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ABSTRACT: The rate and, to a lesser degree, the extent of microtubule assembly from rat brain tubulin is
enhanced by oligocations such as polyamines, melittin, polybasic drugs, oligolysines, and oligoarginines.
The effect is cooperative for degrees of polymerization up to seven for oligolysines and up to five for
oligoarginines and is interpreted as an interaction with up to seven closely spaced anionic charges.
Microtubules so formed appear to be normal by electron microscopy, and by salt, colchicine, and cold
sensitivities. Lysyl residues in excess of seven (or five for arginine) in larger oligomers interact nearly
noncooperatively. Separation of lysyl charges by intercalation of alanyl residues reduced assembly
promoting potency for hexalysines. The cooperative portion of the response is most likely associated
with the highly acidic extreme C termini of tubulin because their removal with limited subtilisin treatment
markedly reduces oligolysine potency. However, some cooperative interactions with oligocations can
also occur with more widely spaced anionic charges elsewhere in tubulin. The potential role of oligocations
in the intracellular regulation of microtubule assembly is discussed.

Tubulin is a heterodimer composed of two similar acidic
monomers,R and â tubulin, of ∼50 kDa each. TheR
monomer has 16 and theâ monomer has 22 excess anionic
charges in pig brain tubulin. Most mammalian tubulins have
similar excess carboxylates. The anion excess has a highly
asymmetric distributionsof the 20 C terminal amino acids
in each monomer,R tubulin has 10 andâ tubulin 11 Glu or
Asp residues without intervening basic amino acids. Post-
translational γ glutamylation of either C terminus can
accentuate the charge asymmetry by up to six additional Glu
residues each (1-3); a recent report shows thatR-4 tubulin
may have as many as 11 added Glu residues (4). This anion
excess is an important factor that regulates the equilibrium
between dimer and microtubules. A portion of these C
terminal anions can be removed by limited proteolysis with
subtilisin. This cleavesR tubulin after residue 438 andâ
tubulin after residue 433, removing seven coded acidic
residues inR tubulin of a total of 16 and 8 acidic residues
in rat brainâ tubulin of a total of 22. In this product, called
tubulin S,1 polymerization is markedly favored as measured
by a lowered critical concentration for polymerization (5-
7). The same result can be achieved by methylation or
amidation of the carboxylates involved, although this reaction
is not limited to the C termini (8). In addition, it has been
known for a long time that basic proteins or polymers
promote tubulin assembly to microtubules or other forms
(9-13), and many subsequent studies have confirmed this
(e.g., refs14-18). These findings led to the deduction, and
later demonstration, that microtubule associated proteins

(MAPs), such as MAP2 or tau, owed a part of their assembly-
promoting properties to the repeat basic patches along their
primary sequence (7, 18, 19).

Recently we showed that monocations can also promote
tubulin polymerization, albeit at high concentration. Charge
alone was sufficient (20), but the additional ability for
hydrogen bonding to the anions as, for example, in guanidine
hydrochloride, markedly enhanced the potency of the cation,
whereas methyl substitution for the hydrogens diminished
or abolished this enhancement (21). The potency of the
cations yielded a selectivity series characteristic for poly-
glutamic acid (22), suggesting that the glu-rich C termini of
R andâ tubulin were involved in the cation effect. The close
spacing of these residues in the C termini raised the
possibility that there might be multiple charge interactions
with the C termini if oligocations were used. In the present
study we have used diamines, polyamines, oligolysines, and
oligoarginines to examine this question.

MATERIALS AND METHODS

Materials. Polyamines and some polylysine preparations
were from Sigma, oligolysine and oligoarginine hydrochlo-
rides (to DP) 5) were from Research Plus Inc. Larger
oligolysine, oligoarginine, and alanine/lysine peptides were
prepared by Mr. George Poy, NIDDK, with an Applied
Biosystems 430A Peptide Synthesizer. They were purified
by HPLC using a MonoS cation exchange column. 4-Tri-
fluoromethyl-7VKKR-coumarone was from AnaSpec Inc.,
hexadimethrine HBr from Aldrich, netropsin from Serva,
hirudonine from ICN, and the bis-guanidino alkanes were
the generous gift of Dr. Jack Folk, NIDR. Melittin 15-26
was a gift from Schering AG.

