polymerization reactions in which microtubules 
were formed and which began earlier, were more extensive, 
and required a lower nucleotide concentration than the 
GTP-supported reaction. One of these nucleotides, 2‘,3‘-di- 
deoxyguanosine 5‘-triphosphate (ddGTP), was unique in also 
supporting polymerization without MAPs, although a higher 
nucleotide concentration was required and the polymer was 
a mixture of microtubules and open sheets. The microtubules 
formed with ddGTP plus MAPS were significantly more cold 
stable than microtubules formed with GTP plus MAPs, while 
the polymer formed with ddGTP minus MAPS had similar 
cold lability to the GTP-dependent tubules. Analogues with 
an open ribose ring or bearing a methyl or phosphate group 
at the 2’- or 3’-hydroxyl were also examined. While 2/-0- 

G u a n o s i n e  nucleotides are intimately involved in the 
structure and function of tubulin, the major component of the 
mitotic spindle. The protein binds 2 molar equiv of nucleotide 
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methylguanosine 5’-triphosphate (2’0MeGTP) seemed com- 
parable to GTP in its ability to support MAP-dependent po- 
lymerization as a function of nucleotide concentration, pro- 
gressively decreasing activity was observed with acyclo- 
guanosine 5’-triphosphate (acyclo-GTP), 3’-Omethylguanosine 
5’-triphosphate, (3’0MeGTP), and the periodate-oxidized, 
borohydride-reduced derivative of GTP (ox-red-GTP). The 
guanosine tetraphosphates had little or no ability to support 
tubulin polymerization with MAPs. Microtubules were formed 
only with acyclo-GTP, while the polymer formed with 3’- 
OMeGTP was a mixture of microtubules and open sheets. The 
structures formed with 2’0MeGTP and ox-red-GTP were 
thick-walled, relatively short, enlarged tubules about 82 nm 
in diameter. No definite protofilaments could be distinguished 
in these bizarre structures. If nucleosidediphosphate kinase 
was included in the reaction mixture, however, microtubules 
became the predominant product with ox-red-GTP. More- 
over, 2’0MeGTP and ox-red-GTP, as well as GTP, supported 
microtubule formation from purified tubulin (in the absence 
of MAPs) in the presence of 3.4 M glycerol-6 mM MgCl?. 

(Weisenberg et al., 1968; Bryan, 1972; Kobayashi, 1974; 
Hamel & Lin, 1981a). Half cannot be exchanged with free 
GTP and can only be removed from the protein by its dena- 
turation (the nonexchangeable GTP). The other half can be 
exchanged with free GDP or GTP and can also be removed 
from tubulin with difficulty (the exchangeable GTP). Tubulin 
polymerization is usually associated with hydrolysis of ex- 
changeably bound GTP (Kobayashi, 1975; Weisenberg et al., 
1976; Penningroth & Kirschner, 1977;, Arai & Kaziro, 1977; 

This article not subject to US. Copyright. Published 1983 by the American Chemical Society 



1272 B I O C  H E  M I S  T R Y  H A M E L  E T  A L .  

David-Pfeuty et al., 1977; MacNeal & Purich, 1978). Al- 
though the resultant GDP is not exchangeable in the micro- 
tubule, exchangeability is restored after the polymer is dis- 
assembled (Weisenberg et al., 1976; Arai & Kaziro, 1977; 
David-Pfeuty et al., 1977). The functions of the nonex- 
changeable GTP remain unknown, but it is not hydrolyzed in 
the assembly-disassembly process. 

Since understanding the role of nucleotides in tubulin 
structure and function in greater detail may aid in the rational 
design of effective antineoplastic agents, we have been studying 
the effects of GDP and GTP analogues. In our initial studies, 
we examined how a series of ribose-modified analogues of GDP 
and GTP (Hamel & Lin, 1981b; Lustbader & Hamel, 1982) 
affected glutamate-induced polymerization of purified tubulin 
which we had demonstrated to be free of both nucleosidedi- 
phosphate kinase and ATPase activities (Hamel & Lin, 
1981a). While the glutamate system did permit study of direct 
effects of nucleotides on tubulin, a major consideration in our 
choosing it was the well-described contamination of both 
microtubule protein and microtubule-associated proteins 
(MAPS),’ as well as some preparations of electrophoretically 
homogeneous tubulin, by these enzymes (Gaskin et al., 1974; 
Kobayashi, 1974; Weisenberg et al., 1976; Penningroth & 
Kirschner, 1977; David-Pfeuty et al., 1978; Jacobs & Huitorel, 
1979; Terry & Purich, 1979; Hamel et al., 1981). We have 
recently observed, however, that heat treatment of MAPs, 
which has little effect on their ability to promote tubulin 
polymerization (Fellow et al., 1977; Cleveland et al., 1977), 
destroys the nucleosidediphosphate kinase and ATPase con- 
taminants (Hamel et al., 1981) as well as a tubulin-inde- 
pendent GTPase activity (David-Pfeuty et al., 1978). We 
therefore decided to use the ribose-modified analogues to 
explore whether the MAPs altered tubulin-nucleotide inter- 
actions. 

Experimental Procedures 
Materials. Electrophoretically homogeneous calf brain 

tubulin free of unbound nucleotide and containing about 1 
molar equiv each of bound GDP and GTP was prepared as 
described previously (Hamel & Lin, 1981a; Hamel et al., 
1981), as were nucleotides (Hamel & Lin, 1981b; Lustbader 
& Hamel, 1982). Heat-treated MAPs, with the DEAE-cel- 
lulose chromatography step preceeding heat treatment, were 
prepared as described previously (Hamel et al., 1981), and 
their electrophoretic appearance was similar to that described 
earlier (Hamel et al., 1981). Mes and yeast nucleosidedi- 
phosphate kinase were obtained from Sigma, pp(CH2)pG was 
from ICN, and Quetol 651 was from Polysciences. 

