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ABSTRACT. The formation of isoaspartyl sites during aging of rat tubulin in vitro and in vivo has been
studied. When incubated in vitro at pH 7.4, 32, purified rat brain tubulin accumulated isoaspartyl

sites at a rate=2.4 isoaspartyl sites per 100 tubulin subunits (50 kDa) per day for 30 days. Isoaspartate
levels were estimated by the transfer of radiolabeled methyl groups $aaenosylk-[methytH]-
methionine in a reaction catalyzed by proteisoaspartyl methyltransferase. Isoaspartate formation
occurred in parallel with, but was not dependent upon, extensive cross-linking of tubulin via formation of
intermolecular disulfide bonds. When rat PC12 cells were incubated for 24 or 72 h in the presence of
adenosine dialdehyde, a potent methyltransferase inhibitor, a substantial and consistent increase in the
isoaspartate content of tubulin was observed. This suggests that tubulin constantly undergoes isoaspartate
formation in vivo, but that the levels are normally kept low by methylation-dependent repair. These
findings support the hypothesis that proteiwsoaspartyl methyltransferase plays a key role in countering
spontaneous damage reactions to proteins associated with cell aging. These results also suggest that
tubulin is an important target for proteinisoaspartyl methyltransferase in vivo.

Proteint-isoaspartyl methyltransferase (PIMT)EC ) 0
2.1.1.77, is a widely distributed enzyme that catalyzes CNH, COH
transfer of the active methyl group 8fadenosyl--methion- /( NH /( NH
ine (AdoMet) onto thea-carboxyl group of atypical- < hN (':6/ ~ 2 hN g/ ~

isoaspartyl sites in peptides and proteins [reviewed by Aswad
(1995) and by Lowenson and Clarke (1995)]. Isoaspartyl Asparaginyl peptide Aspartyl peptide
sites are formed by spontaneous intramolecular deamidation
at Asn-X linkages or by isomerization of Asp-X linkages,
resulting in a peptide bond that occurs through the side chain
p-carbonyl of Asp (Figure 1). This reaction has been
observed most often at Asn-Gly, Asn-Ser, and Asp-Gly
sequences when they occur in flexible peptides or in flexible /(
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domains of proteins (Brennan & Clarke, 1995; Johnson &
Aswad, 1995; Wright, 1995). Isoaspartate formation is a
common mechanism for protein damage under mild condi-
tions in vitro and may constitute a major pathway of protein Cyclic imide

aging and damage in vivo.
There is mounting evidence that PIMT functions in cells 70-85% 15-30%
to repair atypical isoaspartate-bearing proteins. When PIMT
methylates the free-carboxyl group at isoaspartyl sites in
[o] [o]

model peptides, the resulting methyl ester rapidly decom-

poses to the succinimide, which in turn hydrolyzes to form é\ P co
a mixture of isoaspartyl and aspartyl peptides (Figure 2). )i NH /(
Each cycle of methylation/demethylation thus “repairs” a ~"“Nun co- ZNHN 9/ N~
portion (typically 15-35%) of the isoaspartyl peptide bond o o

Isoasparty! peptide Aspartyl peptide
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g SAW SAH 2 brain (Ohta et al., 1987). In the latter study, tubulin (a 50
NN NN . .
Py /( \ Z P ): " kDa protein) ran with an apparent molecular mass of 43 kDa
R o PIMT HNT g%, in an acidic PAGE system that utilized the cationic detergent
Isoaspartyl pepide Methyl ester benzyldimethylcetylammonium chIoride (16-BAC). The
molecular mass discrepancy was attributed to the 16-BAC
7085% rapid I\, W CoM gel system. They suggested that the 46 kDa protein we had
: originally described was also tubulin.
& 3\ The present study was designed to explore further the
~ N/Cc/"“v s P implication that tubulin is an important target for PIMT. We
" § 15:30% ) show first that in vitro aging of purified rat brain tubulin at
Aspartyl pepiide Cyclic imide pH 7.4, 37 °C leads to a substantial accumulation of

FIGURE 2: Mechanism for PIMT-dependent conversion of isoas- isoaspartyl sites in the intact protein. We then utilize the
partyl sites to aspartyl sites. With model peptides, each cycle of AdOXx strategy to demonstrate in cultured rat PC12 cells that
enzymatic methylation and nonenzymatic demethylation results in ybulin accumulates isoaspartyl sites during methyltransferase
the conversion of 1530% of the atypical isoaspartyl peptide bonds inhibition, suggesting that it is also an in vivo substrate.