Rat brain tubulin was prepared from microtubule protein
(23) by sequential polymerization in 1.6 M Mes, pH 6.9,
and 1.0 M sodium glutamate (24): solid, neutralized Mes
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was added to microtubule protein containing 1 mM dithio-
threitol and 1 mM GTP (2 M, 530 mg/mL). Final concen-
trations were adjusted to 1.6 M Mes, and 1 mM each for
GTP and dithiothreitol. The mixture was incubated for 1 h
at 37°C and centrifuged in a Beckman Ti45 rotor at 30 000
rpm, at 33°C for 45 min. Pellets were resuspended in∼1/3
the starting volume with cold 1.0 M sodium glutamate, pH
7.0, sonicated, left on ice for 2 h, and centrifuged at 4°C
for 30 min in a Ti70.1 rotor at 35 000 rpm. The supernatant
solution was brought to 0.1 mM dithiothreitol and 1 mM
GTP, incubated at 37°C for 45 min, and centrifuged in a
Ti70.1 rotor for 30 min at 35 000 rpm at 33°C. Pellets
were resuspended in Mes assembly buffer (1 mM MgCl2,
EGTA, in 0.1 M Mes, pH 6.9), sonicated, incubated on ice
for 45 min, and centrifuged in a Ti70.1 rotor at 4°C for 30
min at 35 000 rpm. The supernatant protein concentration
was adjusted to 25 mg/mL and drop-frozen and stored in
liquid nitrogen. Taxol, a gift from Dr. Matthew Suffness,
National Cancer Institute, was dissolved in DMSO; the final
DMSO concentration was 1.0%.

Rat brain tubulin S was prepared from rat brain tubulin
(3-5 mg/mL) in diluted Mes assembly buffer with 1 mM
GTP by addition of subtilisin (Carslberg) in a weight ratio
of 1:100 and incubated at 30°C for 45 min. The reaction
was stopped with 0.1% phenylmethyl sulfonyl fluoride in
DMSO, placed on ice for 20 min, and centrifuged at 18000g
at 4 °C for 20 min in a Beckman Ti70.1 rotor. The
supernatant showed>98% âs and>95% Rs. Under these
conditions subtilisin did not cleave tubulin at other sites.
Protein was assayed by the bicinchoninic acid method and
tubulin S was drop-frozen and stored in liquid nitrogen.

Polymerization Methods.Both taxol- and DMSO-driven
polymerization was employed using turbidity development
at 350 nm in 250µL cells (1 cm light path) at 25.5( 0.3
°C in Mes assembly buffer, pH 6.9, in thermostated cell
holders of a Cary 219 instrument. In most studies polym-
erization was carried out in 10% DMSO or 10µM taxol,
and 0.8 mM GTP, and the reaction was started by addition
of tubulin to prewarmed (27°C) reagents. Except as
indicated, ionic strength was not varied in these experiments.
Rates of polymerization were measured starting at 20-30 s

after addition of tubulin to the prewarmed mixture of
reagents. Progress curves were continued until a clear
falling-off of the rate was established (4-15 min). In some
experiments, polymerization was followed to plateau turbid-
ity (up to ∼30 min), followed by cooling on ice for 5-10
min in order to measure the extent of cold depolymerization.
Stored tubulin S preparations were cleared by 5 min
centrifugation in an Airfuge running at 30 psi before use.
The critical concentrations of this material (measured by
turbidity development) varied from 0.5 to 0.9µM.

Electron Microscopy. Tubulin (21 µM) was incubated
with hexalysine or hexaarginine as above for 30 min,
centrifuged at room temperature for 10 min in an Airfuge at
30 psi, decanted, and exposed to a glutaraldehyde-tannic
acid fixing solution for 30 min at room temperature and then
at 4 °C overnight. Markham rotations were carried out by
Mr. Jan Endlich of JFE Enterprises, Brookville, MD, to
whom we are most grateful. For negative staining, tubulin
samples were preincubated with pentalysine or pentaarginine
for 30 min at 37°C, applied to carbon/Formvar grids for
10-15 s, and stained with 1% filtered uranyl acetate.

