tions inferred from the “split” amorphous
band and the mode of crystallization seems
to be consistent with this picture. Although
this simple model can account for easy glass-
forming systems, its role in the present case
should be viewed with caution because of
the tremendous crystallization tendency of
aluminum. Thus, the unusual formability of
these glassy aluminum alloys deserves fur-
ther studies.

High tensile strengths are expected, in
general, for metallic glasses. Tensile fracture
strengths of aluminum-based metallic glass
ribbons are listed in Table 1. These
strengths, in general, greatly exceed the
strongest commercial aluminum alloys. For
an aluminum alloy to achieve a strength of
greater than 500 MPa, it must be highly
developed and carefully thermally treated to
peak strength. At a strength of 940 MPa the
AlgoFesCes alloy is the strongest we tested.
The A187F68_7Gd4.3 and A137Ni8'7Y4'3 alloys
have strengths near the Al-Fe-Ce material
and, with modification of the ratio of ele-
ments, these values could undoubtedly be
improved upon. When examined in SEM
the fracture surfaces are fairly typical of
metallic glass material. A typical fracture
surface is shown in Fig. 4. This micrograph
is of the AlgpFesCes alloy and although not
much ductility is observed (that is, no over-
all necking) the material does not fracture in
a completely brittle fashion. The vein struc-
ture consists of protrusions on the fracture
surfaces. These markings can be taken as
evidence of local necking (10). We can de-
scribe the fracture of metallic glasses as
“ductile” if it is a result of, at least locally,
large plastic strains. In uniaxial tension, it
occurs along the plane of the shear band. In
tension, at relatively high stresses, metallic
glasses deform extremely inhomogeneously.
A large number of shear bands are visible
within 20 um below the fracture surface.
Further examination of the ribbon failed to
reveal any slip activity in areas other than
near the fracture surface. Young’s modulus
data listed in Table 1 were determined from
the elastic portion of the force versus dis-
placement curve. Thirty-millimeter gauge
sections were used and tested in a similar
fashion as the tensile fracture tests. Several
tests were run for each specimen. In general
the material with the highest fracture
strengths also showed the higher Young’s
modulus data. The modulus of the AlggFesCes
metallic glass was the highest at 66 GPa. It is
expected that the present class of alloys will
reccive much attention as potential high-
strength, low-density materials. Although the
current alloys discussed in this report have
moduli lower than crystalline aluminum al-
loys, it is suggested that with further research
the properties can be optimized.
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Dynamic Instability of Sheared Microtubules
Observed by Quasi-Elastic Light Scattering

ROBERT A. B. KEATES* AND F. Ross HALLETT

The kinetics of microtubule reassembly was studied in vitro by quasi-elastic light
scattering (QELS). When microtubules assembled in the absence of microtubule-
associated proteins (MAPs) were sheared, they rapidly depolymerized, recovered, and
reassembled. The mean length of the recovered microtubules was the same as that
observed just before shearing, implying that on average one fragment per original
microtubule survived the fragmentation and recovery. When microtubules that
contained 25 percent brain MAP were sheared, the fragments did not depolymerize
extensively and the average length of the fragments decreased by a factor of 3 relative
to the unsheared sample. The results support the dynamic instability model, which
predicts that cellular microtubules are latently unstable structures protected on their

ends by stabilizing caps.

HE DYNAMIC INSTABILITY HYPOTH-

esis of microtubule assembly pro-

posed by Mitchison and Kirschner
(1) provides a ready explanation for many
aspects of cell morphogenesis (2). We have
adapted QELS to observe the dynamic in-
stability of microtubules reassembled in vi-
tro. The diffusive motions of microtubules
in solution can be measured by QELS, from
which the length distribution of a popula-
tion can be calculated (3, 4). We observed
clear evidence for dynamic instability in
populations of microtubules, from their de-
polymerization and regrowth after shearing,
in samples of microtubules assembled from
purified tubulin, free of MAPs. The disas-
sembly of the microtubules after shearing
was consistent with the presence of protec-
tive caps at the ends of latently unstable
polymers (5, 6). For microtubules that con-
tained MAPs, we observed little depolymeri-
zation and regrowth of microtubules after

R. A. B. Keates, Biophysics Interdepartmental Group,
Department of Chemistry and Biochemistry, University
of Guelph, Guelph, Ontario, Canada N1G 2W1.

F. R. Hallett, Biophysics Interdepartmental Group, De-
partment of Physics, University of Guelph, Guelph,
Ontario, Canada N1G 2W1.