Polymerization Assays. Tubulin polymerization was fol- 
lowed turbidimetrically (Gaskin et al., 1974) in a Gilford 
Model 250 recording spectrophotometer equipped with a 
Lauda thermostatically controlled water bath. After base lines 
were established with the water bath at 0 OC, the thermostat 
was set at 37 OC. The point at which the water bath reached 

’ Abbreviations: MAPs, microtubule-associated proteins; acyclo-GTP, 
triphosphate derivative at the side-chain hydroxyl of 9- [(2-hydroxyeth- 
oxy)methyl]guanine (acycloguanosine); ox-red-GTP, dialcohol derivative 
of GTP obtained by periodate oxidation and borohydride reduction; 
ara-GTP, 9-&~-arabinofuranosylguanine 5’-triphosphate; ddGTP, 
2’,3‘-dideoxyguanosine 5’-triphosphate; 3’dGTP, 3’-deoxyguanosine 5’- 
triphosphate; 2’0MeGTP, 2’-O-methylguanosine 5’-triphosphate; 
3’0MeGTP, 3’-O-methylguanosine 5’-triphosphate; Z’PGTP, guanosine 
2’monophosphate 5’-triphosphate; 3’PGTP, guanosine 3’-monophosphate 
5’-triphosphate; pp(CH2)pG, guanosine 5’-(a,P-methylenetriphosphate); 
Mes, 2-(N-morpholino)ethanesulfonate; EGTA, ethylene glycol bis(6- 
aminoethyl ether)-N,N,N’,N’-tetraacetic acid. 
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FIGURE 1 : MAP-dependent polymerization of tubulin supported by 
dGTP, 3’dGTP, and ara-GTP. Each reaction mixture contained 
tubulin, heat-treated MAPs, Mes, and MgCI2 as described in the text 
and the indicated nucleotide a t  50 pM: curve 1, GTP curve 2, d G T P  
curve 3, 3’dGTP; curve 4, ara-GTP. The first arrow on the abscissa 
indicates the point a t  which the circulating water bath reached 37 
O C  and the second arrow the point a t  which it was again 0 OC (see 
text for further details). 

37 OC was defined as zero time. In some experiments, tur- 
bidity began to rise prior to this point, which is indicated in 
the appropriate figures by an arrow. 

This method was chosen, rather than adding nucleotides to 
preincubated tubulin-MAP solutions, to maximize the prob- 
ability of equilibration of the nucleotides with the proteins. 
Equally important, if the tubulin-MAP solutions were at 30 
OC or higher, polymerization with GTP and the more active 
analogues began before the reaction mixtures could be com- 
pletely mixed, but little polymerization occurred with lower 
concentrations of the less active analogues at lower tempera- 
tures. Temperature equilibration in different runs was very 
similar, and the four cuvettes were within 1.5 OC of each other. 
The cuvette contents were at 14 “C  when the water bath 
initially reached 37 OC (zero time), at 21 OC at 5 min, at 27 
“ C  at 10 min, at 30.5 “C  at 15 min, at 32.5 “C  at 20 min, 
and finally equilibrated at 35 “C  by 30-35 min. 

When cold reversibility was examined, the thermostat was 
reset at 0 OC while ice was rapidly added to the circulating 
water bath. An arrow in the appropriate figures indicates the 
point at which the water bath was again at 0 OC. 

Reaction volume was 0.2 mL, and microcuvettes with a 
1 .O-cm light path were used. Unless otherwise indicated, 
reaction mixtures contained 1.0 mg/mL tubulin, 0.2 mg/mL 
heat-treated MAPs, 0.1 M Mes (adjusted to pH 6.4 with 
NaOH), 0.5 mM MgC12, and nucleotides as indicated. Since 
both tubulin and MAPs were stored in glutamate (Hamel & 
Lin, 1981a; Hamel et al., 1981), reaction mixtures contained 
0.028 M glutamate added with the proteins. 

Electron Microscopy. Thin sections and negatively stained 
specimens were prepared as described previously (Hamel et 
al., 1981), but in some cases, the tannic acid procedure of 
Tilney et al. (1973) as modified by Kim et al. (1979) was used. 

Results 
Deoxy-GTP Analogues. In glutamate-induced polymeri- 

zation of purified tubulin, we had observed that four GTP 
analogues, dGTP, 3’dGTP, ddGTP, and ara-GTP, were su- 
perior to GTP itself in supporting tubulin polymerization 
(Hamel & Lin, 1981b; Lustbader & Hamel, 1982). Figures 
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FIGURE 2: Lack of an absolute requirement for MAPS in ddGTP- 
supported tubulin polymerization. Each reaction mixture contained 
tubulin, Mes, and MgCI, as described in the text, 0.2 mg/mL 
heat-treated MAPs if indicated, and the indicated nucleotide at 0.1 
mM: curve 1, MAPS and GTP curve 2, GTP only; curve 3, MAPS 
and ddGTP; curve 4, ddGTP only; curve 5 ,  MAPS and pp(CH,)pG; 
curve 6, pp(CH,)pG only. The arrows on the abscissa have the same 
significance as those in Figure 1 .  

