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f-Tubulin synthesis in eucaryotic cells is subject to control by an autoregulatory posttranscriptional
mechanism in which the first four amino acids of the I-tubulin polypeptide act either directly or indirectly to
control the stability of ,-tubulin mRNA. To investigate the contribution of this amino-terminal domain to
microtubule assembly and dynamics, we introduced a series of deletions encompassing amino acids 2 to 5 of a
single mammalian jI-tubulin isotype, MD11. Constructs carrying such deletions were inserted into an expression
vector, and the ability of the altered polypeptide to coassemble into microtubules was tested by using an
anti-M,I1-specific antibody. We show that the Mo1 ,B-tubulin polypeptide was competent for coassembly into
microtubules in transient transfection experiments and in stably transfected cell lines when it lacked either
amino acid 2 or amino acids 2 and 3. The capacity of these mutant P-tubulins to coassemble into polymerized
microtubules was only slightly diminished relative to that of unaltered ,B-tubulin, and their expression did not
influence the viability or growth properties of cell lines carrying these deletions. However, more extensive
amino-terminal deletions either severely compromised or abolished the capacity for coassembly. In analogous
experiments in which alterations were introduced into the amino-terminal domain of a mammalian a-tubulin
isotype, Ma4, deletion of amino acid 2 did not affect the ability of the altered polypeptide to coassemble,
although removal of additional amino-terminal residues essentially abolished the capacity for competent
coassembly. The stability of the altered assembly-competent a- and I-tubulin polypeptides was measured in
pulse-chase experiments and found to be indistinguishable from the stability of the corresponding unaltered
polypeptides. An assembly-competent Ma4 polypeptide carrying a deletion encompassing the 12 carboxy-
terminal amino acids also had a half-life indistinguishable from that of the wild-type o-tubulin molecule. These
data suggest that the universally conserved amino terminus of I-tubulin acts largely in a regulatory role and
that the carboxy-terminal domain of ot-tubulin is not essential for coassembly in mammalian cells in vivo.

Microtubules are a fundamental component of the cy-
toskeleton in eucaryotic cells. They are composed princi-
pally of two soluble proteins, a- and 3-tubulin, which,
together with microtubule-associated proteins (MAPs), as-
semble into 20-nm filamentous polymers. Microtubules
perform many functions in eucaryotic cells, including segre-
gation of chromosomes during meiosis and mitosis, determi-
nation of cell shape via dynamic modulation of cytoplasmic
microtubules, cell motility, as an integral part of cilia and
flagella, and bidirectional transport of organelles along the
axons of neuronal cells.
An important question regarding the biology of microtu-

bules is the relationship between tubulin primary sequence
and the structural organization and functional diversity of
microtubules. Our knowledge of the functional contribution
of different domains within the tubulin molecule is extremely
limited. Recently, however, Cleveland and co-workers have
shown that the first four amino acids of ,B-tubulin (Met, Arg,
Glu, and Ile), which are universally conserved among all
3-tubulin polypeptides (reviewed in S. A. Lewis and N. J.

Cowan, in J. Avila, ed., Microtiubule Proteins, in press), are
both necessary and sufficient to confer autoregulated insta-
bility of ,B-tubulin mRNAs (8, 25, 35, 36). In addition, the
amino terminus of a-tubulin consists of a sequence in which
the first three amino acids are identical to those of the
corresponding domain of 13-tubulin and are universally con-
served among a-tubulin polypeptides (Lewis and Cowan, in
press). However, the structural and functional significance
of the ot-tubulin aminoterminal domain is less certain.

* Corresponding author.

Studies at the molecular level have shown that, within
both the ox- and 1-tubulin multigene families, the encoded
carboxy-terminal regions are the most divergent. This and
other characteristic differences among tubulin polypeptides
serve to define tubulin isotypes (31-33; Lewis and Cowan, in
press). Sequences characteristic of each isotype are, with
few exceptions, absolutely conserved among mammalian
species. In vitro studies have shown that the carboxy-
terminal domains of ot- and 1-tubulin play a significant role in
controlling tubulin interactions leading to microtubule as-
sembly (27, 29) and the carboxyterminal domain also con-
tributes to interactions with MAPs (19, 20, 23).

