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Abstract. The molecular basis of microtubule dy-
namic instability is controversial, but is thought to be
related to a “GTP cap.” A key prediction of the GTP
cap model is that the proposed labile GDP-tubulin
core will rapidly dissociate if the GTP-tubulin cap is
lost. We have tested this prediction by using a UV
microbeam to cut the ends from elongating microtu-
bules. Phosphocellulose-purified tubulin was assem-
bled onto the plus and minus ends of sea urchin fla-
gellar axoneme fragments at 21-22°C. The assembly
dynamics of individual microtubules were recorded in
real time using video microscopy. When the tip of an
elongating plus end microtubule was cut off, the sev-
ered plus end microtubule always rapidly shortened
back to the axoneme at the normal plus end rate.

However, when the distal tip of an elongating minus
end microtubule was cut off, no rapid shortening oc-
curred. Instead, the severed minus end resumed elon-
gation at the normal minus end rate. Qur results show
that some form of “stabilizing cap,” possibly a GTP
cap, governs the transition (catastrophe) from elonga-
tion to rapid shortening at the plus end. At the minus
end, a simple GTP cap is not sufficient to explain the
observed behavior unless UV induces immediate re-
capping of minus, but not plus, ends. Another possi-
bility is that a second step, perhaps a structural trans-
formation, is required in addition to GTP cap loss for
rapid shortening to occur. This transformation would
be favored at plus, but not minus ends, to account for
the asymmetric behavior of the ends.

ICROTUBULES assembled from purified tubulin in
M vitro exhibit dynamic instability (21, 34, 45). After

nucleation, individual microtubules alternate be-
tween an elongation phase and a rapid shortening phase
(except those that shorten to completion). The transition
(catastrophe) from elongation to rapid shortening and the
transition (rescue) from rapid shortening to elongation are
abrupt, stochastic, and infrequent in comparison to the rates
of tubulin association and dissociation. Microtubules are
polarized polymers and, in vitro, both the fast-growing plus
ends and the slow-growing minus ends exhibit dynamic in-
stability (21, 45). Several different experimental approaches
have shown that the majority of plus end microtubules in vivo
also exhibit dynamic instability (9-11, 37, 39, 41, 42).

A “GTP cap” model has been proposed to explain dynamic
instability (19, 20, 34). It has been well established that GTP-
tubulin adds to the end of an elongating microtubule, and that
the bound GTP is subsequently hydrolyzed to GDP (4, 5, 7,
13, 30, 36). The GTP cap model postulates that this hydroly-
sis produces a labile “core” of GDP-tubulin subunits “capped”
at the elongating end by newly added GTP-tubulin (the “GTP
cap”) (5, 6, 34). According to the model, catastrophe is the
loss of the GTP cap, and rapid shortening follows due to the
high rate of GDP-tubulin dissociation. Rescue is thought to
occur when a rapidly shortening end becomes recapped with
GTP-tubulin, a process which is infrequent in comparison
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to the rate of GDP-tubulin dissociation. Although the mecha-
nism and location of GTP hydrolysis within a microtubule
is controversial and unresolved (2, 4, 5, 7, 8, 12, 34, 36, 40,
45), there is substantial support for the GTP cap hypothesis:
(a) the bulk of polymer is GDP-tubulin (17, 29, 30, 36, 46,
47); (b) elongation and rapid shortening are distinctly differ-
ent phases (6, 21, 34, 45); (c¢) GDP-tubulin subunits do not
support elongation in buffers which permit dynamic instabil-
ity (3); (d) rapid shortening occurs within seconds at both
ends when GTP-tubulin association is prevented by dilution
(Voter, W. A, and H. P. Erickson, manuscript in preparation;
Walker, R. A., and E. D. Salmon, unpublished observa-
tions); (e) addition of a GTPase system to microtubules at
steady-state results in polymer disassembly (3); (f) for both
ends, dissociation during the rapid shortening phase typi-
cally occurs at a constant rate as expected for a homogeneous
core of GDP-tubulin subunits (21, 45); (g) for both ends,
there is a substantial dissociation rate during the elongation
phase without any apparent phase transition (45); and (k) the
critical concentration for elongation is similar at the two
ends, suggesting that there is reversible dissociation (of GTP-
tubulin subunits) at both ends (45).