RESULTS

Polyamines.Rat brain tubulin polymerized at 25.5°C in
10 µM taxol and 0.8 mM GTP (in Mes assembly buffer, pH
6.9) showed an increase in both the rate and, to a lesser
degree, the extent of OD350 generation with various diamines
as exemplified by cadaverine (1,5-diamino pentane) in Figure
1, left panel. Rates (∆OD350/min) increased up to a
maximum concentration of 32 mM, followed by decreased
polymerization at higher concentrations (data not shown).
For ease of comparison of potent and less potent enhancers
of polymerization, we used as criterion the concentration of
oligoamine required to attain a 3-fold increase in maximal
rate as shown in Table 1. While the highest concentrations
may contribute to the ionic strength of the medium, this effect
is not significant at concentrations required to triple the
maximal rate. Moreover, with trivalent amines and oligoly-
sines (see below), no significant change in the ionic strength
occurs. The maximum rate increase was 6-7-fold, whereas
the extent of OD generation never exceeded 2-3-fold in

FIGURE 1: Polymerization progress curves of rat brain tubulin treated with oligocations. Pure tubulin (12µM) in Mes assembly buffer with
0.8 mM GTP at 25.5°C. Left and center panels with 10µM taxol. Right panel with 15% DMSO. Left panel: cadaverine in mM; center
panel: spermidine in mM; right panel: hexalysine (K6) 200 µM and tetralysine (K4) 600 µM; at the arrows 300 mM CsCl was added or
cooling on ice was instituted for 5 min.
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experiments where plateau values were allowed to accumu-
late. There is also a marked effect on nucleation of micro-
tubule assembly as judged by decreased latent periods for
initiation of turbidity as shown in Figure 1 (right panel).
Similar results were obtained with oligolysines (data not
shown). There was no great difference as a function of chain
length between the diamines tested, but all are 5-10 times
more potent (lower concentration required) than the monoam-
ine, methylamine, tested previously (20). As in the case of
the monoamine and guanidinium chlorides (21), methylation
reduced potency, as shown by tetramethyl ethylenediamine
and tetramethyl putrescine. On the other hand, the addition
of one or two extra nitrogens (primary or secondary) as in
the polyamines, spermidine (Figure 1, center panel), or
spermine, led to increased polymer-promoting potency by a
factor of 10-20. Enhancement of polymerization with these
polyamines has been previously noted to form normal
appearing microtubules (25). The same is true for the addi-
tion of guanidino groups. Thus, the bis guanidino alkanes
of chain length 3-5 are 10-20 times more potent on a molar
basis than guanidine-HCl (21), and the bisguanidino sper-
midine, hirudonine, is more potent still. The nonintercalating
bisguanidino DNA binding agent, netropsin, promotes in-
creased OD350 in the concentration range characteristic for
bis guanidino compounds. The 21mer, hexadimethrine or
Polybrene, a quarternary amine antiheparin agent, proved
extremely potent and could be used over only a very limited
concentration range before precipitation occurred; the po-
tency is high for this 21mer, even when expressed on a per
N basis. Similar observations have been made for related
compounds (26). The resulting potency per N is the
following: monoamines< diamines< bisguanidino com-
pounds < triamines or amine-guanidino compounds<
tetramines< polyamines with more than 4 N. Pentamidine
(4,4′diamidino-R, ω-diphenoxypentane), an antitrypanosomal
drug, showed only very slight stimulation and did not achieve
a tripling of the rate of polymerization (data not shown).

To see if a larger, natural, oligoamine also increased the
polymerization rate, we used the bee venom peptide, melit-
tin, with two R-helices connected by a proline hinge (27)
(GIGAVLKVLTTGLPALISWIKRKRQQNH2), and +6
charges including the N terminal amino group, four of which
are adjacent. It is a potent promoter of assembly, and, as
shown in Figure 2, is∼7-fold more potent than its basic
(+4) C terminal portion, melittin 15-26 (again assessed as
the concentrations to triple the polymerization rate) 10 and
70 µM, respectively). This suggests that the two charges of
the N terminal portion contribute significantly to assembly
enhancement. The potency of the (+4) mellitin fragment is
not very different from that of tetralysine (see below).