Several questions remain to be answered with regard to
the amino- and carboxy-terminal regions of a- and f-tubu-
lins. Though the first four amino acids of 3-tubulin are
implicated in autoregulation at the mRNA level, it is not
clear whether the function of this domain is exclusively
regulatory or whether it also contributes to the ability of the
subunits to polymerize into microtubules and other physio-
logical properties pertaining to microtubule behavior in vivo.
With regard to the carboxy-terminal domain, in vivo exper-
iments have shown that removal of 12 amino acids from the
carboxy terminus of the single ,B-tubulin polypepetide ex-
pressed in Sac charomyces cerevisiae has no effect on a
number of microtubule-dependent functions, such as mitotic
and meiotic division and mating under optimal growth con-
ditions (7, 12, 21). In mammals, a chimeric 3-tubulin com-
posed of a vertebrate domain fused to a yeast carboxy-
terminal domain is competent for assembly into microtubules
upon introduction into cultured mammalian cells (1). How-
ever, there is no direct evidence concerning the contribution
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of the carboxy-terminal domains of mammalian ax-tubulin
isotypes to the proper functioning of microtubules in vivo.
Here we present the results of an investigation of the

biological functions of the amino- and carboxy-terminal
regions of mammalian tubulins. Using either site-directed
mutagenesis or controlled exonuclease digestion, we intro-
duced deletions in the amino-terminal or carboxy-terminal
domains of tubulin polypeptides. These altered tubulins
were introduced into mammalian cells by transfection and
analyzed in transient assays and in stable cell lines for their
ability to coassemble into microtubules. The data show that
limited deletions introduced either at the amino terminus of
ot-tubulin or in the amino-terminal regulatory domain of
,3-tubulin result in their competent coassembly into microtu-
bules with an efficiency only slightly less than that of
wild-type tubulin polypeptides. In addition, these coassem-
bly-competent altered polypepetides have a half-life in vivo
that is indistinguishable from that of their wild-type counter-
parts.

MATERIALS AND METHODS

Generation of immunologically tagged carboxy-terminal
deletions of the M&4 tubulin isotype. To generate plasmids
containing successive carboxy-terminal deletions of the Ma4
tubulin isotype, a plasmid containing a full-length cDNA
encoding MW4 (32) was linearized with Sail (which cleaves at
the 3' boundary of the recombinant insert) and digested with
exonuclease Bal 31. The reaction products were then sub-
jected to partial digestion with EcoRI to yield a series of
fragments containing the entire MW4 coding region but
truncated at the 3' end. These fragments were cloned into
bacteriophage M13mp8 and sequenced to establish the ex-
tent of 3'-end deletion and to identify those deletions suitable
for fusion to sequences encoding immunoreactive tags (see
below). Deleted molecules selected in this manner that
lacked sequences encoding 2, 9, 12, 14, or 17 carboxy-
terminal amino acids were digested with HinzdIII, blunt-
ended by reaction with the Klenow fragment of DNA
polymerase 1, and partially digested with EcoRI for insertion
into the M1l-pSV expression vector (17, 22). The latter
construct, consisting of a full-length cDNA encoding M1l
flanked by simian virus 40 T-antigen promoter and termina-
tor sequences was cleaved with EcoRV so as to remove the
entire M,B1 coding region with the exception of sequences
encoding the carboxy-terminal 38 amino acids. The bulk of
the Mj3I coding sequence was then replaced by the carboxy-
terminally deleted fragments encoding MW4 so as to generate
plasmids capable of expressing carboxy-terminally deleted
variants of the Ma4 polypeptide tagged with the 38 carboxy-
terminal amino acids of Mf3l.
To create equivalent constructs tagged by Escherichia coli

Arg repressor sequences (as opposed to the M,1l carboxy-
terminal sequence), a cleaved fragment containing an E. coli
Arg repressor cDNA (5) was cleaved with HinzdIII, blunt-
ended by treatment with the Klenow fragment of DNA
polymerase I, and digested with KpnI. This fragment was
ligated with a fragment derived from M,B1-pSV (17) obtained
by digestion with EcoRV and Kpzl. This resulted in a
plasmid in which the carboxy-terminal 38 amino acids of
M,13 were replaced by a fragment encoding 78 amino acids of
the E. coli Arg repressor. This hybrid plasmid was digested
with SpeI, incubated with Klenow fragment, and partially
cleaved with EcoRI, resulting in removal of the entire M1l
sequence, but retaining sequences encoding the E. coli Arg
repressor. cDNA sequences encoding the MW4 tubulin se-

quence with successive carboxy-terminal deletions (gener-
ated as described above) were inserted into this construct so
as to produce plasmids capable of expressing Ma4 polypep-
tides carrying carboxy-terminal deletions fused to a 78-
amino-acid segment of the E. coli Arg repressor.

Generation of expression plasmids encoding tubulins altered
by the deletion of amino-terminal amino acids. (i) Amino-
terminal deletions of MIIl. Amino-terminal deletions of se-
quences encoding the M,B1 tubulin isotype were obtained by
site-directed mutagenesis (15). Briefly, a HinidIII-BalI frag-
ment containing sequences encoding the wild-type amino
terminus of M131 (nucleotides [nt] -17 to +30) was isolated
and cloned into bacteriophage M13mpl9 containing a mod-
ified polylinker that includes a BalI restriction site. Oligonu-
cleotide-directed changes were introduced so as to delete
nucleotides encoding amino acid 2, amino acids 2 and 3,
amino acids 2 to 4, or amino acids 2 to 5. Subcloned
fragments containing these deletions were substituted for
wild-type M1l amino-terminal sequences contained in the
M,31-pSV expression plasmid. The correct substitution of
fragments containing each deleted amino-terminal segment
was confirmed by sequence analysis of the final construct.