*To whom correspondence should be addressed.

shearing: the lack of depolymerization im-
plied that MAP-containing microtubules
were stable through most of their length.
Microtubules that are dynamically unsta-
ble should exist in two phases, one unstable
and one stable. Rapid disassembly of the
unstable population releases subunits that
can contribute to the continued growth of
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Fig. 1. Schematic outline of the experiments. In
(A), MAP-free microtubules are shown terminat-
ed with protective caps that mask an unstable
core. In the GTP-cap hypothesis, the caps contain
tubulin-GTP, whereas the core is tubulin-GDP
(5). When microtubules are fractured by shearing,
uncapped fragments depolymerize rapidly, which
releases tubulin subunits that can exchange GDP
for GTP. The tubulin-GTP can then add to
fragments that retain stable caps, allowing re-
growth. In (B), MAPs bound to microtubules
stabilize the polymer, so little depolymerization
occurs on shearing and stable fragments are ob-
tained. Over a period of time, some fragments
may join and anneal, increasing the average length
under steady-state conditions (10).
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Fig. 2. SDS—polyacrylamide gel
electrophoresis profiles of (A), 8
ug of microtubule protein con-
taining MAPs and (B) 40 pg of
MAP-free tubulin (M, MAPs; T,
tubulin).

the stable population (7). Experimental ob-
servation of dynamic instability is based on
measuring changes in microtubule length. A
population of microtubules must be sam-
pled at intervals and then fixed and stained
to be measured by electron microscopy or
immunofluorescence microscopy (1, 7).
Fluctuations in the length of single microtu-
bules have also been observed directly, by
dark-field microscopy (8). Such labor-inten-
sive measurement of individual microtu-
bules has limited the sample sizes for both
methods, in particular for direct observation
in dark field.

With QELS, we can measure the collec-
tive properties of a large population (about
10* to 10° microtubules) noninvasively,
subjected only to illumination by a low-
power HeNe laser. Measurements on the
same sample can be repeated at intervals of
100 to 600 s, depending on the extent of
polymerization. The result of each measure-
ment was a distribution of lengths from
which we determined the number-average
length.

Dynamic instability is thought to arise
because of the marked difference in poly-
merization kinetics between tubulin that
contains bound guanosine triphosphate
(GTP) versus tubulin that contains bound
guanosine diphosphate (GDP) (1). In the
microtubule, hydrolysis of the bound GTP
produces tubulin-GDP that can depolymer-
ize 1000 times as fast as tubulin-GTP, re-
sulting in catastrophic disassembly. Howev-
er, subunit exchanges between polymer and
monomer can only occur at the ends of
microtubules (7). Thus a microtubule may
contain mostly tubulin-GDP throughout its
length, provided that the ends are protected
by a stable cap of tubulin-GTP subunits (5).
The latent instability of this organization
can be revealed by shearing, which exposes
the unstable tubulin-GDP (Fig. 1). Depo-
lymerization releases tubulin as free sub-
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units, which can exchange bound GDP for
GTP, whereas tubulin within an intact mi-
crotubule is unable to exchange its bound
nucleotide (5). The free tubulin-GTP can
then reassemble by adding to a microtubule
that has a stable cap.

Two identical samples of bovine brain
MAP-free tubulin (9) were polymerized and
monitored (Fig. 2), one in the spectropho-
tometer to measure the mass of polymerized

tubulin and the second in the photon-corre-

lation spectrometer for QELS and length
determination (10). The experiments ran
concurrently. Each sample was allowed to
reach apparent steady state, as revealed by
the plateau in the development of turbidity
(Fig. 3A). At this point, the average length
was 25 um. The sample was then sheared.
With the spectrophotometer, we were able
to resume measurement within 3 to 5 s of
shearing. As predicted by dynamic instabil-
ity and the cap hypothesis, the shearing
initiated massive depolymerization, to 75%
of the steady-state level. The depolymeriza-
tion process continued briefly while the
turbidity was monitored (Fig. 3B). The fast
response of the spectrophotometer (SLM-
Aminco DW2C, Urbana, Illinois) precluded
the superimposition of any electronic lag or
damping on actual changes in the sample
turbidity. The mass of polymer began to
increase 30 s after shearing; the rate of
increase was comparable to that of the origi-
nal polymerization. The maximum recovery
rate was observed at 0.04 absorbance unit
and was faster than the original growth rate
at 0.04 absorbance unit by a factor of 1.6.
As the system approached steady state, the
ratio of rates of recovery to growth tended
to 1.0.