to normal aspartyl peptide bonds. The overall conversion of the _. o

B-linkage to t%ea)-llinpkz%e has been shown to occur with a half- Finally, we _ShOW that, aIFhou_gh “,Jb%"'” s a substrate for

life of about 8 h (Johnson et al., 1987b). PIMT both in vitro and in vivo, it is distinct from the
prominent methyl acceptor in rat brain cytosol that exhibits

McFadden & Clarke, 1987). PIMT-dependent repair of age- an apparent molecular mass of 46 kDa in acidic SP8GE

damaged proteins has also been demonstrated. When bovingsodium dodecyl sulfatepolyacrylamide gel electrophore-

calmodulin was aged for 2 weeks at pH 7.4, €7 in the sis).

absence of G4, it generated multiple isoaspartyl sites in

the calcium-binding domains (Potter et al., 1993), and its EXPERIMENTAL PROCEDURES

ability to activate C&'/calmodulin-dependent protein kinase

Il dropped to only 18% of its normal value (Johnson et al., Materials. Tubulin was purified from brain tissue. of
1987a). After PIMT-dependent methylation for 48 h, the Sprague-Dawley rats (26 months of age) by the reversible

activity of the damaged calmodulin rose to 68% of normal. azsse;gglg dmtgﬂl])%d g‘g;/v i;,!)llijarr;sb?n ddehgi?o(rige?ezr).ar-lrglssfil']sb::‘itgr
More recently, the partial repair of aged-damaged HPr 0 . .
phosphocarrier protein &scherichia colwas demonstrated SDS-PAGE. SAqunosyIt-[methy+3H]meth|on|ne (15 C'/..
(Brennan et al.,, 1994). Functional repair of HPr was mmol) was obtained from Dupont-NEN. The specific