Table I: Proportion of Protein Polymerized As Determined 
by Ultracentrifugation' 

% protein 
nucleotide added polymerized 

0.1 mM GTP 
0.1 mM dGTP 
0.1 mM 3'dGTP 
0.1 mM ara-GTP 
0.1 mM ddGTP 
0.1 mM ddCTP - MAPs 
0.1 m M  2'0MeGTP 
0.5 mM GTP 
0.5 mM 3'0MeGTP 
0.5 mM acyclo-GTP 
0.5 mM ox-red-GTP 

51 (43-61; 8) 
7 1  (64-83; 6) 
61 (50-66; 7) 
70 (57-79; 5) 
86 (84-88; 4 )  
42 (36-48; 3) 
68 (64-71; 3) 
49 (46-52; 3) 
47 (44-50; 3) 
39 (37-41; 3) 
43 (41-45; 3) 

' Each reaction mixture contained tubulin, Mes, MgCl,, and 
MAPs, except where indicated, as described in the text and the 
indicated nucleotide. They were incubated in the spectrophoto- 
meter as described in the text. After 1 h at 37 "C, they were 
centrifuged for 30 min at  40 000 rpm in a Beckman Ti 50 rotor. 
The protein concentrations of the total reaction mixtures and the 
postcentrifugation supernatants were determined by the method 
of Lowry et al. (1951) to determine the percent protein poly- 
merized. The initial value represents the average of all experi- 
ments, while those in parentheses represent the range of values 
obtained, followed by the number of experiments. 

1 and 2 demonstrate that these analogues are also superior 
to GTP in MAP-dependent polymerization. With all four 
compounds, polymerization began earlier than with GTP,2 and 
reactions supported by them consistently reached higher 
turbidity plateaus, particularly with ddGTP. In addition, when 
the polymer was isolated by ultracentrifugation, we have found 
a larger percentage of protein in the pellet with these four 
analogues than with GTP (Table I). Figure 1 also demon- 
strates that the reactions supported by dGTP, 3'dGTP, and 
ara-GTP are similar to the GTP-supported reaction in their 
cold reversibility. Penningroth & Kirschner (1978) haye 
previously reported similar results with dGTP. 

This is due, at least in part, to a lower temperature threshold for 
polymerization with these analogues than with GTP, perhaps indicating 
enhanced nucleation. At 20 OC in this system, GTP-supported polym- 
erization is minimal, but substantial reactions occur with all four ana- 
logues (data not presented). 

15 30 
MINUTES 

FIGURE 3: MAP-independent tubulin polymerization at higher nu- 
cleotide and tubulin concentrations. Each reaction mixture contained 
Mes and MgClz as described in the text, 2.0 mg/mL tubulin, and 
the indicated nucleotide at 1 .O mM: curve 1 ,  no nucleotide; curve 
2, GTP; curve 3, pp(CH2)pG; curve 4, ddGTP. 

An unexpected finding with ddGTP, but not with any other 
analogue we have studied, was that polymerization occurred 
even without MAPS under the ionic conditions used in these 
experiments (Figure 2, curve 4). The reaction supported by 
ddGTP without MAPS was rapidly cold reversible, while with 
MAPS complete reversal in the cold was much slower (Figure 
2, curve 3). Onset of polymerization was also delayed for 
about 10 min when MAPS were not included in the ddGTP- 
supported reaction. Although the turbidity plateau was gen- 
erally higher with ddGTP - MAPS than with GTP + MAPs 
(Figure 2), a smaller amount of polymer was recovered by 
centrifugation (Table I). 

Since these findings with ddGTP are reminiscent of those 
reported by Sandoval et al. (1977) with pp(CH2)pG, we also 
examined the latter GTP analogue (Figure 2). We confirmed 
their observation that with MAPS intense turbidity developed 
with pp(CHz)pG and that the reaction was not cold reversible. 
We were, however, unable to obtain polymerization of purified 
tubulin without MAPs with pp(CH2)pG, contrary to the report 
of Sandoval et al. (1977). Even at the higher nucleotide and 
tubulin concentrations used in the experiment shown in Figure 
3, significant polymerization occurred only with ddGTP. The 
reason for this difference between our results and those of 
Sandoval et al. (1977) probably derives from significant dif- 
ferences in the tubulin preparations. They used charcoal- 
treated tubulin depleted of exchangeable nucleotide (Sandoval 
et al., 1977), while our tubulin has GDP initially bound in the 
exchangeable site (Hamel & Lin, 1981a). Tubulin freed of 
exchangeably bound nucleotide appears to have limited nu- 
cleotide specificity [Penningroth & Kirschner, 1978; Purich 
& MacNeal, 1978; cf. Lustbader & Hamel (1982) with Kirsch 
& Yarbrough (1981)] and may also have a reduced require- 
ment for MAPS [cf. Kirsch & Yarbrough (1981)l. An ad- 
ditional difference is that our studies are with calf brain tu- 
bulin, while Sandoval et al. (1977) used rat brain tubulin. 

The MAP-dependent reaction supported by GTP is almost 
unaffected by not adding Mg2+ to the reaction mixture (Figure 
4, inset.3 Similarly, with ddGTP if MAPS are present, added 
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Table 11: Characteristics of Tubulin Polymerization Reactions Supported by GTP Analogues 

inin concn amount of 
for poly- onset of poly- tubulin poly- GTP-supported 

inerization' ilierization re1 merized re1 polymerization 
nucleotide (PM) to GTP at 50 pM to GTPC polymer morphology inhibited? 