The QELS sample could not be moni-
tored reliably for 5 min after shearing, be-
cause of residual turbulence in the solution.
When measurements resumed, both the
mass of polymer as measured spectrophoto-
metrically and the length as measured by
QELS returned to their original steady-state
values. The final polymer length, 25 um,
was the same as the length just before
shearing, which implies that the final num-
ber of microtubules was the same as before
shearing. Because each original microtubule
should have generated two fragments with
caps, roughly one original cap survived the
shear-induced disassembly and subsequent
recovery. Because the recovery curves are
similar to the original assembly progress
curves in the later stages, the disappearance
of sheared microtubule fragments appeared
to occur mostly during the rapid disassem-
bly phase. However, some reduction in mi-
crotubule number must occur in the recov-
ery phase during approach to steady state, to
account for the length increase after 3000 s.

Evidence against a contribution from an-
nealing is suggested by the abrupt termina-
tion of further growth at 3600 s; if anneal-
ing occurred, it should have continued in-
definitely. Unsheared samples maintained a
steady length for 5500 s and showed no
signs of annealing under identical condi-
tions. The system was pushed far from
steady state by the synchronous shear-in-
duced depolymerization, and less stable
polymeric structures could initially partici-
pate in the regrowth, for example, semista-
ble microtubule fragments growing at one
end and depolymerizing at the other. On
return to steady state, the free subunit pool
would be depleted and only fully stable
microtubules would survive. Our under-
standing of the non—steady-state dynamics is
limited, and further experimental work will
be necessary to account for these events. It is
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Fig. 3. Polymerization and shearing of MAP-free
tubulin. (A) Turbidity profile (330 nm). Turbidi-
ty is proportional to the mass of polymerized
tubulin. We incubated 10 pl of tubulin (1.2
mg/ml) in 3M glycerol, 0.1M Pipes K*, 5 mM

esium acetate, 1 mM EGTA, 1 mM GTP,
pH 6.8, at 37°C in a cuvette. This tubulin would
only nucleate new microtubules if glycerol was
present but could elongate existing microtubules
in the absence of glycerol. After 10 min to allow
microtubule polymerization, 1.5 ml of tubulin
(1.2 mg/ml) in 100 mM Pipes K*, 1 mM magne-
sium acetate, 1 mM EGTA, 1 mM GTP, pyruvate
kinase (1 pg/ml), 4 mM phosphoenolpyruvate,
pH 6.8, was prewarmed to 37°C and added. This
tubulin concentration assembled to 0.3 mg of
microtubules per milliliter, based on a critical
concentration of 0.9 mg/ml. At the point indicat-
ed by the vertical broken line, the sample was
sheared by passage through a needle (26 gauge by
1 cm) with three strokes of the syringe. (B) The
same turbidity profile on an expanded time scale
for 60 s after shearing. (C) Plot of number-
average microtubule lengths estimated by QELS
(10). The data represented in Figs. 3 and 4 have
been reproduced on three occasions with different
preparations of protein.
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clear, however, that after return to steady
state, the number-average microtubule
length is unchanged, and hence the number
of microtubules is the same as before shear-
ing.

In other shearing experiments, regrown
microtubules could be sheared a second or
third time with the same results. The extent
of depolymerization and the progress of
recovery were similar whether shearing was
mild or more vigorous, suggesting that the
survival of fragments for regrowth was not
dependent on the number of fragments gen-
erated. Manipulation as mild as a single
inversion of the sample cuvette could trigger
partial depolymerization.

Bovine brain microtubule protein con-
taining 25% MAPs and 74% tubulin was
examined in a second series of experiments
(Fig. 4). When the polymer mass reached
apparent steady state, the sample was
sheared. A minor discontinuity in the tur-
bidity profile represented less than 10%
depolymerization. Turbidity was always in-
creasing by the time measurement resumed
(3 to 5 s after shearing). Turbidity recovered
very rapidly, consistent with a large number
of growing microtubule ends, which indi-
cated that most fragments participated in
the regrowth process. The average microtu-
bule length measured by QELS was reduced
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Fig. 4. Polymerization and shearing of microtu-
bule protein that contained 25% MAPs. (A)
Turbidity profile (330 nm). Microtubule protein
(1.5 ml or 0.64 mg/ml) was incubated at 37°C in
0.1M Pipes K*, 1 mM magnesium acetate, 1 mM
EGTA, 1 mM GTP, pyruvate kinase (1 pg/ml), 4
mM phosphoenolpyruvate, pH 6.8. Under these
conditions, spontaneous nucleation of microtu-
bules occurred. The concentration of microtubule
protein used gave 0.4 mg of microtubules per
milliliter, including MAPs, based on a critical
concentration of 0.24 mg/ml in this buffer. Shear-
ing was as described in Fig. 3. (B) Plot of
number-average microtubule lengths estimated by
QELS.
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from 16 to 5 pm after shearing. Over a
period of 40 min, the average length in-
creased to 6 pm. However, the increase in
length was not synchronized with the in-
crease in turbidity, so this polymerization
did not involve tubulin subunits released by
the shearing process and occurred while the
microtubules were at apparent steady state.
The size of MAP-rich microtubule frag-
ments after shearing was dependent on the
extent of shearing.