associated with an isoaspartate-to-aspartate conversion at th@ctivity was adj_usted by miXing with unlabeled AdoMet
Asni2-Gly3 position in HPr. obtalngd from Sigma Chemical Co. Taxol was also obtained
Recent studies with bacteria and mammalian cells further oM Sigma. 3 .
support a repair function for PIMT. Li and Clarke (1992)  The type I isoform of PIMT was purified from bovine
deleted the PIMT gene iE. coliand showed that, compared brain as described previously (Henze_l et al., 1989; Potter et
to the wild type, the mutant exhibited a significant decrease @l-» 1992), and was homogeneous as judged by-SPSGE
in survival during stationary phase and a decreased ability " 12% acrylamide. Enzyme prepared by this method has
to survive heat shock. Isoaspartate would be expected tobeen shown previously to be free of detectable contaminants
accumulate in proteins during stationary phase (when newPoth by SDS-PAGE and by reversed-phase HPLC (Potter
protein synthesis is minimal) and in response to heat shock.8t al-, 1992). Studies with a variety of synthetic peptides
The decreased viability of the mutaRt coli is consistent ~ (Aswad & Johnson, 1987) and with tryptic digests of
with a decreased ability to repair damaged key proteins. In "écombinant human growth hormone (Johnson et al., 1989b),
a separate study, Johnson et al. (1993) cultured rat PCc1200vine calmodulin (Potter et al., 1993), and recombinant
cells for 1-3 days in the presence of adenosine dialdehyde human tissue plasminogen activator (Paranandi et al., 1994)
(AdOX), an inhibitor ofS-adenosyk-homocysteine (AdoHcy) demonstrate that _bovme brain PI_MT prepared in this manner
hydrolase (Bartel & Borchardt, 1984; Hoffman, 1979). methylates only-isoaspartyl residues.
AdOx treatment causes a substantial rise in intracellular Preparation of Rat Brain Cytosol for Purification of
levels of AdoHcy, a strong competitive inhibitor of PIMT. ~ Tubulin and for Analysis of Endogenous Methyl Acceptors.
As predicted by the repair hypothesis, AdOx treatment of The following procedures were carried out at& °C.
PC12 cells for 3 days led to a substantial (5-fold or greater) Whole brains (31 g) from Sprague-Dawley rats-@months
increase in the methyl-accepting capacity of numerous of age) were prehomogenized for 4 s in a Waring blender at
cellular proteins. This was presumably due to the accumula-low speed in the presence of 31 mL of 0.1 M sodium
tion of unrepaired isoasparty! sites. piperazineN,N-bis(2-ethanesulfonic acid) (Na-PIPES), pH
The identification of in vivo substrates for PIMT may lead 6.9, containing 2 mM ethylenediaminetetraacetic acid (EDTA),
to important new insights on the role of protein damage and 1 mM MgCl, 2 mM dithiothreitol (DTT), and 4 M glycerol.
repair in cell aging. In a survey of endogenous substratesHomogenization was completed by 6 passes in a Teflon
for PIMT in the cytosolic fraction of calf brain, our laboratory ~ glass homogenizer with the pestle rotating at approximately
previously described a prominent methyl acceptor having an 600 rpm. The homogenate was centrifuged at 650015
apparent molecular mass of 46 kDa as estimated by acidicmin. The supernatant was recovered and centrifuged at
PAGE in the presence of the cationic detergent cetylpyri- 9600 for 75 min. This supernatant, 16.5 mg/mL in protein,
dinium chloride (CPC) (Aswad & Deight, 1983). Several was recovered and stored-a70 °C prior to use.
years later, it was reported that tubulin is a major endogenous Methylation of Proteins Prior to Gel Electrophoresis and
substrate for PIMT in the cytosol of both rat brain and calf Fluorography. Protein samples (6.4M purified tubulin,
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3.6 mg/mL PC12 extracts, or 4.0 mg/mL rat brain cytosol) were resuspended in PCE methylation buffer (62.5 mM Na
were methylated for 30 min at 3€ in 50 mM K-MES, pH HPQO,, 95 mM citric acid buffer, pH 6.2, containing 2 mM
6.2, containing 2.5%«M PIMT and 50 uM Sadenosyl:- EDTA), supplemented with 5% glycerol, and were stored
[methyt¥H]methionine (16-15 Ci/mmol). For methylation  frozen at—70 °C at a protein concentration of 2.1 mg/
of PC12 proteins, the reactions also included 1 mM R3 mL.
peptide (Najbauer et al., 1993) to suppress arginine methyl- The high-speed extracts, prepared by method B above,
ation. All reactions were stopped by the addition of SDS were treated identically to the low-speed extracts with the
under conditions described in the individual figure legends. following two exceptions: (1) the PPME addition was
Protein Determination.Protein was determined according omitted since this extract was already in this buffer; (2) the
to Lowry et al. (1951) after precipitation with 7% trichlo-  polymerized microtubule pellets were washed twice in 100
roacetic acid. mM Na-PIPES (pH 6.2) without disruption, prior to resus-
Polyacrylamide Gel Electrophoresis and Fluorography. pension in the PCE buffer. The final preparation was stored
All protein electrophoresis was carried out in 0.75 mm thick at —70 °C in the presence of 5% glycerol at a protein
gels of polyacrylamide using a Mini-Protean apparatus concentration of 3.5 mg/mL.
(BioRad Laboratories). The alkaline SBBAGE system
used was that described by Laemmli and Favre (1973). RESULTS
Electrophoresis was carried out at ambient temperature and i . ) .
120 V in a 10% resolving gel overlaid with a 4.8% stacking _Accumulation of Isoaspartyl Sites in Tubulin during in
gel. This system uses a running buffer with a pH initially Vitro Aging. In Vol'[I‘O aging of purified proteins and peptides
adjusted to 8.3; however, the pH in the resolving gel rises & PH 7.4, 37°C has been used as a model for the
to a value of 9 or higher during a typical run. The pH 2.4 a_lccumula'tlon of isoaspartyl sites under physiological condi-
acidic SDS-PAGE system was that described by Fairbanks ions [reviewed by Johnson and Aswad, (1995); also see
and Avruch (1972). Electrophoresis was carried out at Sharma et al. (1993)]. The spontaneous rate of isoaspartate

ambient temperature and 50 V in a 10% resolving gel with formation for structured proteins has been found to vary from
no stacking gel. near zero (cytochromg myoglobin, and lysozyme) to a high