GTP 10 1 .o microtubules 
ddGTP 5 earlier 1.7 microtubules 
ddGTP - MAPS 70 delayed 0.8 microtubules + sheets 
dGTP 5 earlier 1.4 microtubules 
3'dGTP 5 earlier 1.2 microtubules 
ara-GTP 5 earlier 1.4 microtubules 
2'0MeGTP 10 similar 1.3 80-nm tubules 
acyclo-GTP 30 delayed 0.8 microtubules no 
3'0MeGTP 40 delayed 1 .o microtubules + sheets no 
ox-red-GTP 50 delayed 0.9 80-nm tubules no 
2'PGTPe no 
3'PGTPe no 

a The minimum concentration at  which a significant rise in turbidity relative to the base line without nucleotide was observed. No experi- 

Derived from Table I. The reaction mixtures contained tubulin, heat-treated MAPs, Mes, and MgCl, as described in the text and nucleo- 
ments were performed with less than 5 pM nucleotide or at concentrations between 5 and 10 pM. 

tides as follows: in the experiments with acyclo-GTP, 3'0MeGTP, and ox-red-GTP, the GTP concentration was 10 p M  and the concentration 
of the potential inhibitors was 50 pM; in the experiments with Z'PGTP and 3'PGTP, the GTP concentration was 50 pM and the concentration 
of the potential inhibitors was 250 pM. There was no significant difference in the time of onset, the rate of polymerization, or the turbidity 
plateau in any experiment between reaction mixtures containing GTP alone or GTP + a GTP analogue. e No significant polymerization 
observed. 

Derived from Figures 1, 2, 7 ,  and 8.  

I 0 2  
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FIGURE 5: Effect of MAPs on the minimum concentration of ddGTP 
required for tubulin polymerization. Each reaction mixture contained 
tubulin, Mes, and MgC12 as described in the text, 0.2 mg/mL 
heat-treated MAPs if indicated, and the indicated nucleotide at  70 
(A), 50 (B), or 5 p M  (C): curves 1, ddGTP and MAPs; curves 2, 
G T P  and MAPs; curves 3, ddGTP only; curves 4, MAPs only. 

It should also be noted that a higher nucleotide concen- 
tration was required for ddGTP-supported polymerization 
without MAPS than with MAPS (Figure 5). AS the ddGTP 
concentration was lowered, the MAP-independent reaction 

significant reaction still occurred (Figure SA), but this dis- 
appeared by 50 pM ddGTP (Figure 5B). With MAPs, brisk 
and @ymerization was Observed at lo pM ddGTP 
(data not presented), and a delayed, partial reaction even 
occurred at the substoichiometric concentration of 5 pM 
ddGTP (Figure 5C). Polymerization also occurred with MAPS 
at l o  pM GTP* but there was no significant reaction at pM 
GTP (Figure 5c). [Partial reactions were also observed with 
ara-GTP, dGTP, and 3'dGTP at 5 pM nucleotide (see Table 

Figure 6 demonstrates the morphology of the polymer 

With MAPs, microtubules were the predominant polymeri- 
zation product with all four analogues (Figure 6A-D). The 
polymer formed with ddGTP without MAPS was a mixture 
of microtubules, Open Structures (sheets), and tubules with 
attached sheets (Figure 6E). If no nucleotide was added to 
the reaction mixture, a small pellet with an amorphous ap- 
pearance was obtained (Figure 6F). 

Ribose-Substituted and Open Ribose Ring GTP Analogues. 
In the glutamate-dependent polymerization reaction, GTP 
analogues with an open ribose ring or bearing a methyl or 

z~ 
am 
a 

i 
0.1 - 

1 15 30 became progressively more sluggish. At 70 pM ddGTP, a 
MINUTES 

FIGURE 4: Mg2+ requirement for MAP-independent tubulin polym- 
erization with ddGTP. Each reaction mixture contained tubulin and 
Mes as described in the text, 0.1 m M  ddGTP, and if indicated 0.2 
mg/mL heat-treated MAPs and 0.5 mM MgC12: curve 1, MAPS and 
MgCI2; curve 2, MAPs only; curve 3, MgC12 only; curve 4, no addition. 
The arrow on the abscissa indicates the point a t  which the circulating 
water bath reached 37 OC (see text for further details). Inset: Each 
reaction mixture contained tubulin, Mes, and heat-treated MAPs as 
described in the text, 50 pM GTP, and either 0.5 m M  MgC12 (curve 
1) or no MgC12 (curve 2). 

Mg2+ did not greatly affect the polymerization reaction (Figure 

with ddGTp was totally dependent on added Mg2+ ( ~ i ~ ~ ~ ~  
4, curves 3 and 4). 

II).I 

4, curves 1 and 2). Without MAPS, however, polymerization formed with the dmxy-GTP analogues (including ara-GTP)- 