The GTP cap model makes a simple prediction about the
behavior of severed microtubule ends (Fig. 1): cutting the
elongating end from a microtubule will produce severed plus
and minus ends with exposed GDP-tubulin subunits. If the
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Figure 1. Predicted behavior of severed microtubule ends based on
the GTP cap model. Schematic drawing of tubulin subunits in a
microtubule growing from one end of an axoneme fragment (solid
area). According to the GTP cap model (7, 19, 20, 34), the incorpo-
ration of GTP-tubulin (7) subunits at the elongating end of the
microtubule stabilizes a labile core of GDP-tubulin (D) (the result
of hydrolysis following subunit addition) (a). When the microtubule
core is cut by UV irradiation (b), two severed ends are created, one
plus, the other minus. The GTP cap model predicts that both sev-
ered ends will rapidly shorten (c) because they are no longer stabi-
lized by GTP-tubulin.

GTP cap model is correct, these severed ends should begin
rapid shortening immediately after cutting.

To test the GTP cap prediction illustrated in Fig. 1, we have
used a UV microbeam to sever individual, elongating mi-
crotubules. A UV source and the necessary UV-transmitting
optics were incorporated into a custom-designed light micro-
scope (Fig. 2). Purified tubulin was assembled onto the plus
and minus ends of sea urchin flagellar axoneme fragments
using the methods of Walker et al. (45). The behavior of sev-
ered ends was observed and recorded in real time using
video-enhanced differential interference contrast (DIC) mi-
croscopy and digital image processing. Contrary to the pre-
diction of the GTP cap model, the plus and minus ends be-
have quite differently.

Materials and Methods

Tubulin and Axoneme Preparation

Porcine brain tubulin was purified by two cycles of assembly and disassem-
bly in a buffer of 100 mM Pipes, 2 mM EGTA, 1 mM MgSO0q, 0.5 mM
GTP, pH 6.9 (PM buffer) and the resulting peliets were overlaid with a
buffer of 100 mM 2[N-morpholino}ethanesulfonic acid (MES), 1 mM EGTA,
0.5 mM MgSO0sq, 3.4 M glycerol, pH 6.6. The tubulin was resuspended and
passed over phosphocellulose and further purified by a cycle of assembly
in 1 M Na*-glutamate as described previously (44). The tubulin was then
resuspended immediately in PM buffer and frozen in small aliquots. Based
on the SDS-PAGE methods described in Walker et al. (45), microtubule-
associated proteins constituted ~0.6% of the purified tubulin preparation.
Flagellar axoneme fragments were prepared from Lytechinus pictus accord-
ing to the method of Bell et al. (1). Axonemes were osmotically demembran-
ated and mechanically separated from sperm heads by homogenization in
a solution of 20% sucrose in distilled water with a hand-held glass homog-
enizer. Axonemes were resuspended and washed in isolation buffer com-
posed of 0.1 mM NaCl, 4 mM MgS0Os, 1 mM EDTA, 7 mM S-mercapto-
ethanol, and 10 mM Hepes (pH 70). Dynein outer arms were removed by
incubation in isolation buffer adjusted to 0.6 M NaCl for 30 min at 4°C.
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Figure 2. Schematic diagram of the UV microbeam apparatus. A
200-W mercury arc lamp served as the UV source. The microbeam
was directed onto the specimen plane from the condenser side by
a mirror inserted at the field diaphragm plane. A 100x/0.85 NA
Zeiss Ultrafluar (Thormwood, NY) was used as the condenser. A
2-pm-wide image of the UV mirror was projected onto the speci-
men. The Wollaston DIC prism transmitted sufficient UV (~20%)
to sever microtubules with a 3-s exposure. Shutters controlled the
UV irradiation. Design details for the differential interference con-
trast optics, video recording, and digital image processing are de-
scribed in the text.