Oligolysines. To achieve an increase in polymerization-
promoting potency with increasing numbers of nitrogen
atoms per ligand without changing charge spacing etc., we
examined oligo- and polylysines with a progressive increase
in cationic charge. This is particularly critical in tubulin
because of the multiple Glu residues present in bothR and
â C termini. Curves similar to Figure 1 were generated using
L-lysines with degrees of polymerization (DP) ranging from
1 to 20. These were then converted to maximal rates as a
function of concentration and compared to control rates. As
shown in Figure 3, increasing the DP from 1 to 20 led to
nearly 4 orders of magnitude reduction in the molar
concentrations required for promoting tubulin polymerization.
Although lysine was initially thought not to promote po-
lymerization (28), it was later found to bind to tubulin, albeit
at much higher concentrations (29). All rate vs concentration
curves were sigmoidal where measurements were possible,
but for a number of curves the high concentration range could
not be determined because rates were too fast to measure
or, in certain cases, precipitation supervened. For the series
K2 to K10, as well as two polylysine preparations used here
with average DP of 12 or 20, the molar potency increased
with increasing DP.

The lower oligolysine concentration required to increase
the rate of assembly is not merely due to the increased total
concentration of lysyl residues or positive charges, for when
comparisons are made on the basis of monomer concentra-
tion, a biphasic response, which is a function of DP, can be

Table 1: The Effect of Diamines, Polyamines, and Certain
Guanidinium Derivatives on the Rate of Polymerization of Rat
Brain Tubulina

concentration for triple rate

compound

whole
molecule

(mM)

per N or
guanidino

(mM)

diamines (HCl)
1,2-ethylenediamine 2.5 5.0
tetramethyl ethylenediamine 10 20
1,3-diamino propane 5 10
putrescine 4 8
tetramethyl putrescine 8-10 16-20
cadaverine 2.1 4.2
1,6-diamino hexane 4.5 9

polyamines (HCl)
spermidine 0.6 1.8
spermine 0.1 0.4
hexadimethrine (Polybrene)(21mer) 0.5 (µM) 0.02

oligoguanidines (HCl)
1,3-diguanidino propane 1 2
1,4-diguanidino butane 2 4
1,5-diguanidino pentane 1.7 3.4
netropsin 1.1 2.2
hirudonine (diguanidino-spermidine) 0.24 0.72
a All experiments were carried out in Mes assembly buffer containing

0.8 mM GTP and 10µM taxol at 25.5°C. Values are the concentrations
required to triple the control rates as measured by∆OD350/min.

FIGURE 2: Promotion of tubulin polymerization by melittin and
melittin fragment 15-26; 8.4µM rat brain tubulin, 10µM taxol in
Mes assembly buffer at 25.5°C. GTP was reduced to 0.4 mM
because it induced clouding of the mixture. Data were collected as
in Figure 1 and maximal rates of polymerization are plotted against
peptide concentration.
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demonstrated. As shown in Figure 4, when plotting the
residue concentration required to triple the rate of polym-
erization as a function of DP, there is a progressive increase
(>2 orders of magnitude) in theper residuepotency until
the DP is seven. With DP> 7, the per residuepotency
approaches a nearly constant value. The results obtained
with 10% DMSO or 10µM taxol as polymerization promot-
ers yielded a slope similar to DP 6, although the taxol curve
was displaced to higher residue concentrations. Experiments
with larger lysine oligomers were not carried out with
DMSO. These results suggest that the interaction of oli-
golysines with tubulin has a charge-cluster component at low
DP which is cooperative, and a more global one with residue
numbers >7 which is very much less so. The term
cooperative as used here differs from the common usage in
oxygen-hemoglobin interactions in that the consecutive
ligands are linked. This confers major entropic advantages,
but does not necessarily imply changes in the binding site
for second and subsequent interactions, although these may

occur. We merely imply that the first interaction facilitates
the second residue interaction and so forth until, in the
present case, seven such interactions have occurred.

To assess whether the polymers formed with oligolysines
behaved like microtubules, several tests characteristic for
microtubules were carried out. Because the oligolysine effect
was presumably charge-based, enhanced polymerization rates
should be abolished at high ionic strength. Such experiments
had to be carried out in DMSO as taxol polymers are poorly
reversible by these manipulations. We used CsCl because
it has the least intrinsic stimulating effect of the alkali metal
cations on tubulin (20). As shown in Figure 1, right panel,
300 mM CsCl rapidly and nearly completely depolymerized
both controls and microtubules formed in the presence of
large concentrations of hexalysine. Moreover, polymers
induced by large concentrations of K4 in 10% DMSO are
readily cold-reversible (Figure 1, right panel). Also cold-
sensitive were polymers formed with K5 and K12, oligoargin-
ines R2-R5, and spermidine (data not shown). Hexalysine,
the only oligomer so tested, did not induce polymerization
in the cold. In addition, 30µM colchicine completely
prevented the polymerization induced by hexalysine. It is
pertinent to mention here that colchicine binding to tubulin
was reported to be enhanced by large polylysines as a
function of their degree of polymerization through an effect
both on affinity and stability of the binding site (30).
Although the data are incomplete, this effect occurred at a
roughly constant per lysyl residue potency.