The solutions of Mes and glutamate [in which the tubulin and  MAP^ 
were stored (Hamel & Lin, 1981a; Hamel et al., 1981)] used here have 
been analyzed by atomic absorption spectroscopy and would contribute 
residual Mg2+ to the reaction mixtures of about 0.03 mM. In addition, 
heat-treated MAPS and tubulin were subjected to gel filtration chroma- 
tography in Mgz+-depleted 0.1 M Mes and similarly analyzed. No 
significant Mg2+ was found in the MAPs, but up to 2 molar equiv of the 
cation remained associated with the tubulin. 
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FIGURE 6: Morphology of polymers formed with dCTP, 3’dGTP, 
ara-GTP, and ddCTP. Reaction mixtures contained in a 0.3-mL 
volume Mes, MgCI,, tubulin, and heat-treated MAPs as described 
in the text, unless indicated otherwise, and nucleotides as indicated. 
After 1 h at 37 ‘C, the reaction mixtures were centrifuged, the pellets 
fixed with glutaraldehyde, and thin sections prepared and examined 
in the electron miaosmpe as described previously (Hamel et al., 1981). 
All magnifications are 26000X. (A) Thin section of polymer formed 
with dGTP and MAPs. The reaction mixture contained 0.2 mM 
dGTP. (B) Thin section of polymer formed with 3’dGTP and MAPs. 
The reaction mixture contained 0.2 mM 3’dGTP. (C) Thin section 
of polymer formed with ara-GTP and MAPs. The reaction mixture 
contained 0.2 mM ara-GTP. (D) Thin section of polymer formed 
with ddGTP and MAPs. The reaction mixture wntained 0.2 mM 
ddGTP. (E) Thin section of polymer formed with ddGTP without 
MAPs. The reaction mixture contained 0.2 mM ddGTP, but the 
MAPs were omitted. (F) Thin section of protein pellet obtained with 
no nucleotide. The reaction mixture contained 2 mg/mL tubulin and 
0.4 mg/mL MAPs but no nucleotide. 

phosphate group at the 2’- or 3I-position were all deficient in 
supporting tubulin polymerization relative to GTP (Hamel & 
Lin, 1981b; Lustbader & Hamel, 1982). Particularly at lower 
nucleotide concentrations, reactions supported by these ana- 
logues began later than the GTP-supported reaction, and 
turbidity development was generally slower. If a reaction was 
initiated, however, similar turbidity plateaus were reached with 
all nucleotides (Hamel & Lin, 1981a; Lustbader & Hamel, 
1982). These experiments had demonstrated the following 
order of activity: GTP > acyclo-GTP > 2’0MeGTP > 

MINUTES 

FIGURE 7: MAP-dependent polymerization supported by acycbGTP, 
3‘0MeGTP, and ox-red-GTP. Each reaction mixture contained 
tubulin, heat-treated MAPs, Mes, and MgCI, as described in the text 
and the indicated nucleotide at either 50 pM (A) or 0.5 mM (B): 
C U N ~ S  I ,  GTP: curves 2. acyclo-GTP: C U N ~ S  3.3‘0MeGTP; curves 
4, ox~ed-GTP: curves 5,3‘PGTP: curves 6, Z‘PGTP; C U N ~ S  7, ATP; 
curves 8, no nucleotide. 

3’0MeGTP > ox-red-GTP > 3’PGTP > 2’PGTP. 
Figure 7 demonstrates that with five of these analogues 

essentially comparable results were obtained with MAPs. At 
50 pM nucleotide (Figure 7A), progressively later and more 
sluggish reactions occurred with acyclo-GTP, 3’0MeGTP, and 
ox-red-GTP, while 3’PGTP and 2’PGTP were inactive. At 
0.5 mM nucleotide, there was an equivocal reaction with 
3’PGTP. while the more active analogues all supported brisk 
polymerization reactions. At concentrations over 0.1 mM, we 
have consistently observed higher turbidity plateaus with ox- 
red-GTP and 3’0MeGTP than with GTP, while the turbidity 
plateaus with acyclo-GTP have been similar to those with 
GTP. When the extent of polymerization with these analogues 
was assessed by centrifugation, however, in comparison to 
GTP, less protein was in the pellet with ox-red-GTP and 
acyclo-GTP and a comparable amount with 3’0MeGTP 
(Table I). 

Figure 7 also demonstrates that ATP is without activity in 
this system, a result consistent with the lack of nucleoside- 
diphosphate kinase activity in both the purified tubulin (Hamel 
& Lin, 1981a) and the heat-treated MAPs (Hamel et al., 
1981). We also could obtain no polymerization with 2’,3’- 
dideoxyadenosine 5’-triphosphate (data not presented). 

One ribose-substituted GTP analogue, 2’0MeGTP. had 
strikingly different activity with MAPs as compared to glu- 
tamate (Hamel & Lin, 1981b; Lustbader & Hamel, 1982). 
In Figure 8.2’0MeGTP is compared to GTP, as well as dGTP 
and ddGTP, at 50 pM nucleotide. The onset of polymerization 
was simultaneous with 2’OMeGTP and GTP, but the turbidity 
plateau was much higher with the analogue, exceeding even 
that obtained with ddGTP. By centrifugation, even though 
more protein was polymerized with 2’0MeGTP than with 
GTP, the proportion of protein polymerized was more com- 
parable to the results obtained with dGTP than with ddGTP 
(Table I). Polymerization with 2’0MeGTP was comparable 
in its onset to polymerization with GTP at concentrations as 
low as 10 pM, while neither nucleotide was active at 5 pM 
(see Table 11). 

The polymerization reactions supported by acyclo-GTP, 
2’0MeGTP. 3’0MeGTP, and ox-red-GTP were all cold re- 
versible and required MAPs in 0.1 M Mes-0.5 mM MgCI,. 
Not adding MgCI, did not abolish the polymerization reactions 
supported by these analogues but, in preliminary experiments, 
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FIGURE 8:  MAPdependent polymerization supported by 2‘OMeGTP. 
Each reaction mixture contained tubulin, heat-treated MAPs, Mes, 
and MgCI, as described in the text and the indicated nucleotide at 
50 f i M  curve 1, GTP curve 2,2’0MeGTP; curve 3, ddGTP; curve 
4, dGTP. The arrow on the abscissa indicates the point at which the 
circulating water bath reached 37 “C (see text for further details). 

appeared to result in slower reactions with lower turbidity 
plateaus (data not presented). 