Residual sperm heads were removed by sedimentation of the axonemes
through an 80% sucrose cushion (16,000 g, 10 min). Axonemes were stored
at —20°C in a 1:1 solution of isolation buffer/glycerol. Axonemes were
washed and resuspended in PM before use.

Microscopy and the UV Microbeam

Preparations were viewed by DIC microscopy, using a custom-built, in-
verted polarization microscope (22, 24, 25). The image of the UV source,
an HBO 200-W mercury arc lamp, was projected onto a 0.2 X 0.7 mm mir-
ror inserted in the field diaphragm plane of the microscope after the visible
illuminating beam had passed the polarizing prism (Fig. 2). A Zeiss Ul-
trafluar 100x/0.85 NA glycerin immersion objective (Thornwood, NY)
served as the condenser and was equipped with a Wollaston prism from a
Zeiss 63x/1.4 NA objective lens. This combination provided a reasonable
match to the Nomarski type prism made for Nikon Plan Apo objectives. The
Ultrafluar projected a 2-um-wide image of the illuminated mirror (the UV
slit) onto the specimen plane, superimposed on the visible light DIC image
of the specimen. The mirror could be slid in and out of the light path. With
the mirror in the light path, the image of the UV source was first focused
onto the specimen through UV blocking and neutral density filters. The
filters were removed to expose the microtubule to the UV microbeam. A
Nikon Plan Apo 100X/1.35 NA oil immersion objective projected the speci-
men image through a Nikon Nomarski DIC prism and analyzing prism to
either the oculars or a video camera.
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Image contrast was enhanced by video and digital processing. Video en-
hancement was provided by a newvicon video camera with high gain and
offset (model 65, Dage-MTI Inc., Michigan City, IN), followed by digital
enhancement provided by an Image-I/AT processor (Universal Imaging
Corp., Media, PA). An exponential average of two frames with background
mottle subtraction was used on-line to reduce electronic and optical noise
in the image. Processed images were recorded on 3/4 inch U-matic tape
(Sony model VO-5800H videocassette recorder) and optical disk (Pana-
sonic model TQ-2021FBC optical memory disk recorder).

UV Irradiation Experiments

Purified tubulin and axonemes were mixed and then diluted with cold PM
to final concentrations of 16 uM and 2.7 x 10" mi™!, respectively. Prepara-
tions contained 1 mM GTP. The tubulin-axoneme preparation was held at
4°C until needed.

A 5-ul sample of the preparation was added to a biologically clean (32)
22-mm? quartz coverslip (thickness No. 1.5) mounted on a stainless steel
holder, then covered with a biologically clean 22-mm? glass coverslip
(thickness No. 1.5) and sealed with valap (1:1:1 mixture of beeswax, lanolin,
and petrolatum) to prevent drying and to prevent flow within the chamber.
The typical separation between inner chamber surfaces was 10-20 um. The
double coverslip chamber was inverted and glycerol and oil contacted to the
Ultrafluar and Plan Apo lenses, respectively.

Microtubules were assembled at 21-22°C. The axoneme fragments ad-
hered to the clean chamber surfaces but the microtubules elongating off of
these fragments generally remained in solution. Microtubules that did ad-
here to the coverslip surface could not be severed by UV irradiation.

Microtubules were typically irradiated 15-40 min after initiation of as-
sembly. Microtubules irradiated at longer times behaved identically (in terms

of response to cutting) to microtubules irradiated soon after initiation of as-
sembly.

Exposures of 2-3 s of unfiltered UV irradiation faithfully severed elon-
gating microtubules. Based on previous studies (31, 48), irradiation in the
260-300 nm range severs microtubules in vivo.

Data Analysis

Microtubule elongation and plus end rapid shortening rates were measured
from 3/4 inch U-matic videotape recordings played on a Sony VO-5800H.
We used a computer-based analysis system to follow microtubule length
changes in real time (45). Minus end shortening rates were difficult to mea-
sure in real time because of the brief duration of rapid shortening episodes.
Minus end shortening rates were therefore calculated as (change in length)/
(time of rapid shortening) for each episode.