(ii) Amino-terminal deletions of MW4. Amino-terminal de-
letions of the MA4 a-tubulin isotype were generated by
site-directed mutagenesis (15) with a subcloned Sacl-HindIll
fragment which encodes wild-type amino-terminal se-
quences of Mcx4 (nt -20 to +66). Fragments containing
deletions of nucleotides encoding amino acid 2, amino acids
2 and 3, or amino acids 2 to 4 of M(x4 were isolated and
inserted into the expression plasmid Mot4-pSV (10) so as to
replace the wild-type M(x4 amino-terminal sequence.

Transfection and immunofluorescence. Adherent HeLa
cells were grown on glass cover slips in petri dishes in
Dulbecco modified Eagle medium (DMEM) containing 10%
defined calf serum. Cells were transfected by the calcium
phosphate precipitation method (34). For transient transfec-
tion experiments, cells were fixed 48 h after transfection,
permeabilized, and incubated with affinity-purified rabbit
antiserum specific for M1l (17), Moc4 (10), or the E. coli Arg
repressor (5) together with a guinea pig general anti-a(- or
anti-J3-tubulin antibody as described previously (10, 17). For
the generation of stable cell lines, cells were cotransfected
with plasmids engineered for the expression of altered (x- and
1-tubulin (see above) together with a selectable neomycin
resistance marker at a ratio of 30:1. G418-resistant cell lines
expressing altered a- or 3-tubulin polypeptides were identi-
fied by indirect immunofluorescence with isotype-specific
sera (10, 17).

Determination of the half-life of wild-type and altered a-
and j-tubulin polypeptides in vivo. Duplicate dishes of ad-
herent HeLa cells grown in DMEM were transfected (34)
with 10 ,ug of various a- and ,B-tubulin constructs designed to
express either wild-type or altered tubulin polypeptides. At
48 h after transfection, the cells were labeled for 5 h by
incubation in methionine-free medium containing 125 ,uCi of
[35S]methionine (specific activity, 1.3 kCi/mmol) per ml and
then allowed to grow for a further period in unlabeled
DMEM. At 0, 12, 24, 36, and 48 h after the end of the
labeling period, fractions containing polymerized and unpo-
lymerized tubulin were prepared as described previously
(17, 30). Labeled polypeptides expressed from transfected
sequences were immunoprecipitated from these fractions by
reaction with antisera specific for either MIl or the E. coli
Arg repressor protein. Immunoprecipitated material recov-
ered by reaction with protein A-agarose beads was analyzed
by resolution on 8% stacking sodium dodecyl sulfate (SDS)
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gels (16). Signals corresponding to specifically immunopre-
cipitated tubulin polypeptides were quantitated by densito-
metry.

RESULTS
Assembly properties of altered P-tubulin polypeptides con-

taining amino-terminal deletions. To construct amino-ter-
minal deletions that would yield a correctly initiated -
tubulin polypeptide, we removed nucleotides encoding one
or more amino acids directly 3' to the initiator methionine
residue. We selected the hematopoietic 1-tubulin isotype
M,1l (33) for these experiments for two reasons. First, we
had in hand a specific antibody that uniquely detects this
isotype (17), and second, the M1l isotype is not detectably
expressed in HeLa cells, although it assembles normally into
rnicrotubules when introduced by transfection (17). The
products of the deletion reactions were in all cases confirmed
by DNA sequencing. The amino-terminally deleted M11-
encoding sequences were cloned into the pSV expression
vector (see Materials and Methods) and introduced into
HeLa cells in a transient transfection assay. The ability of
the deleted tubulins to coassemble was then tested by
indirect double-label immunofluorescence. M,1l tubulins in
which sequences encoding either amino acid 2 or amino
acids 2 and 3 were deleted coassembled into interphase
microtubules in a manner indistinguishable from that re-
vealed by a general tubulin antibody (Fig. 1, compare panels
a, c, and e with panels b, d, and f). Spindle microtubules of
dividing cells expressing the transfected polypeptides were
also coincidentally labeled (data not shown). To see whether
the coassembly of altered polypeptides affected cell viabil-
ity, we generated stable cell lines expressing these altered
polypeptides. Examination of these cell lines by indirect
immunofluorescence showed the uniform expression and
normal coassembly of the altered 3-tubulin polypeptides,
while there was no evidence for any impairment of growth or
viability, as judged by their doubling time. In contrast, when
an M1l tubulin carrying deletions encoding amino acids 2, 3,
and 4 was transfected, two phenotypes were observed (Fig.
2). In some transfected cells, the deleted isotype assembled
into microtubules with poor efficiency, as evidenced by
weak staining with the M13l-specific antibody (Fig. 2, com-
pare panels a and b). In other cells, the same polypeptide
completely failed to assemble into microtubules and instead
was located in strongly staining perinuclear foci that did not
stain with the general tubulin antibody (Fig. 2, panels c and
d). Therefore, removal of the Arg and Glu residues from the
amino terminus of ,B-tubulin does not abolish the ability of
the 1-tubulin polypeptide to coassemble into microtubules,
whereas further deletion severely compromises the ability to
coassemble. More extensive amino-terminal deletions also
resulted in polypeptides that completely failed to coassemble
(data not shown).
To assess the relative efficiency with which altered coas-