We also studied the properties of the fluorescent tribasic
tetrapeptide, 7-VKKR-4-trifuoromethyl coumarone (λmax(ex)

) 338 nm;λmax (em)) 434 nm under our solvent conditions)
with the aim of examining the environment of the fluoro-
phore when bound. The concentration needed to triple the
rate of polymerization was 160µM, but there was only a
small enhancement of fluorescence intensity as a function
of tubulin concentration without an emission blue shift (data
not shown). This suggests that the fluorophore remains
solvent exposed. The greater potency of this tribasic peptide,
when compared with K3 or R3 (see below), suggests that
the nonpolar components may have contributed to binding.

Electron Microscopy.It was important to ascertain what
fraction of the polymers formed under the influence of
oligolysine or oligoarginine were microtubules. When poly-
mers made with hexalysine or hexaarginine (see below) were
pelleted in a microfuge and sectioned, normal microtubules
were observed for the most part (Figure 5). This was true
whether 10% DMSO or 10µM taxol was used to promote
polymerization. Some aberrant tubules such as s or double-s
shapes, and some tailed tubules were observed; this was more
common with taxol than DMSO, but was not influenced by
the presence of hexalysine or hexaarginine. Markham
rotation carried out on a few tubules from each group with
good cross sections revealed all (4/4 each) to have 13
protofilaments, but no statistical inference can be drawn from
this small number. These results should be contrasted to
those in which polylysines of high degrees of polymerization
are used leading to structureless aggregates (31).

To assess the possibility that the oligocations might induce
bundling of microtubules, we measured the wavelength de-
pendence of light scattering of polymers formed with or with-
out pentalysine. The slopes of plots of log OD vs log wave-
length were identical within the error of the method, sug-

FIGURE 3: Oligolysine-promoted microtubule assembly from 8.4
to 10µM tubulin as a function of the concentration of oligolysine
of different degrees of polymerization, DP; the numbers on the
curves indicate the DP, thus 2) lysyl-lysine, etc.; parentheses
indicate average degree of polymerization calculated from molecular
mass. Mes assembly buffer with 0.8 mM GTP, 10µM taxol at
25.5°C. Because different protein preparations were used in some
cases, all values are the ratios of the maximal polymerization rate
in the presence of lysine oligomers to the maximal control
polymerization rate.

FIGURE 4: The concentrations required to attain a 3-fold increase
in the rate of tubulin polymerization calculated on aper lysyl residue
basis and plotted as a function of the DP for lysines. The per lysyl
residue concentration is calculated from data in Figure 3 by multi-
plying the oligomer concentration by the DP. Tubulin (12µM) in
Mes assembly buffer with 0.8 mM GTP and 10µM taxol at 25.5°C.
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gesting that the nature of the polymer had not changed. In
addition, when tubulin in 10% DMSO and 1 mM GTP was
incubated with 100µM pentalysine or 80µM pentaarginire,
negative staining of the preparations revealed only single
microtubules but failed to reveal any bundling of microtu-
bules.

To test whether oligolysines would promote tubulin polym-
erization in the absence of either taxol or DMSO, experi-
ments were carried out with 50µM tubulin at 37°C to con-
serve protein. Under these conditions hexalysine promoted
a brisk enhancement of the polymerization rate, yielding a
3-fold increase in the maximal rate at∼7 µM of the oligo-
cation. For pentaarginine the concentrations required to triple
the rate under otherwise similar condtions was∼23 µM. At

lower tubulin concentrations, where spontaneous asssembly
failed to occur, hexalysine nevertheless induced polymer
formation, albeit at a higher hexalysine concentration.