The observation that MAP-free microtu-
bules continued to depolymerize after shear-
ing confirms the prediction of the dynamic
instability hypothesis that a stable cap may
protect a latently unstable microtubule core
(1). The exact nature of this stable cap
remains to be identified, but the GTP cap
model (5) remains most consistent with our
observations on the purified tubulin used in
these experiments. We have consistently
found that, after shearing, MAP-free micro-
tubules regrow to lengths similar to the
original unsheared population. Thus few
sheared fragments were able to recover and
regrow. The conditions of incubation would
not have allowed spontaneous nucleation of
new microtubules from the free tubulin
released. We cannot tell whether the re-
grown microtubules resulted from random
recovery of fragments or from the survival of
one or other of the original caps. The appar-
ent lack of dependence on the extent of
shearing suggests the latter but needs fur-
ther study. In this context, Walker et al. have
reported that the frequency of rescue at the
minus, or kinetically slow, end of the micro-
tubules was an order of magnitude greater
than at the plus, or kinetically fast, end (17).
Fragments not rescued would depolymerize
to their subunits.

The large changes in turbidity indicate
that release and reincorporation of subunits
occurred during the first 600 s after shear-
ing, but length continued to increase for an
additional 600 s (Fig. 3A). Microtubules
may also increase their average length by
joining end to end and annealing (12). Un-
der our experimental conditions, undis-
turbed microtubules did not increase their
average length at steady state. Thus we do
not believe that annealing makes a signifi-
cant contribution at the low microtubule
concentration (107'°M) in our experiments.
We argue that the continued increase in
length results from the dynamics induced by
shearing. Immediately after shearing, the
free tubulin concentration increases and a
subpopulation may grow initially that does
not survive the depletion of tubulin as
steady state is attained.

That most of the sheared fragments failed
to recover, under conditions of net growth,
supports one conclusion of Kristofferson et

al. that the interconversion of a microtubule
from unstable (shrinking) to stable (grow-
ing) phase is rare (7). This contrasts with the
results of Horio and Hotani, who observed
steady-state microtubules by dark-field mi-
croscopy and reported that individual mi-
crotubules frequently reversed between
growing and shrinking pha s (8). Under
their working conditions, which involved
attachment of microtubules to a glass sur-
face, anchorage may have enhenced the sta-
bility of a portion of the mi¢_ otubule core.
Kirschner and Mitchison have suggested
that anchorage of microtubules to other
structures in cells may increase their stability
(2). The frequency of recovery may also be a
function of free tubulin concentration (11),
which was greater in the dark-field micros-
copy experiments than in the shearing ex-
periments. Total disassembly of a microtu-
bule after a change to the unstable phase is
consistent with observations of microtu-
bules in cells, where the bulk of microtu-
bules depolymerize and are replaced in 10
min (13) and where microsubules seem to
disappear one at a time (14).

Microtubules containing 25% MAPs
showed little depolymerization on shearing,
indicating the absence of a latent large un-
stable microtubule core. The minimal depo-
lymerization occurring may be no more than
the loss of frayed protofilaments at the frac-
ture points. The survival of multiple frag-
ments from each original microtubule indi-
cates that MAPs act throughout the length
of the microtubule, either to stabilize the
microtubule lattice or to facilitate immediate
recovery back to the growing phase. The
limited increase in average microtubule
length (from 5 to 6 pm in 30 min) suggests
that end-to-end annealing (12) contributes
little to apparent growth under these experi-
mental conditions.