Gels were stained with Coomassie Blue R-250, destained,Cf @Pproximately 8 mol % per day day for synapsin-1
equilibrated with water, and dried. For detection of tritium- (Johnson etal., 1989a; Paranandi & Aswad, 1995). If tubulin
labeled proteins by fluorography, gels were impregnated with IS @ major substrate for PIMT in vivo, it should also exhibit
sodium salicylate according to Chamberlain (1979) prior to Significant isoaspartate formation during in vitro aging. To
drying. Fluorography was carried out at70 °C with test this prediction, we incubated purified rat brain tubulin

preflashed Kodak X-AR film as described by Laskey and &t PH 7.4, 37°C for 30 days. Samples were removed
Mills (1975). periodically during the incubation (every 2 days for the first

Cell Culture and Preparation of ExtractsRat PC12 cells 14 days, then every 4 days) and tested for their ability to
were cultured in the presence or absence ofiDAdOX accept methyl groups in the PIMT-catalyzed reaction. As
for 24 or 72 h (as indicated) and harvested as describegShown in Figure 3, tubulin exhibited a nearly linear increase
previously (Najbauer & Aswad, 1990; Najbauer et al., 1993). in methyl—a_ccepting sites over the entire 30 day incubation,
Extracts were prepared by one of two methods, with all steps corresponding to an average rate of 2.4 mol % perdaws,
carried out at 84 °C. For method A (low-speed extract), tubulin exh|_b_|ts 5|gn|f|cant formatlon of isoaspartyl sites
approximately 5.2« 10 cells were disrupted by sonication Under conditions of physiological pH and temperature.

for 0.5 min in 4.0 mL of 10 mM sodium phosphate buffer, ~ In vitro aging of purified tubulin at neutral pH has been
pH 7.2, containing 20@M PMSF, 0.5ug/mL leupeptin, and ~ reported to result in aggregation via the formation of disulfide
1 mM EDTA. Sonicates were centrifuged at 38§d6r 30 bonds, a lesser degree of cross-linking via the formation of
min. The supernatants, containing 5&6 mg/mL protein, lysinoalanine, and to degradation via peptide bond cleavage

were stored at-70 °C in the presence of 5% glycerol until  (Correia et al., 1993; Prakash & Timasheff, 1982). The
use. For method B (high-speed extracts), approximately 4.6Possible degradation of tubulin by spontaneous cleavage or
x 10 cells were disrupted by sonication for 0.5 min in 3.3 by contaminating proteases was of particular concern to us
mL of PPME buffer (100 mM Na-PIPES, pH 6.6, 20M
PMSF, 0.5ug/mL leupeptin, 1 mM MgS@ and 1 mM 2 Mammalian cells in general (Nuccitelli & Heiple, 1981), and rat
EGTA). Sonicates were centrifuged first at 48§G0r 15 PC12 cells in specific (Maduh et al., 1990), are known to have a

min. The resulting supernatants were then centrifuged at¢Ytosolic pH of 7.2t 0.1 under most conditions. We used a pH of 7.4
in this study so that our results could be compared directly with several

18000@ for 90 min to produce final extracts containing 6.3 yrevious studies (done at pH 7.4, 32) on the rates of isoaspartate
7.5 mg/mL protein. These were stored-at0 °C in the formation in synthetic peptides and purified proteins (Johnson & Aswad,
presence of 5% glycerol until use. 1995).

_ : it _ 31f the isoaspartate accumulation were due only to first-order
Taxol-Promoted Tubulin Polymerization from Low-Speed degradation of a single Asn or Asp site, the accumulation of methyl-

and High-Speed Extracts of PC12 Cell¥he low-speed accepting sites should not appear to be linear beyond 0.3 mol ¢f CH
extracts, prepared by method A above, were supplementednol of tubulin; rather, the stoichiometry should level off, approaching
to contain PPME buffer (by addition of small volumes of an asymptote at 1.0 mol/mol. The roughly linear kinetics up to 0.8
the concentrated components) and then centrifuged at 48000 mol/mol seen in Figure 1 suggest that there are multiple sites of

- p g isoaspartate formation. Indeed, “linear” kinetics of methyl-accepting
for 90 min at 6-4 °C. The supernatant was supplemented site accumulation have been seen up to a high stoichiometry with in
with an additional 1 mM MgSQ(final concentration), and vitro aging of recombinant human growth hormone (Johnson et al.,
then subjected to taxol-promoted polymerization according 19890). mammalian calmodulin (Johnson et al., 1987a), and recombi-