Charge Spacing.An attempt was made to ascertain the
optimal spacing between lysyl residues, i.e., the charge
density, by introducing intervening alanyl residues for K6.
As shown in Figure 6, increasing the sequence distance
between lysyl residues led to decreasing potency of the
peptides in the order K6, (AK)6 and (AAK)6. Clearly optimal
effectiveness (spacing) occurs for uninterrupted lysyl se-
quences, suggesting interaction with closely spaced carboxyl-
ates, presumably the C termini, i.e., separation of the lysyl
residues makes interaction with vicinal Glu residues more
difficult while not necessarily hindering reactions away from

FIGURE 5: Electron micrographs of tubulin polymers formed in the presence of hexalysine (K6) or hexaarginine (R6). Polymer pellets were
prepared and processed as described in Materials and Methods. Left column; 10% DMSO; right column; 10µM taxol. Top row, controls;
center row, 70µM hexalysine; bottom row, 12µM hexaarginine. Bar) 100 nm.
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the C termini. The helix-forming potential of the alanyl
residues might contribute to the differences in polymerization
promotion; however, CD spectra of these peptides in aqueous
solution (kindly performed by Dr. Peter McPhie) showed
little secondary structure. From available data we cannot,
of course, say anything about charge distribution in the folded
protein. The effect of charge density may also explain the
high potency of melittin 15-26 (see Figure 2) because its
four basic amino acids are adjacent.

Oligoarginines. Lysine and arginine are often considered
to be conservative substitutions in the primary sequence of
proteins. However, these two basic amino acids are different
in a number of respects: (1) arginine can form more
hydrogen bonds, has a different cationic charge distribution,
and is more commonly involved in complex salt bridges;
(2) the CR-N distance is 5.64 Å in lysine and 6.50 Å in
arginine; (3) arginine is a poorer proton donor; (4) exchange
of these two amino acids in the active sites of enzymes often
leads to drastic changes in catalytic activity (32, 33). It was,
therefore, important to compare oligolysines with oligoargin-
ines for their effects on tubulin polymerization. As with
lysine, monoarginine increased the rate of polymerization
at millimolar concentrations but did not achieve a tripling
of the maximal rate. As shown earlier (21), decarboxylation
of arginine to agmatine, increasing the charge by one, caused
a large potency increase. Figure 7 provides data on the
arginyl residue concentrations required to increase polym-
erization rates under the influence of oligoarginines with DP2
to DP10 (data collected as for Figure 3 and then corrected
for DP as in Figure 4). Data are again presented as the
equivalent monomer concentrations required to triple the
maximal rate. Although arginyl residues were somewhat
more potent, the effect of these oligomers was generally
similar to that obtained with oligolysines and the slopes are
the same within experimental error. The division between
cooperatively and virtually noncooperatively interacting
arginyl residues resembles that for lysyl residues, but the
break in the curve occurs at DP) 5. It is not clear at present
whether this is the result of size and charge distribution or
the fact that these experiments were carried out with a
different tubulin preparation. The comparison nevertheless
suggests that two of the carboxylates neutralized by oligo-

lysines in a cooperative manner are not equally accessible
to oligoarginines. With DPg 5, i.e., two fewer than seen
for the oligolysines, the concentration dependence for excess
arginyl residues does not change significantly.

Tubulin S. To determine if the extreme C termini are the
high-charge density sites for oligocation ineeraction, these
regions were cleaved by limited proteolysis with subtilisin,
removing seven and eight coded acidic amino acids fromR
andâ tubulin, respectively, as well as an unspecified number
of post-translationally added Glu residues (1-4). Such
charge reduction is readily demonstrated by electrophoresis
of the nondenatured protein (5). We have shown previously
that this procedure also markedly reduces the efficacy of
guanidinium or alkali metal cations in promoting microtubule
assembly (20, 21). Figure 8 shows the response of tubulin
S to oligolysines K2-K8. It is apparent that the polymeri-
zation enhancement is markedly attenuated at low DP when
compared to uncleaved tubulin, as shown in Figure 3. In
contrast to intact tubulin, dilysine and trilysine promoted
virtually no enhancement at these concentrations and a
tripling of the rate could not be attained; larger concentrations

FIGURE 6: The effect of intercalating alanyl residues between the
lysyl residues of hexalysine on the promotion of microtubule
assembly. Rat brain tubulin (25µM) in Mes assembly buffer
containing 0.8 mM GTP and 10% DMSO at 25.5°C. Data are
calculated and plotted as for Figure 2.