When polymer morphology was examined (Figure 9), we 
found that only the polymer formed with acyclo-GTP had the 
appearance of microtubules (Figure 9A). With 3’0MeGTP, 
a mixture of microtubules and open sheets (Figure 9B), similar 
to the polymer formed with ddGTP without MAPs, was 
formed. With both 2’0MeGTP (Figure 9C) and ox-red-GTP 
(Figure 9D), unusual and relatively uniform, large tubular 
structures were formed, along with what appears to be many 
fragments of these structures. The diameter of these large 
tubules averages 82.5 nm with 2’0MeGTP and 81.9 nm with 
ox-red-GTP, as compared to a diameter of 28.9 nm for mi- 
crotubules formed with GTP (measurements were made on 
micrographs of polymers fixed with glutaraldehydetannic 
acid; see below). 

Our findings with ox-red-GTP differ significantly from 
those reported by Kirsch & Yarbrough (1981) using micro- 
tubule protein. These workers found ox-red-GTP to be as 
effective as GTP in supporting formation of microtubules, 
while we have observed reduced activity and formation of 
aberrant structures. Microtubule protein has often been re- 
ported to contain nucleosidediphosphate kinase activity (Gaskin 
et al., 1974; Kobayashi, 1974; Weisenberg et al., 1976; Pen- 
ningroth & Kirschner, 1977; Jacobs & Huitorel, 1979; Terry 
& Purich, 1979), and we found that adding exogenous nu- 
cleosidediphosphate kinase to our reaction mixtures resulted 
both in substantial apparent enhancement of the ox-red- 
GTP-supported polymerization reaction [data not presented; 
cf. Lusthader & Hamel (1982)l and in formation of micro- 
tubules with the analogue (Figure 9E). Although a few large 
tubules were still observed, 80-90% of the polymer had the 
appearance of typical microtubules. 

We also attempted to determine the fine structure of the 
polymers formed with 2’0MeGTP and ox-red-GTP. In 
particular, we wished to determine whether the polymers had 
protofilaments, but we were unsuccessful in obtaining adequate 
negatively stained specimens. We therefore turned to glu- 
taraldehydetannic acid fixation to enhance resolution in thin 
sections (Figure 10). The polymers formed with both 

FIGURE 9: Morphology of polymers formed with acyclo-GTP, 
3‘0MeGTP, Z‘OMeGTP, and ox-red-GTP. Reaction mixtures 
wntained in a 0.3-mL volume Mes, MgCI,, tubulin, and heat-treated 
MAPs as described in the text and GTP analogues and nucleoside- 
diphosphate kinase as indicated. After 1 h at 37 “C, the reaction 
mixtures were centrifuged, the pellets fixed with glutaraldehyde, and 
thin sections prepared and examined in the electron microscope as 
described previously (Hamel et al., 1981). All magnifications are 
26000X. (A) Thin section of polymer formed with acycleGTP. The 
reaction mixture contained 0.2 mM acyclo-GTP. (B) Thin section 
of polymer formed with 3‘OMeGTP. The reaction mixture contained 
0.2 mM 3‘0MeGTP. (C) Thin section of polymer formed with 
2‘0MeGTP. The reaction mixture contained 0.2 mM 2‘0MeGTP. 
(D) Thin section of polymer formed with on-red-GTP. The reaction 
mixture wntained 0.2 mM ox-red-GTP. (E) Thin section of polymer 
formed with ox-red-GTP and nucleosidediphosphate kinase. The 
reaction mixture contained 0.2 mM ox-red-GTP and 5 units of yeast 
nucleosidediphosphate kinase. 

2’OMeGTP and ox-red-GTP were more labile when fmed with 
glutaraldehyde-tannic acid than with glutaraldehyde alone, 
but many of these structures appeared to be well preserved. 
No definite fine structural detail was visualized in the polymers 
formed with either YOMeGTP (Figure 10A) or ox-red-GTP 
(Figure 10B). As reported by others (Tilney et al., 1973; Kim 
et al., 1979). microtubules formed with GTP displayed 
beadlike protofilaments in cross section (Figure 1OC). The 
walls of the bizarre, large tubules did appear to be thicker than 
the walls of microtubules. Average wall thickness was 8.1 nm 
for microtubules, 9.7 nm for the structures formed with 
2’0MeGTP, and 10.8 nm for the structures formed with ox- 
red-GTP. Even if protofilaments are present in these polymers, 
the significant increase in wall thickness implies that they 
would be staggered rather than side by side as in microtubules. 

We have also found, however, that neither 2’0MeGTP nor 
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~ G U R E  I O  High magnification views of microtubules and the 
polymers formed with Z‘OMeGTP, ox-red-GTP, and GTP. Reaction 
mixtures contained in a 0.3-mL reaction volume Mes, MgCI,, tubulin, 
and heat-treated MAPs as described in the text and GTP or GTP 
analogues as indicated. After 1 hat  37 “C, the reaction mixtures 
were centrifuged as described previously (Hamel et al., 1981). The 
pellets were fixed with tannic acid and glutaraldehyde and further 
processed as described by Kim et al. (l979), except that the pellets 
were embedded in Quetol 651 (Kushida, 1974). All magnifications 
are l08oM)X. (A) Thin section of polymer formed with 2‘0MeGTP. 
The reaction mixture contained 0.2 mM 2’OMeGTP. (B) Thin section 
of polymer formed with ox-red-GTP. The reaction mixture contained 
0.2 mM ox-red-GTP. (C) Thin section of polymer formed with GTP. 
The reaction mixture contained 0.2 mM GTP. 

ox-red-GTP prevents formation of either protofilaments or 
microtubules whenburified tubulin was polymerized without 
MAPs. With high concentrations of glycerol and Mg” (Lee 
& Timasheff, 1975). typical microtubules with parallel pro- 
tofilaments were the predominant polymer formed with 
2’OMeGTP (Figure 11A) and ox-red-GTP (Figure l lB) ,  as 
well as with GTP (Figure 11C). 