sembly-competent 3-tubulin polypeptides were incorporated

TABLE 1. Ability of cx- and ,B-tubulin polypeptides carrying
various amino-terminal deletions to coassemble into

microtubules in HeLa cells

Ratio,
Isotype Deleted residue(s)" Assembly unpolymerized/

polymerized'

Mp1 None + 35:65 (40:60)
Arg (aa 2) + 55:45 (50:50)
Arg, Glu (aa 2 + 3) + 45:55 (50:50)
Arg, Glu, lIe (aa 2-4) +
Arg, Glu, Ile, Val (aa 2-5) - N.D."

Mcx4 None + (40:60)
Arg (aa 2) + (50:50)
Arg, Glu (aa 2 + 3) N.D.

"aa, Amino acid.
bData are from transient assays (Fig. 3A to D) or from permanent cell lines

(shown in parentheses) (Fig. 3E and F).
'-, Polymerized material present at an undetectably low level (Fig. 3D,

tracks 4 to 6).
" N.D. Not determined.

into polymerized microtubules, either transiently transfected
cells or stable cell lines expressing amino-terminally deleted
f-tubulins were labeled for 5 h with [35S]methionine, and
fractions containing unpolymerized and polymerized tubulin
were prepared (30). Altered M13l tubulin polypeptides were
immunoprecipitated from these fractions with an M31-spe-
cific antibody and quantitated by densitometry following
SDS-polyacrylamide gel electrophoresis. Each transient
transfection experiment was performed in triplicate so as to
maximize quantitative accuracy (Fig. 3A to D). The data
from these transient assays showed that the relative ratio of
unpolymerized to polymerized M31 tubulin lacking either
amino acid 2 or amino acids 2 and 3 was in the range of 45:55
to 55:45, compared with a corresponding relative ratio of
about 35:65 in cells expressing wild-type Mpl1 tubulin (Table
1). Data obtained in experiments with stable cell lines
expressing the same truncated polypeptides were in reason-
able agreement with the results of transient transfection
experiments (Fig. 3E and F and Table 1). Thus, these
amino-terminally deleted M31 tubulin polypeptides are coas-
sembled into microtubules somewhat less efficiently than
their wild-type counterparts. In contrast, the level of M1l
lacking amino acids 2 to 4 was very low in the soluble tubulin
pool and virtually undetectable in polymerized microtubules
(Fig. 3D).
Assembly properties of altered at-tubulin polypeptides con-

taining amino-terminal deletions. We used a strategy similar
to that described above to test the assembly properties of
ox-tubulins carrying deletions encoding amino acid 2 and
amino acids 2 and 3. For these experiments, the deletions
were introduced into the Mcx4 isotype (32) since, as in the
case of M1l, we previously described a specific antibody for
this isotype, and its level of expression in cells in culture is
relatively low (10).

FIG. 1. Coassembly into interphase microtubules of altered M1l tubulin polypeptides lacking amino acid 2 or amino acids 2 and 3.
Constructs carrying deletions of nucleotides encoding amino acid 2 or amino acids 2 and 3 of the M,31 tubulin isotype (33) were introduced
into the pSV expression vector (22) and used in transient transfection assays of HeLa cells. At 48 h after transfection, cells were fixed and
analyzed for the ability of the introduced isotype to coassemble into microtubules by indirect double-label immunofluorescence (24) with an
antibody specific for M,11 together with a general tubulin antibody that does not discriminate among ot-tubulin isotypes (17). (a, c, e) Anti-Mpl
antibody; (b, d, f) identical to a, c, and e, respectively, but detected with a general anti-ax-tubulin antibody. (a and b) Coassembly into
interphase microtubules of wild-type Mpl. (c and d) Coassembly into interphase microtubules of an altered M,B1 polypeptide lacking amino
acid 2. (e and f) Coassembly into microtubules of an altered M,Bl polypeptide lacking amino acids 2 and 3. In all cases, the microtubules
detected by the M,1 antibody and the general anti-as-tubulin antibody are coincident. Note the presence of nontransfected cells (compare
panels c and d). Bar, 20 ,.m.
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FIG. 2. Coassembly into interphase microtubules of altered M,B1 1-tubulin polypeptides lacking amino acids 2. 3, and 4. A deleted
construct lacking nucleotides encoding amino acids 2 to 4 (inclusive) of the M31 isotype was cloned into the pSV expression vector (see
Materials and Methods) and introduced into HeLa cells by transfection (34). The transfected cells were analyzed by indirect double-label
immunofluorescence as described in the legend to Fig. 1. Fields representative of two frequently occurring phenotypes are shown. (a and c)
Anti-M,1l antibody; (b and d) general anti-os-tubulin antibody. Panels a and c show fields identical to panels b and d, respectively. Bar, 20 p.m.