FIGURE 7: The concentrations required to attain a 3-fold increase
in the rate of tubulin polymerization calculated on a per arginyl
residue basis and plotted as a function of the DP for arginines.
The per arginyl residue concentration is calculated from data in
Figure 3 by multiplying the oligomer concentration by the DP.
Tubulin (12µM) in Mes assembly buffer with 0.8 mM GTP and
10 µM taxol at 25.5°C.

FIGURE 8: Oligolysine-promoted assembly of tubulin S as function
of the concentration of oligolysine of different degrees of polym-
erization. The reaction mix contains∼1.5 µM tubulin S in Mes
assembly buffer with 0.8 mM GTP, 10µM taxol at 25.5 °C.
Because different protein preparations were used in some cases,
all values are presented as the ratios of the maximal polymerization
rate in the presence of lysine oligomers to the maximal control
polymerization rate.
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were inhibitory. Significant enhancement was attained with
tetralysine and larger oligomers. Interestingly, the potency
of the longer oligolysines for tubulin S approached those
for uncleaved tubulin as a function of increasing DP,
suggesting that charge-based interactions of the oligolysines
elsewhere in the tubulin molecule must also occur. The
ratios of the oligolysine concentrations required to triple the
polymerization rate for tubulin S to the concentrations
required for native tubulin were K4 ) 7.3, K5 ) 6.3, K6 )
1.6, and K8 ) 1.8. The location of such residual interactions
can only be surmised, but must presumably involve roughly
vicinal anionic charges. Significant excess anionic charge
remains in the newly created C termini of tubulin S; thus,
e.g., inR(411-438), there is still a net negative charge of-9,
including three pairs of vicinal acidic amino acids, whereas
in â(410-433) the net negative charge is-6, with two pairs of
vicinal acidic amino acids. These may account for the
residual cooperativity in tubulin S, because larger oligomers
may span less closely spaced carboxylates, but this needs to
be independently tested. We conclude then that removal of
the C termini fromR and â tubulin leads to a marked
reduction in the ability to respond to smaller oligolysines.

DISCUSSION

The fact that charge repulsion is one of the important
regulatory factors for tubulin polymerization is now well
established. A large part of that regulation resides in the
carboxyl termini of bothR and â tubulin, which are very
rich in both coded and post-translationally added Glu residues
(5-8, 29). Early work by Krimm and co-workers (34, 35)
suggested that, at neutral pH, the Glu residues are charged
and are likely to be in the form of an extended helix rather
than a random coil. In the extended helix there are∼2.8
residues per turn and the rotational angle between side chains
is slightly greater than 120°. Charge separation is a function
of the number of side chain CH2 groups and is 3.6 Å for
glutamates and 5.7 Å for lysines, assuming a fully extended
side chain. However, more recent calculations with poly-
L-(Glu)20 have estimated 47% right-handedR-helix at
physiologic ionic strength (37). The occasional Asp or
uncharged amino acid intercalation in the C termini, as well
as the fact that post-translational glutamylation forms a
branched protein, would cause imperfections in the calculated
structure predictions and there is disagreement regarding the
secondary structure of the C termini ofâ-tubulin. With â-
(400-445), CD experiments revealed largely random coil
with <5% R-helix or â-sheet, irrespective of ionic strength
(36). The findings do not, however, agree with results from
electron crystallography of tubulin (3.7 Å resolution) that
assign anR-helix (H12) to residuesâ408-â423 (38). The
extreme C termini could not be visualized in this work, and
the question of their structure remains unresolved.

Reduction of the repulsive charges at the C termini by a
variety of covalent methods promotes assembly characterized
by an increased rate and extent of polymerization, and by
reduction of the latent period and critical concentration (5,
6, 8). Three types of noncovalent manipulations of the
anionic charge repulsions inR andâ tubulin also promote
assembly. The simplest of these uses monovalent cations,
with selectivity Na+ > K+ > Li + > Cs+ (20) characteristic
for the coil-helix transition in polyglutamate, and is
consistent with the Glu-rich C termini of the two tubulin

monomers. Monovalent cations capable of forming H bonds,
as exemplified by guanidine-HCl and its congeners, are more
potent promoters of tubulin polymerization, but also produce
aberrant microtubule forms (21). Pairing of the anionic
charges of tubulin with appropriately spaced, but linked,
oligocations is shown here to be another effective method
for charge reduction. With oligolysines, an increase in molar
potency with increasing molecular mass was expected simply
on the basis of increasing residue concentration. However,
at low degrees of polymerization a marked cooperativeper
residue increase in the assembly promoting potency was
readily demonstrated.