) . . nant human tissue plasminogen activator (Paranandi et al., 1994). In

to Vallee (1986). Controls were included in which taxol g three cases, isoaspartate was found to accumulate at multiple sites,
was omitted during the polymerization steps. The pellets with no single site contributing more than 480% of the total.
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Ficure 3: Effect of in vitro aging on the methyl-accepting capacity
of tubulin. Purified rat brain tubulin was dialyzed against a pH 7.4
buffer containing 50 mM K-HEPES, 1 mM EGTA, 5% glycerol,

and 0.02% sodium azide. It was then adjusted to a concentration

of 1.0 mg/mL protein by dilution with the same buffer and incubated
at 37 °C. At the times indicated on the abcissa, samples were
removed and assayed at pH 6.8 for PIMT-dependent methyl-
accepting capacity by the methanol diffusion method as described
by Paranandi et al. (1994). Methylation reactions were carried out
for 30 min at 30°C and contained 0.@M PIMT and 2.0uM

Najbauer et al.

tion of nonreducible aggregates of tubulin during in vitro
aging has been reported recently by Correia et al. (1993),
and was attributed to the formation of lysinoalanine cross-
links.

Although the widely used Trisglycine SDS-PAGE
system gives a high-resolution separation of proteins ac-
cording to molecular weight, the alkaline pH of this system
precludes analysis of many PIMT-methylated proteins be-
cause the methyl esters formed at isoaspartyl sites are
generally unstable at neutral and alkaline pH. To determine
the molecular weights of the methyl-accepting forms of
tubulin, we analyzed methylated samples of aged tubulin by
SDS-PAGE at pH 2.4. A fluorogram of our first analysis
in this gel system is shown in Figure 5A. Samples of
methylated tubulin were prepared for electrophoresis by
heating them at 50C for 10 min in a pH 2.4 loading buffer
that contained 2% SDS and 50 mM DTT. Nearly all of the
methyl label was associated with highly aggregated material
running at the top of the gel. Since it is well established
that tubulin readily forms intermolecular disulfide cross-links
during in vitro aging under conditions similar to ours (Correia
etal., 1987, 1993, Prakash & Timasheff, 1982), we reasoned
that the low pH of the standard loading buffer had not

tubulin. The methanol diffusion assay used here assures that onlyallowed effective reduction of disulfide cross-linked tubulin.

carboxyl methylation is measured (Najbauer et al., 1991). Thus,
even if the tubulin was contaminated with lysine- or arginine-
specific methyltransferases, methylation of these amino acids would
not have contributed to the data in this figure.

Days of aging

0 2 4 6 8 10 12 14 18 22 26 30

97 —
o 867 _o-Tubulin
= PR s==S==3 An ,
45— B-Tubulin
s

30—

21 —

Ficure 4: Effect of in vitro aging on the molecular mass of purified
tubulin monitored by alkaline SDSPAGE. Samples of aged tubulin
(see legend to Figure 3) were subjected to SPBGE (after
heating in the presence gfmercaptoethanol) according to Laemmli
and Favre (1973). Samples containing2g0of tubulin were loaded

in each lane. In parallel with the progressive loss of Coomassie
staining ofa- andj-tubulin at 50 kDa, there is increased staining
in the upper third of each lane indicative of non-disulfide cross-
linking.

given the extensive period of incubation used in our aging
protocol. Degradation of tubulin would undermine the
significance of isoaspartate formation in tubulin since flexible
peptides tend to form isoaspartate much more readily than
structured proteins. To test for degradation, samples of
tubulin taken during the incubation were heated in 2% SDS
containing 3%jp3-mercaptoethanol and subjected to SDS
PAGE in the alkaline Trisglycine system of Laemmli and
Favre (1973). As shown in Figure 4, there is little evidence
for tubulin degradation, but there is a noticeable decrease
with time in the intensity of protein staining at the positions
of the a- and S-tubulin subunits. In parallel with this

This experiment was then repeated after changing the pH of
the loading buffer to 6.2 (Figure 5B). With this modification,
the majority of the methyl label was associated with 50 kDa
tubulin bands, although significant methylation was still
associated with high molecular weight material. As judged
most easily by the 612 day time points, the relative
contribution and diffuse banding pattern of the high molec-
ular weight methyl acceptors were similar to the pattern of
protein staining seen in Figure 4, suggesting that this
methylation was associated with nonreducible aggregates of
tubulin.