The results of transient transfection experiments are
shown in Fig. 4. Removal of the Arg residue from the amino
terminus of Mcx4 did not alter the ability of the polypeptide to
coassemble into normal microtubules (Fig. 4c and d). To
determine whether the expression of this altered ox-tubulin
affected cell growth or viability, we generated a stable cell
line expressing this polypeptide. As in the case of transiently
transfected cells, the stable cell line showed incorporation of
the amino-terminally deleted oL-tubulin into interphase and
spindle microtubules, and there was no detectable influence
on cell morphology or growth characteristics. The relative
distribution of the coassembly-competent altered ox-tubulin
peptide lacking amino acid 2 between unassembled and
polymerized tubulin pools was measured in this cell line in
experiments analogous to those described above for amino-
terminally deleted 3-tubulin polypeptides. The data (Table 1)
showed that the distribution of the altered MoA tubulin
between the unpolymerized and polymerized fractions was
approximately in the ratio 50:50, in contrast to a correspond-
ing ratio of 40:60 for the wild-type Mot4 tubulin counterpart.
When nucleotides encoding amino acids 2 (Arg) and 3

(Glu) were deleted from Mcx4, expression of the altered

constructs in HeLa cells resulted in two phenotypes similar
to those observed in the case of the M31 isotype lacking
amino acids 2 to 4 (Fig. 2). In some cells, there was weak but
detectable coassembly into normal microtubules (data not
shown); in others, however, there was a complete failure of
the altered cx-tubulin to coassemble, with the mutant poly-
peptide appearing in dense foci located mostly around the
cell nucleus (Fig. 4e).
Assembly properties of a-tubulin polypeptides containing

carboxy-terminal deletions. A major difficulty in studying the
effect of carboxy-terminal deletions on the assembly of
tubulin isotypes in higher eucaryotic cells in vivo is that the
epitopes recognized by isotype-specific sera reside in the
carboxy-terminal region (4; W. Gu, unpublished observa-
tions). Hence, the removal of this region results in loss of the
ability to specifically detect the deleted isotype. To over-
come this difficulty, a small region encoding the carboxy-
terminus of M31 that includes the epitope(s) recognized by
the Mfi1-specific antibody was used as an immunological tag
by coupling it to molecules of the Mcx4 cx-tubulin isotype
carrying successive deletions at the carboxy terminus (Fig.
5A). The ability of the encoded polypeptides to coassemble
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A B
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C D
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FIG. 3. Quantitative analysis of wild-type and altered M,1 tubu-
lin polypeptides in the unpolymerized and polymerized tubulin
fractions of transfected HeLa cells. (A to D) Constructs engineered
for the expression of M,1 polypeptides lacking either amino acid 2.
amino acids 2 and 3, or amino acids 2 to 4 were introduced into
HeLa cells by transfection (34). At 48 h after transfection. the cells
were labeled with [35S]methionine for 5 h. Fractions containing the
unpolymerized and polymerized tubulin were prepared (30). and the
Mp1 polypeptides were isolated by reaction with M,B1-specific
antibody (17). For quantitative accuracy, each transfection was

performed in triplicate. Panel A, wild-type M,11; panel B, Mfl
lacking amino acid 2; panel C, M1l lacking amino acids 2 and 3:
panel D, M1l lacking amino acids 2 to 4. Tracks 1 to 3. Unpoly-
merized fractions; tracks 4 to 6, polymerized fractions. (E and F)
Stable cell lines were constructed expressing M,B1 lacking amino
acid 2 (E) and amino acids 2 and 3 (F) (see Materials and Methods).
Duplicate dishes of cells were labeled and fractionated, and the
unpolymerized and polymerized M1 polypeptides were analyzed
following immunoprecipitation with the specific anti-M,11 antibody.
Tracks 1 and 3, Unpolymerized fractions; tracks 2 and 4, polymer-
ized fractions.