Plus and minus ends were identified based on rate of elongation (45).
Rates in the text are given as mean + SEM.

Results

Experiments were performed at 2]-22°C to prevent thermal
damage to the microscope optics. At the tubulin concentra-
tion (16 uM) used in this study, a spontaneous catastrophe
occurred at elongating plus ends about once every 4 min of
elongation. Rescue was infrequent for plus end microtu-
bules, and rapid shortening usually proceeded to the axo-
neme seed. At the minus end, a spontaneous catastrophe oc-
curred about once every 15 min of elongation. Shortening

Figure 3. A severed plus end rapidly shortens immediately after UV cutting. The distal tip of an elongating plus end microtubule was cut
off by 3 s UV irradiation. (4) Field before irradiation, Ax is plus end of axoneme fragment; (B) mirror in place just before UV irradiation;
(C) 4 s after irradiation. An image of the irradiation beam persists on the camera tube. Arrowhead indicates the position of the severed
plus end; (D-F) the severed plus end continues rapid shortening until it disappears. Time in minutes/seconds/0.01 seconds is given at the

bottom right of each video frame. Bar, 5 pm.

Walker et al. Dynamics of Severed Microtubules
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minus end microtubules usually underwent rescue, and the
average length lost during a shortening phase was 3.2 um
(based on average time of shortening and the mean rate of
shortening).

Microtubule Irradiation

Each UV irradiation of an individual microtubule created
two severed ends: one plus, the other minus. In practice, we
were able to measure the resultant length changes of only the
microtubules that remained tethered to the axoneme frag-
ment. The other severed end, now one end of a free microtu-
bule, was impossible to observe because the nascent free
microtubule rapidly moved out of the plane of focus. There-
fore, the behavior of severed plus end microtubules was ob-
served by cutting microtubules which elongated off of the
plus end of an axoneme fragment, whereas the behavior of
severed minus end microtubules was observed by cutting
microtubules which elongated off of an axoneme fragment’s
minus end.

All plus end microtubules severed by the UV microbeam
immediately began rapid shortening (n = 16) (Figs. 3 and
S a). The onset of rapid shortening was independent of the
position of the cut zone relative to either the axoneme seed
or the microtubule end. The minimum distance that we were
able to remove from an elongating plus end microtubule was
0.8 um. The rate of rapid shortening of a severed plus end
microtubule (20.9 £+ 1.5 pm/min [r = 15]) was not sig-
nificantly different from the rapid shortening rate of a plus
end microtubule that had experienced a spontaneous catas-
trophe (22.2 + 1.7 um/min [n = 8]) (independent r-test).

In contrast to the plus end, severed minus end microtu-
bules never rapidly shortened (n = 29). Severed minus ends
always remained within 0.2 um (our limit of resolution) of
the cut zone (Figs. 4 and 5, b and ¢) and then resumed elonga-
tion (Fig. 5, b and c). The stability of a severed minus end
was independent of the amount of polymer removed from the
elongating end as shown in Fig. 5 b. In this example, an elon-
gating minus end microtubule was cut at successive times at
distances progressively closer to the axoneme, but the se-
vered minus ends never rapidly shortened.

The tubulin lattice at severed minus ends did not appear
significantly altered because severed minus ends always im-
mediately began elongation at rates (0.40 + 0.03 um/min [n
= 28]) typical of normal minus end elongation (0.41 + 0.04
pm/min [n = 14]) (independent ¢-test). Further, after reclon-
gation, the region of a microtubule at the original cut site was
no more stable than elsewhere along the microtubule. As
shown in Fig. S ¢, severed minus end microtubules were ob-
served to elongate until a spontaneous catastrophe occurred,
then to rapidly shorten without interruption through the
previous cut site. These observations demonstrate that UV
irradiation did not prevent rapid shortening of minus ends by
irreversibly cross-linking the microtubule lattice.