Minimum Analogue Concentrations Required for Polym- 
erization and Failure of Weakly Actiue Analogues To Inhibit 
GTP-Supported Polymerization. Table I1 presents a summary 
of our findings with this series of ribose-modified GTP ana- 
logues, including the observations described in detail above 
on polymer morphology, centrifugal analysis of the proportion 
of protein polymerized, and relative time of onset of polym- 
erization. In addition, Table I1 summarizes our experience 
in establishing threshold nucleotide concentrations required 
for polymerization and our inability to demonstrate inhibition 
of GTP-supported polymerization with nucleotides less active 
than GTP. 

Without exception in the MAP-dependent reactions, there 
is a clear correlation between the onset of polymerization and 
the threshold concentration required for the reaction. The four 
nucleotides (ddGTP, dGTP, 3’dGTP, and ara-GTP) which 
initiate polymerization before GTP have partial activity at the 
substoichiometric concentration of 5 pM. The reactions 
supported by GTP and 2’0MeGTP. which have a similar time 
of onset, require at least 10 pM nucleotide. Finally, the 
analogues which support progressively later reactions (acy- 
clo-GTP, 3’0MeGTP. and ox-red-GTP) are required in 
progressively higher concentrations. Moreover, the reactions 
with all analogues at least as active as GTP were more ex- 
tensive than the GTP-supported reaction, while the reactions 
with the weaker analogues were either comparable or less 
extensive than the reaction with GTP. 

It  seems likely from these findings that the more active 
analogues would hind at least as readily as GTP in the ex- 
changeable site. The less active analogues might hind in the 
site but be deficient at a subsequent step in the polymerization 
reaction. If this were the case, they should inhibit GTP-de- 
pendent polymerization. This interesting possibility was ex- 
cluded, however, because we were unable to demonstrate any 
inhibition of this reaction with a 5-fold molar excess of acy- 
clo-GTP, 3’0MeGTP, ox-red-GTP, 3’PGTP, or 2’PGTP 
(Table II), confirming similar observations with glutamate- 

FIGURE 11: Morphology of polymers formed from purified tubulin 
with Z’OMeCTP, ox-red-GTP, and GTP in glycerol-MgCI,. Neg- 
atively stained specimens were prepared as described previously (Hamel 
et al., 1981) after 1 h at 37 ‘C. All magnifications are 132600X. 
Each 50-pL reaction mixture contained 4.0 mg/rnL tubulin, 3.4 M 
glycerol, 6 mM MgCI2, 50 mM Mes, 0.5 mM EGTA, and 1.0 mM 
2‘0MeGTP (A), ox-red-GTP (B), or GTP (C). 

induced polymerization (Hamel & Lin, 1981b). With a 5-fold 
molar excess of GDP, polymerization was almost completely 
inhibited [data not presented; cf. Weisenberg et al. (1976) and 
MacNeal & Purich (1978)l. 

Discussion 

With the exception of only 2‘OMeGTP, the order of relative 
nucleotide activity in MAP-dependent tubulin polymerization 
is the same as that reported earlier for the glutamate-induced 
reaction (Hamel & Lin, 1981b; Lustbader & Hamel, 1982). 
The deoxyGTP analogues dGTP, 3’dGTP, and ddGTP, as 
well as ara-GTP, are superior to GTP, while the ribose-sub- 
stituted and open ribose ring analogues acyclo-GTP, 
3’0MeGTP, ox-red-GTP, 3’PGTP, and 2’PGTP are pro- 
gressively less active than GTP. With MAPs, 2’0MeGTP 
appears to have activity comparable to GTP, whereas with 
glutamate, it was substantially less active than both GTP and 
acyclo-GTP (Lustbader & Hamel, 1982). 

More striking than the relatively greater activity of 
2’0MeGTP, however, was the morphology of the structures 
this analogue, as well as ox-red-GTP, induced in the MAP- 
dependent reaction. These were thick-walled, relatively short, 
large tubules in which no definite protofilaments could be 
distinguished. In MAP-independent polymerization induced 
by glycerol-Mg2+ (Lee & Timasheff, 1975), however, 
2’0MeGTP and ox-red-GTP supported formation of micro- 
tubules with parallel protofilaments indistinguishable from 
those formed with GTP. Preliminary electron micrographic 
studies in 1.0 M glutamate have also demonstrated that the 
polymers formed with 2’0MeGTP and ox-red-GTP have 
parallel protofilaments (data not presented), as does the 
polymer formed with GTP (Hamel et al., 1982). 
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We are aware of only one other report in which use of a 
GTP analogue resulted in structures of altered morphology 
in the presence of MAPs: Sandoval & Weber (1980) reported 
that MAP-2 with pp(CH2)pG induced the formation of short 
ribbons with an average of six protofilaments while MAP-2 
with GTP induced the formation of microtubules. 