into microtubules was then assayed in transient transfection
assays with the Mp1-specific antibody. The data show that
the tagged Mo4 isotype lacking 12 amino acids at the
carboxy terminus coassembled in a manner indistinguishable
from the staining pattern obtained with a general tubulin
antibody (Fig. 6a and b); the same result was obtained with
analogous constructs lacking 2 or 9 carboxy-terminal amino
acids (data not shown). In contrast, deletion of 14 amino
acids from the carboxy terminus of the Mo4 isotype resulted
in inefficient coassembly of the transfected polypeptide into
microtubules (Fig. 6c and d). More extensive deletions (i.e..
removal of 17 amino acids from the carboxy terminus of
Mot4) resulted in complete failure to coassemble into micro-
tubules.
The above deletion experiments depended on the fusion of

an immunological tag derived from the carboxy terminus of
the M1l isotype to the truncated carboxy terminus of Ma4.
Because this tag derived from another tubulin polypeptide
and is rich in acidic residues (a property common to the
carboxy-terminal regions of all tubulin polypeptides), we
were concerned that data obtained from the above transfec-
tion experiments might be influenced by the addition of the
M1l tag. Therefore, we made constructs in which an alter-
native immunological tag, completely unrelated to any tubu-
lin molecule, was used in place of the M,B1 sequence. This
tag derives from the Arg repressor of E. coli (5) (Fig. SB).
When a construct consisting of Ma4 lacking 14 carboxy-
terminal amino acids and tagged with the E. coli Arg
repressor epitope was transfected into HeLa cells, the result
was identical to that depicted in Fig. 6c; however, deletion of
12 or fewer carboxy-terminal amino acids resulted in normal
coassembly into microtubules (Fig. 6e and f). We conclude
that up to 12 carboxy-terminal amino acids can be removed
from Ma4 without disrupting the ability to coassemble and
that the coupling of a substantial number of additional amino
acid residues, from whatever source, to the carboxy termi-
nus of Ma4 has no detectable effect on the assembly prop-
erties of the molecule.

Stability in vivo of altered a- and I-tubulin polypeptides.
The above experiments show that certain altered a- and
1-tubulins are competent for coassembly into interphase and
mitotic spindle microtubules. However, the possibility exists
that such altered tubulins are in some way functionally
compromised. To examine the stability of these altered a-
and ,B-tubulins in vivo, we performed pulse-chase experi-
ments and compared their half-lives with those of their
wild-type counterparts. The data from these experiments are
shown in Fig. 7. Removal of amino acids 2 (Arg) and 3 (Glu)
from the amino terminus of the M,B1 isotype had no signifi-
cant effect on its stability in vivo relative to wild-type M,13
(Fig. 7A and B). Quantitation by densitometry of the auto-
radiographs showed that the half-life in each case was of the
order of 27 h.

Direct measurement of the stability of transfected Ma4
tubulin polypeptides is complicated by the low level of
endogenous wild-type Ma4 expression in HeLa cells
(shown, for example, in nontransfected cells in Fig. 4a).
Therefore, an immunological tag consisting of the 38 car-
boxy-terminal residues derived from M,1 was fused to
either the wild-type Mcx4 sequence or Ma4 lacking se-
quences encoding amino acid 2. In common with the exper-
iment shown in Fig. 6a, the encoded chimeric polypeptides
coassembled normally into microtubules in transient trans-
fection experiments. No significant difference in stability
was observed in pulse-chase experiments with either the
tagged wild-type Mcx4 polypeptide or the altered Ma4 poly-
peptide lacking amino acid 2 (Fig. 7C and D); once again,
densitometric quantitation of the a-tubulin-specific bands on
the autoradiograph showed half-lives of about 27 h. Finally,
a similar half-life was observed for an altered Ma-4 ox-tubulin
lacking 12 amino acids from the carboxy terminus, immuno-
logically tagged with carboxy-terminal sequences derived
from M131 (Fig. 7E). Half-life measurements were unobtain-
able for altered tubulins which completely failed to assemble
because of their low abundance. Therefore, we cannot say
whether the failure of these altered tubulins to assemble led
to their instability, or whether their instability may have led
to our failure to observe them in microtubules.
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FIG. 4. Assembly into interphase microtubules of altered Ma4 polypeptides lacking amino acid 2 or amino acids 2 and 3. Constructs
lacking nucleotides encoding amino acid 2 or amino acids 2 and 3 of the Mo4 tubulin isotype were cloned into the pSV expression vector and
introduced into HeLa cells by transfection (34). Transfected cells were analyzed by indirect double-label immunofluorescence with the
Max4-specific antibody and a general anti-p-tubulin antibody that does not discriminate among ,B-tubulin isotypes (10). (a, c. e)
Anti-Ma4-specific antibody: (b, d and f) same fields as a, c, and e, respectively, detected with the general ,B-tubulin antibody. Panels a and
b, Coassembly into interphase microbutules of wild-type Ma4; panels c and d, coassembly into interphase microtubules of an altered Mcx4
polypeptide lacking amino acid 2 (Arg); panels e and f, failure to coassemble. with perinuclear aggregates resulting from expression of an
altered Mcs4 polypeptide lacking amino acids 2 (Arg) and 3 (Glu). Note the low level of Mcx4 expression in nontransfected cells in panel a.
Bar, 20 ,um.
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A

Mfi1

Ma4

L

Deleted
C-terminal Assembly
residues

(-2) +

(-9) +

(-12)

(-14)

+

(-17)