Discussion

According to the GTP cap model, a microtubule contains
GDP-tubulin all along its length, except for a short region of
GTP-tubulin at the elongating end(s) (Fig. 1). Cutting a mi-
crotubule at any site along its length (away from the GTP-
tubulin cap) will produce severed ends with terminal GDP-
tubulin subunits which will immediately dissociate. We have

The Journal of Cell Biology, Volume 108, 1989

Figure 4. A severed minus end does not rapidly shorten after UV
cutting. The distal tip of an elongating minus end microtubule was
cut off by 3 s UV irradiation. Time is given in seconds on each video
frame with the time of UV irradiation set to zero time. At 4 s, the
image of the cutting zone (the UV irradiation area) persists on the
video camera tube. The axoneme was slightly reoriented before ex-
posure to the UV microbeam. The arrows indicate the microtubule
end. Bar = 1 um.
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Figure 5. Behavior of severed plus and minus ends after UV cutting.
Changes in microtubule length are plotted as a function of time.
Length was measured from the end of the axoneme to the distal end
of the attached microtubule. Arrowheads indicate width and loca-
tion of the UV microbeam, and tips of the arrowheads indicate
when the 3-s irradiation began. The portion of the microtubule dis-
tal to the cut zone always rapidly diffused out of view. (a) A plus
end microtubule is irradiated and the severed end immediately
starts to rapidly shorten. (b) A minus end microtubule was cut to
successively shorter lengths but never rapidly shortened. (¢) Micro-
tubules experienced spontaneous catastrophes under the conditions
used in this study. In this example, a severed minus end elongated
for 2.3 um, then underwent a spontaneous catastrophe and rapidly
shortened for 4.4 um. Note that the microtubule elongated from and
shortened through the original cut site.

shown that severed plus end microtubules, as predicted by
the GTP cap model, immediately begin to disassemble (sum-
marized in Fig. 6, a-c). Rapid shortening was extensive and
occurred at a constant rate both independent of the length of
the microtubule and typical of spontaneous rapid shortening.
Our results clearly demonstrate that a short region (<0.8 um
or 1,300 subunits) at the plus end of an elongating microtu-
bule can stabilize the entire polymer.

Walker et al. Dynamics of Severed Microtubules
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Figure 6. Summary of UV cutting experiments. Severed plus end
microtubules (a), rapidly shortened (b), and frequently disappeared
(¢). Later, new plus end microtubules reelongated off of the axo-
neme fragment (d). In contrast, severed minus end microtubules
(b), did not rapidly shorten, but immediately resumed elongation
at a rate typical of minus end growth (c and 4).

In contrast to the labile nature of severed plus ends, the sta-
bility of severed minus ends was not predicted by the GTP
cap model. No shortening of severed minus end microtu-
bules was detected; rather, these microtubules behaved as if
capped by GTP-tubulin and immediately resumed elongation
at rates typical of unsevered minus end microtubules (sum-
marized in Fig. 6, b-d). Because the bulk of a microtubule
is GDP-tubulin (17, 29, 30, 36, 46, 47), and because severed
plus end microtubules initially appear to have terminal GDP-
tubulin subunits (based on the behavior of severed plus ends),
severed minus end microtubules must also initially have ter-
minal GDP-tubulin subunits. How did severed minus end mi-
crotubules quickly regain a GTP cap? Our results show that
UV irradiation did not irreversibly stabilize the microtubule
lattice at the severed end. Further, the stability of severed mi-
nus ends was clearly not due to the “normal” mechanism of
rescue (presumably addition of GTP-tubulin to GDP-tubulin
ends), because the average extent of minus end rapid shorten-
ing after a spontaneous catastrophe was 3.2 um, whereas the
maximum extent of shortening for each severed minus end
was 0.2 um (our limit of resolution). Alternatively, the lattice
structure of plus and minus end microtubules assembled onto
an axoneme seed may be different. However, this does not
seem likely because preliminary observations of UV severed
microtubules self-assembled in the absence of axoneme
seeds also show an asymmetric behavior: one end rapidly
shortens while the other end is stable (Walker, R. A., and
E. D. Salmon, manuscript in preparation).