The results reported here remain consistent with the hy- 
pothesis that the ribose-substituted and open ribose ring 
analogues have a reduced affinity for tubulin, resulting in 
relative exclusion from the exchangeable site, as a result of 
steric factors (Hamel & Lin, 1981b; Lustbader & Hamel, 
1982). Either because of the MAPS or because of the ionic 
environment (0.1 M Mes-0.5 mM MgC12 as opposed to 1.0 
M glutamate), this exclusion no longer extends to 2’0MeGTP. 

Only one of the ribose-substituted and open ribose ring 
analogues, acyclo-GTP, supported formation of microtubules, 
while a second, 3’0MeGTP, supported formation of a mixture 
of microtubules and open sheets. The other compounds with 
significant activity, 2’0MeGTP and ox-red-GTP, supported 
the formation of highly abberant polymerization products 
rather than microtubules when bound in the exchangeable site 
in the MAP-dependent reaction examined here. Apparently, 
when the ribose ring is disrupted in a sterically unfavorable 
manner, polymer morphology as well as the nucleation and 
elongation phases of polymerization can be affected. 

A second unexpected finding in our study of MAP-de- 
pendent polymerization with GTP analogues was that ddGTP 
was able to support tubulin polymerization without MAPS in 
0.1 M Mes-0.5 mM MgC12. Only ddGTP had this property 
in our system. With MAPs, morphologically typical micro- 
tubules were the polymerization product formed with ddGTP 
while without MAPS a mixture of microtubules and open 
sheets was formed. The MAPS also had other significant 
effects on both the reaction and the polymer formed with 
ddGTP. 

With MAPs, both the GTP- and ddGTP-supported reac- 
tions have at most a minimal Mgz+ requirement [cf. Buttlaire 
et al. (1980)], since added MgC12 had little effect on polym- 
erization. Without MAPs, however, added Mg2+ was essential 
for polymerization. With MAPs, the onset of polymerization 
occurred much earlier, and both the extent of polymerization 
and the turbidity plateau were higher. With MAPs, there was 
also a significantly lower threshold for ddGTP. Without 
MAPs, at least 50-70 pM ddGTP was required for sluggish 
polymerization of tubulin at 1 mg/mL (9 pM), but with 
MAPs, partial polymerization occurred with 5 pM ddGTP. 

The cold stability of the polymer formed with ddGTP was 
also affected by the presence of MAPs. If MAPs were not 
added with ddGTP, the polymer was as cold labile as micro- 
tubules formed with GTP and MAPs. But with MAPS and 
ddGTP, the microtubules formed were more cold stable than 
the polymer formed with any other nucleotide we have ex- 
amined except pp(CH2)pG [cf. Sandoval et al. (1977)], al- 
though ultimately they were completely disrupted. 

These observations with ddGTP indicate that the MAPS 
enhance the affinity of nucleoside triphosphates for the ex- 
changeable binding site of tubulin, reduce the requirement for 
Mg2+ in polymerization [Herzog & Weber (1977) have, in 
fact, demonstrated polymerization of purified tubulin at high 
Mg2+ concentrations in 0.1 M piperazine-N,Nf-bis(2-ethane- 
sulfonate)], and help stabilize the microtubule once it has 
formed [cf. Zackroff et al. (1980) and Carlier & Pantaloni 
(1982)]. 

Finally, we have found that in 0.1 M Mes-0.5 mM MgClz 
both the turbidity plateau and the amount of polymer formed 

varied greatly, depending on which nucleotide was used to 
support polymerization. [Glutamate-induced polymerization 
had shown much less variability (Hamel & Lin, 1981b; 
Lustbader & Hamel, 1982; unpublished results).] With GTP, 
an average of half the protein was polymerized, although a 
range of 43-61% was ~bse rved .~  In experiments in which 
direct comparisons were made, the higher turbidities observed 
with dGTP, ara-GTP, and ddGTP + MAPS were directly 
proportional to the higher amounts of polymer, in the form 
of microtubules, recovered with these nucleotides as compared 
to GTP. Even though microtubules are also formed with 
3’dGTP and acyclo-GTP, the turbidity readings with these 
analogues were almost always disproportionately higher than 
the amount of polymer recovered by centrifugation. The 
reason for this is not known but could conceivably result from 
differences in protofilament number. With ddGTP - MAPs, 
3’0MeGTP, 2’0MeGTP, and ox-red-GTP, the turbidity 
readings were also disproportionately higher than the amount 
of polymer recovered. In all four cases, aberrant structures 
were prominent in the polymer. Both the sheets formed with 
ddGTP - MAPS and 3’0MeGTP [cf. Himes et al. (1977) and 
Waxman et al. (1981)l and the 80-nm tubules formed with 
2’0MeGTP and ox-red-GTP were considerably wider than 
microtubules and apparently scatter light to a greater degree. 

In summary, modification of the ribose ring of GTP can 
have substantial effects on the polymerization .of tubulin be- 
yond the apparent relative affinity of the modified analogue 
for the exchangeable site. Once bound, analogues can affect 
polymer morphology, the proportion of tubulin polymerized 
(and hence probably the critical concentration), the require- 
ment for MAPs, and polymer stability. In turn, MAPS may 
alter the relative affinity of some analogues, as exemplified 
here by the enhanced activity of 2’0MeGTP, they appear to 
affect polymer morphology, depending on the nucleotide in 
the exchangeable site, and they perhaps increase the affinity 
of all GTP analogues for tubulin if the 10-fold reduction by 
MAPs of the minimum effective concentration of ddGTP 
represents a general phenomenon. We are presently preparing 
radiolabeled analogues to study these tubulin-MAP-nucleotide 
interactions in further detail. 
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