B

ArgR

Ma4 (-9) +

(-14) 4-

FIG. 5. Constructs used for the analysis of carboxy-terminal deletion mutants of McW4. (A) The wild-type M,1 polypeptide is shown at the
top (open box). Ma4 polypeptides (not drawn to scale), each containing successively greater carboxy-terminal deletions and each fused to the
carboxy-terminal portion of Mp1 that contains the anti-Mp1 epitope(s), are shown below (cross-hatched). The number of deleted Mc4
carboxy-terminal residues is shown at the right, together with the result of transfection experiments to assay their ability to coassemble into
microtubules (see Fig. 6). (B) The E. coli Arg repressor polypeptide (5) is shown (thick line, top). Below, sequences encoding a segment of
this polypeptide were fused to sequences encoding the MA4 polypeptide (cross-hatched) carrying deletions encoding either 9 or 14
carboxy-terminal amino acids.

DISCUSSION

Recent evidence suggests that the level of unpolymerized
f-tubulin in eucaryotic cells is subject to autoregulation via
a mechanism in which the nascent 3-tubulin polypeptide
itself acts as a signal to regulate the stability of its own

mRNA (8, 26, 35, 36). Though there is evidence that the level
of tubulin subunits is inversely related to the stability of
tubulin mRNA in certain lower eucaryotes (e.g., in sea

urchin embryos [9]), the physiological or developmental
consequences of abolishing the autoregulatory phenomenon
are unknown. The domain responsible for ,-tubulin autoreg-
ulation has been delineated by deletion experiments that
show the first four amino acids of the 3-tubulin polypeptide
to be both necessary and sufficient to influence the level of
,B-tubulin mRNA (35, 36). Disruption of this domain leads to
failure of the normal autoregulatory phenomenon. The ex-

periments reported here show that expression of a 1-tubulin
polypeptide in which sequences encoding either amino acid
2 or amino acids 2 and 3 have been deleted results in
coassembly into interphase and spindle microtubules with
only slightly reduced efficiency relative either to their unal-
tered counterpart (summarized in Table 1) or to endogenous
tubulin isotypes (17). In addition, these deletions have no

detectable effect either on the stability of the tubulin poly-
peptide in vivo (Fig. 7) or on the growth or morphology of
stable cell lines expressing these polypeptides.
The level of foreign r-tubulin polypeptides expressed as a

consequence of transfection is highly variable but probably
never represents the bulk of ,B-tubulin present in the cell.

Therefore, the microtubules in all our experiments are mixed
copolymers of altered and wild-type ,-tubulin polypeptides,
and it remains possible that amino-terminally deleted mole-
cules are functionally deficient in a way that would only
become clear in a situation where their expression became
dominant over their wild-type counterparts. Experiments
are under way to test this possibility. Alternatively, the
amino-terminal domain of ,-tubulin could be functionally
required in specialized microtubules that are not found in
cultured cells. Nonetheless, it seems likely that amino acids
2 and 3 of B-tubulin serve mainly in a regulatory role, and our
data suggest that the evolutionary conservation of the ami-
no-terminal domain of P-tubulin is at least in part a conse-
quence of selective pressure based on its role in autoregula-
tion, rather than an absolute requirement for assembly.
Because the initiator methionine residue is required for the

initiation of protein synthesis, we were unable to test the
assembly properties of a- or f3-tubulin polypeptides lacking
the authentic amino-terminal amino acid. The initiator me-
thionine residue is removed from many proteins by an
enzyme (methionine aminopeptidase) with defined substrate
preferences (6); at amino acid position 2, Lys, Arg, and Leu
prevent cleavage of the amino-terminal methionine, while
Ala, Gly, Pro, Ser, Thr, and Val promote its removal. When
other amino acids occur at position 2, cleavage of the
initiator methionine is less predictable. In all naturally oc-
curring cx- and ,B-tubulin polypeptides, Arg is found next to
the initiator methionine (Lewis and Cowan, in press); con-
sequently, all wild-type tubulin polypeptides begin with a
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FIG. 6. Assembly of altered Ma4 tubulin polypeptides containing deleted carboxy-terminal amino acids. Immunologically tagged
constructs containing carboxy-terminal deletions of the Ma4 isotype (Fig. 5) were introduced into HeLa cells in transient transfection
experiments (34), and the ability of the transfected polypeptides to assemble into microtubules was assayed by indirect double-label
immunofluorescence (24) with either the M31-specific antibody (17) (a and c) or the anti-E. coli Arg repressor antibody (5) (e). (b, d and f)
Fields identical to a, c, and e, respectively, detected with a general anti-a-tubulin antibody that does not discriminate among ot-tubulin
isotypes (17). Panels a and c, Transfected cells expressing the Ma4 polypeptide lacking 9 or 14 carboxy-terminal amino acids, respectively.
The deleted Ma4 polypeptides were in both cases immunologically tagged with the M131 carboxy-terminal region (Fig. 5A). Panel e shows
expression of the Ma4 polypeptide lacking 9 carboxy-terminal amino acids, immunologically tagged with a region of the E. coli Arg repressor
(Fig. SB). Bar, 20 ,um.
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FIG. 7. Stability in vivo of wild-type and altered tubulin poly-
peptides. HeLa cells transfected with constructs containing either
wild-type or altered sequences encoding either the M1l isotype or