There are two different explanations, based on the GTP
cap model, for the difference in stability of severed plus and
minus ends. The first assumes that formation of a severed
end immediately produces a GDP-tubulin end capable of
rapid shortening. That is, a severed end is initially an end in
the rapid shortening phase. This is the basic prediction of the
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current GTP cap models. If both plus and minus severed
ends are initially in the rapid shortening phase, then the ex-
tremely rapid rescue of severed minus ends must be pro-
duced by a UV-activated mechanism not available at plus
ends. According to this hypothesis, UV irradiation somehow
promotes rapid reformation of a GTP-tubulin cap at minus,
but not plus, severed ends. One possibility is that the ex-
changeable site for GTP on the tubulin dimer is exposed at
the minus end but not the plus end. UV irradiation could rap-
idly displace the GDP from the exchangeable site, allowing
free GTP to bind and stabilize the polymer before significant
rapid shortening occurs. Because the exchangeable site is lo-
cated on the 3 subunit of the tubulin dimer (18, 27, 35), this
mechanism predicts that the 5 subunit is oriented towards the
minus end of a microtubule and the « subunit is oriented to-
wards the plus end. Unfortunately, the orientation of the tu-
bulin dimer within the microtubule lattice is not yet known.

An alternative explanation is that loss of the GTP cap is
not sufficient for rapid shortening. A second reaction may be
required before GDP-tubulin subunits at the end of a micro-
tubule can dissociate. Thus, there could be an intermediate
phase between elongation and rapid shortening. According
to this model, catastrophe is a two-step process. The first
step, the transition from the elongation phase to the inter-
mediate phase, depends on the presence or absence of a GTP
cap. The second step, the transition from the intermediate
phase to rapid shortening, may involve a structural transfor-
mation at the end of the polymer lattice (28) which, once ini-
tiated, produces rapid dissociation of GDP-tubulin subunits
as the transformation propagates rearward along the micro-
tubule lattice. Cutting an elongating microtubule can be
viewed as creating severed ends in the intermediate phase.
The behavior of a severed end will reflect the probabilities
of transition from this intermediate phase to either elonga-
tion or rapid shortening. At the plus end, conversion from
the intermediate phase to the rapid shortening phase is highly
favored, since a severed plus end microtubule immediately
begins rapid shortening. However, at the minus end, conver-
sion from the intermediate phase to the elongation phase is
favored, since a severed minus end microtubule immediately
resumes elongation.

The dynamics of microtubule assembly has been studied
in living cells using UV microbeam irradiation to sever
microtubules (14, 16, 23, 31, 43, 48). It is worth reconsider-
ing the results from these studies with respect to our in vitro
findings. We have demonstrated here, for microtubules as-
sembled from pure brain tubulin, that severed minus ends
immediately start to elongate while severed plus ends rapidly
shorten. A similar behavior can be seen in reports of the
effect of UV microbeam irradiation on microtubules in the
cytoplasmic microtubule complex in mammalian tissue cul-
ture cells (43), the central spindle microtubules of diatoms
(31), the chromosomal fibers in the mitotic endosperm of
Haemanthus (23), and the chromosomal fibers in the first
meiotic spermatocytes of the grasshopper, Trimeratropis
maritima (16). In all these examples, the minus ends of sev-
ered microtubules appeared stable while the plus ends
rapidly shortened to various extents. The results of UV mi-
crobeam irradiation of chromosomal fibers in first meiotic
spermatocytes by Forer and co-workers appears to be more
complex (14, 48). Recent electron microscopy studies (48)
of areas of reduced birefringence (ARBs) produced by UV
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irradiation of chromosomal fibers indicate that the poleward
movement of ARBs may be the consequence of the difference
in assembly dynamics of severed plus and minus ends rather
than poleward flow of spindle fiber material as originally
proposed (14) (later interpreted as treadmilling of tubulin
subunits [26, 33]; see Forer [15] and Wilson and Forer [48]
for discussion). However, this interesting question remains
unresolved.

Overall, the above analysis indicates that because minus
ends are relatively stable, microtubule dynamics in living
cells is likely to be governed by the dynamics of their plus
ends.
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