Assuming that the promotion of polymerization is a
function of binding of the oligolysines, the finding in Figure
4, that the increase inper residuepotency shows a break
after DP) 7 for K7 followed by a nearly constant per residue
potency at K> 7, suggests that this number may represent
a 1:1 stoichiometry for oligolysine binding to a carboxylate-
rich region, hence the binding site seen by this method
contains seven Glu or Asp residues that are within reach of
a single lysine oligomer. Larger oligomers can only saturate
the seven anionic charges at this site but do not recruit
additional Glu or Asp residues to the site; they may, of
course, bind at other loci with lower anionic charge density.
For oligoarginines the binding site would be comprised of
five anionic side chains; at present we have no explanation
as to why this number is smaller than for oligolysines. These
data shed no light on whether the anionic site is onR or â
tubulin or both monomers, or are proximal because of a
protein fold. Similar types of results have been obtained by
direct binding measurements of oligolysines (z ) +8) to
poly(dT) which occurred with a 1:1 stoichiometry with
phosphate residues, and only 1 octavalent cation is bound
to dT(pdT)10 (39). In view of the regularly spaced charges
in polynucleotides, it is surprising that the details of
oligolysine binding and the associated∆H and T∆S are
highly nucleotide dependent. There is also a change in the
mode of peptide interaction when the charge,z, exceeds+4-
(occasionally+5) (40); for purposes of comparisonz∼ DP.
This resembles the change in interaction seen as a function
of DP seen in tubulin; however, for tubulin, with its
asymmetric charge distribution, simple averaging of anionic
charges over the whole protein molecule could lead to
erroneous interpretation.

Are these relatively nonspecific cationic interactions with
tubulin involved in intracellular regulation of the tubulin-
microtubule equilibrium? While the basic patches of the
classical microtubule-associated proteins are known to
contribute to the promotion of assembly with the attending
sensitivity to ionic strength, other properties of these proteins
also contribute. Likewise, whether basic proteins of the cell
can regulate assembly purely on a charge basis remains to
be examined. On the other hand, spermine and spermidine
are the most cationic small molecules in the cytoplasm. Total
cell concentrations of these compounds is∼1 mM, well
within the range where they might affect the state of tubulin
polymerization. However, the bulk of these compounds is
bound to RNA, DNA, or other cellular anions, or is
sequestered in vacuoles (41, 42), and probably<10% of the
total is freely available. The high concentration of tubulin
in many cells and the high charge density may, however,
effectively compete with some of the other anions, and
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participation of these polyamines in microtubule assembly
is possible. Deprivation of polyamines has significant effects
on the cytoskeleton in some cells. Thus, CHO cell polyamine
auxotrophs lose actin filaments and microtubules but not
intermediate filaments (43), whereas in keratinocytes the
microtubule network is rearranged (44). In other cells, actin
is the primary cytoskeletal target for polyamine action (45,
46). It is not clear as yet whether these are primary cation
effects. Thus, cellular polycations could contribute to
microtubule assembly, but direct proof is lacking.

We conclude then that lysine oligomers interact with
tubulin by two distinct mechanisms depending on the DP.
When DPe 7 (or 5 for arginines), the primary locus of
interaction is one of high charge density, most likely at the
extreme C termini as judged from the sequence, removal of
the C termini, and the loss of potency upon increasing the
separation of lysyl residues. The oligolysine interaction is
cooperative insofar as the per lysyl residue potency increases
much faster than by simple additivity. This is also expected
from thermodynamic consideration of the succesive decrease
in the entropy penalty for binding of linked charges. Tubulin
also exhibits less reactive cooperative interactions not in the
extreme C termini. Comparable conclusions apply to the
polyamines, although the per charge differences are expected
to differ from oligolysines because of differences in chemical
properties. Such cooperative interactions may also be expec-
ted at other oligoanionic sites, but may easily be missed if
the DP of the polycation is substantially greater than the
number of clustered anions to be neutralized (i.e., whenzn+

. zn-). The lysines in excess of seven no longer interact
cooperatively, and the potency of the polymer becomes an
approximately linear function of the total lysyl residue
concentration.
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