These experiments supports the concept
that microtubules may exist in a metastable
state. Although the body of the MAP-de-
pleted microtubule may be inherently unsta-
ble, the overall stability of the microtubule is
controlled by events at the ends of the
polymer. This finding strongly supports the
idea that regulation of microtubule assembly
in most cells could be determined at sites of
microtubule anchorage (2). We surmise that
MAP-rich microtubules, on the other hand,
may be a specialization of brain tissues
where stability is more important than
dynamics.
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Accelerated Electron Transfer Between Metal
Complexes Mediated by DNA

MIiIcCHAEL D. PURUGGANAN, CHALLA V. KUMAR,
NicHOLAS J. TURRO,* JACQUELINE K. BARTON*

DNA-mediated long-range electron transfer from photoexcited 1,10-phenanthroline
complexes of ruthenium, Ru(phen)j*, to isostructural complexes of cobalt(III),
rhodium(III), and chromium(III) bound along the helical strand. The efficiency of
transfer depended upon binding mode and driving force. For a given donor-acceptor
pair, surface-bound complexes showed greater rate enhancements than those that were
intercalatively bound. Even in rigid glycerol at 253 K, the rates for donor-acceptor
pairs bound to DNA remained enhanced. For the series of acceptors, the greatest
enhancement in electron-transfer rate was found with chromium, the acceptor of
intermediate driving force. The DNA polymer appears to provide an efficient interven-
ing medium to couple donor and acceptor metal complexes for electron transfer.

N UNDERSTANDING OF HOW ELEC-

trons are transferred over large dis-

tances is essential to the character-
ization of fundamental redox processes in
biology such as oxidative phosphorylation
and photosynthesis (). The study of long-
range clectron transfer also contributes sig-
nificantly to our ability to construct efficient
molecular assemblies that can carry out elec-
trochemical reactions. Studies of electron
transfer between excited zinc porphyrins
and heme centers in protein-protein com-
plexes and between solvent accessible resi-
dues modified with pentammine ruthenium
and the interior of structurally characterized
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metalloproteins have shown that electron
transfer can occur over large distances
through protein interiors (2, 3). Theory
indicates that such factors as donor-acceptor
distance, thermodynamic driving force, and
the nature of the intervening medium are
critical in determining rates of electron
transfer (4, 5). Model compounds with vari-
able exothermicity and distance between do-
nor-acceptor pairs have been synthesized,
and the rates of intramolecular electron
transfer in these provide benchmarks for
studies in more complex polymeric systems
(6, 7).

We report that the double-stranded DNA
polymer may also mediate long-range elec-
tron transfer between bound donor-accep-
tor pairs. The apparent enhancement in
photoinduced electron-transfer rates for do-

nor-acceptor pairs bound to DNA versus
being free in solution is several orders of
magnitude (8, 9). This apparent rate en-
hancement in the presence of DNA could be
attributed to (i) the increase in local concen-
tration of bound donor-acceptor pairs, (ii)
facilitated diffusion of the bound pair along
the DNA helix in a reduced dimensional
space, and (iil) long-range electron transfer
between donor and acceptor pairs with
DNA as the intervening medium. By vary-
ing temperature, viscosity, and driving
force, we show that DNA-mediated electron
transfer from Ru(phen);* to M(phen)3*,
where M = Rh, Cr, or Co, may occur, at
least in part, through long-range electron
transfer.

A current model for the interaction of
tris(phenanthroline) metal complexes with
DNA is shown in Fig. 1. The rigid metal
complex, Ru(phen)3*, appears to bind to
double-stranded DNA primarily through
two distinct modes: (i) intercalation, in
which one of the phenanthroline ligands
may insert and stack in between the base
pairs, and (ii) surface or groove binding, in
which the hydrophobicity of the phenanth-
roline ligands as well as the electrostatic
charge of the ruthenium dication stabilize
binding against the helical groove of the
DNA polyanion (10, 11). These binding
modes have been characterized primarily
through photophysical experiments, such as
the differential quenching of two types of
ruthenium excited states by anionic quench-
ers, the retention of polarized emission for
the intercalative component when excited
with polarized light, and the observation of
two distinct lifetimes, 0.6 and 2.0 ws, for the
surface-bound and intercalated ruthenium

Fig. 1. Model for Ru(phen);* bound to a B-
DNA helix, showing (left) intercalation of the A-
isomer and (right) the surface-binding of the A-
isomer. For intercalated A-Ru(phen)3¥, the inter-
calated ligand is shown pointed into the page.
The arrows indicate the alignment of the non-
intercalated ligands along the right-handed helical
groove. For the surface-bound A isomers, a side
view (top) and front view (bottom, with the third
ligand pointing out of the page) are shown.
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