the Ma4 isotype immunologically tagged with the carboxy-terminal
domain of M13 (see text) were incubated for 5 h in the presence of
[35S]methionine. At the end of this period, the labeled medium was

removed and replaced with normal growth medium. At various
times following the end of the labeling period (0. 12, 24, 36. and 48
h, shown in tracks 1 to 5, respectively), cells were harvested and
extracts were prepared containing the soluble (unpolymerized)
tubulin (see Materials and Methods). Tubulin polypeptides ex-

pressed via the introduction of transfected sequences were immu-
noprecipitated from these extracts by reaction with the Mp1-specific
antibody (7). The immunoprecipitated products were resolved on

stacking 8% SDS-polyacrylamide gels (16), which were dried and
prepared for fluorography. (A) Mp1 (wild type). (B) M,1I lacking
amino acids 2 (Arg) and 3 (Glu). (C) Mot4 (wild type). (D) Mc4
lacking amino acid 2 (Arg). (E) MWx4 lacking 12 carboxy-terminal
amino acids.

methionine residue. When polypeptides are altered so that
amino acid 2, amino acids 2 and 3, or amino acids 2, 3, and
4 have been deleted, the initiator methionine is followed by
Glu, Ile, and Val, respectively. In the former two cases

(neither of which intereferes with efficient coassembly into
microtubules; Table 1), the fate of the initiator methionine
residue is uncertain, while in the latter case the methionine
residue is most probably cleaved off. Therefore, the failure
of the altered 1-tubulin polypeptide lacking amino acids 2, 3,
and 4 to coassemble efficiently into microtubules (Fig. 2)
could be a consequence of the posttranslational removal of
the initiator methionine residue.
Comparison of the amino-terminal sequences of cx-tubulins

with those of ,B-tubulins shows that three of the first four
amino acids (Met, Arg, and Glu) are identical, whereas the
fourth differs (3-tubulin, Ile; ox-tubulin, Cys, Ile, Val, or

Ala). This is true for all tubulin isotypes from all species
studied (Lewis and Cowan, in press). The level of c.-tubulin
mRNA, like that of 3-tubulin mRNA, is autoregulated by the
abundance of unpolymerized tubulin (26). However, the
contribution of the amino terminus of (x-tubulin to regulating
the level of its mRNA has not been studied. Our results show
that, as in the case of P-tubulin, the removal of amino acid 2
(Arg) only slightly reduces the ability of the cx-tubulin
polypeptide to coassemble into microtubules; however, re-
moval of amino acids 2 (Arg) and 3 (Glu) has a drastic effect
on assembly (Table 1). Therefore, the amino-terminal region
of o-tubulin would seem to have a more direct structural role
than the corresponding domain of 1-tubulin.
There is evidence from in vitro experiments that the highly

acidic carboxy-terminal domains of ox- and ,B-tubulin also
play a role in regulating tubulin assembly, probably via an
ionic interaction with MAPs (18-20). However, our results
demonstrate that removal of the 12 carboxy-terminal amino
acids from the Mo4 a-tubulin isotype does not affect its
ability to coassemble into interphase or mitotic microtubules
of HeLa cells (Fig. 6). In our experiments, the deletions
resulted in the net removal of 7 acidic residues from Ma4.
The fusion of an immunological tag consisting of the car-
boxy-terminal region of M13l to the carboxy-terminally de-
leted Ma4 tubulin polypeptide results in the addition of a
further 13 acidic residues to the chimeric polypeptide, in
effect overcompensating for the loss of negative charge
incurred by deletion. On the other hand, substitution of a
region of the E. coli Arg repressor as an alternative immu-
nological tag unrelated to any tubulin sequence results in the
addition of three basic charges. Therefore, the net charge of
the carboxy-terminal region is not a factor in determining the
assembly competence of co-tubulin. Moreover, the addition
of immunological tags from either M31 or the E. coli Arg
repressor polypeptide results in chimeric molecules that are
up to 66 amino acids longer than the wild-type tubulin
molecules. The observation that these greatly extended
polypeptides are competent for coassembly into microtu-
bules reinforces the conclusion that the acidic carboxy
termini of o-tubulins lie on the outside of the molecule (2).
Finally, we note that alteration of the MW4 polypeptide by
the substitution of alternative carboxy-terminal sequences
presumably blocks the entry of these altered polypeptides
into the normal cycle of carboxy-terminal tyrosination and
detyrosination that is characteristic of most (x-tubulins in
vivo (3, 11, 14).
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