The Coomassie stain pattern of the gel corresponding to
Figure 5A (not shown) indicated that disulfide cross-linking
of tubulin was virtually complete during the first 2 days of
incubation; thus, nearly all of the stain had shifted from the
50 kDa position to the top of the gel, coincident with the
position of the methyl-accepting bands seen in Figure 5A.
This raised a question as to whether isoaspartate forms only
in aggregated tubulin, or whether it is an independent event.
To address this question, we investigated the effect of 5 mM
DTT on tubulin aging. Figure 5C shows the methylation
pattern of tubulin after aging for 6 days in the presentg (
or absence-{) of DTT. Both samples were then prepared
for electrophoresis exactly as described for panel A; that is,
they were heated in loading buffer at pH 2.4, conditions that
do not reduce disulfide bonds. The methylation pattern of
the+DTT samples is virtually identical to that of the 6 day
aged tubulin in panel 5B. This indicates that isoaspartate
formation occurs independently of disulfide cross-linking.

Evidence for Generation and Repair of Isoaspartyl Sites
in Tubulin in Vwo. If tubulin undergoes PIMT-dependent
repair of isoaspartyl sites in vivo, then inhibition of PIMT
in cultured cells should lead to an increase in the methyl-
accepting capacity of the tubulin. To test this prediction,
PC12 cells were incubated for 3 days in the presence or
absence of 1M AdOx. Tubulin-enriched extracts were
prepared by taxol precipitation of the 48@D8upernatant

decrease, there is increased staining of diffuse bands in theraction according to method A under Experimental Proce-
molecular mass region of 100 kDa and above. The genera-dures. The post-taxol, tubulin-rich pellets were resuspended
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Ficure 5: Molecular masses of methyl-accepting forms of tubulin generated by in vitro aging. Samples of tubulin (aged according to the
legend for Figure 3) were methylated at pH 6.2 for 30 min, as described under Experimental Procedures, prior to electrophoresis in the pH
2.4 SDS-PAGE system. In panel A (unreduced samples) the methylation reactions were stopped by comhihiog &ed tubulin

sample with 2uL of 4x concentrated acidic SDSPAGE sample buffer (200 mM sodium phosphate, pH 1.8, 8% SDS, 0.12% pyronin-Y,
40% glycerol, and 40 mg/mL DTT). Stopped samples were heated &€ 56r 10 min prior to electrophoresis. Because of the low pH,
reduction of disulfide bonds did not take place. In panel B (reduced samples), the methylation reactions were stopped by combining the
tubulin sample with a modified >4 sample buffer from which the pH 1.8 sodium phosphate buffer had been omitted, allowing the stopped
samples to remain at pH 6.2 during the 10 min heating &&&Bubsequently, the pH 1.8 buffer was added, and the samples were loaded

for electrophoresis. In panel C, tubulin was aged for 6 days as described in the legend to Figure 3, except that 5 mM DTT was present in
the aging buffer of the-DTT sample to minimize disulfide bond formation. After aging, these samples were methylated and processed for
electrophoresis in the same manner as the samples in panel A.

response to AdOx treatment. Most prominent among these

AdOx - - - - + + + + : X
Taxol - -+ + - - + are proteins with apparent masses of 110 and 50 kDa. The
S 50 kDa protein was assumed to be tubulin since it comigrated
PIMT with [3H]methyl-labeled aged rat brain tubulin and because
N its level is selectively diminished when taxol is omitted (lane
6 vs lane 8). The AdOx effect suggests that tubulin
97 — . . . . .
_ constantly forms isoaspartyl sites in vivo, but that these sites
2 8 < Tubulin are normally maintained at low steady-state levels by PIMT-
T4 — dependent repair. When PIMT is inhibited, the steady-state
s 0 — level of isoaspartate rises due to the slower rate of repair.
21 — These results demonstrate that tubulin is one of several in
14 — J U U U vivo substrates for PIMT.

The most extensive methylation seen in Figure 6 occurs
in a protein with an apparent molecular mass of 28 kDa

1 23 45 6 7 8 whose methylation capacity is unaffected by treatment of

FiGURE 6: Accumulation of isoaspartyl sites in tubulin of Pc12 the cells with AdOx. This relatively high level of isoaspar-
cells during methyltransferase inhibition; analysis of low-speed tate, combined with the lack of AdOx effect, suggests that
extracts by acidic SDSPAGE. Rat PC12 cells were cultured in  this protein may reside in a compartment or complex that is
the presence) or absence<) of 10 uM AdOx for 72 h. The ~ jnaccessible to PIMT. The presence of this protein was
taxol-promoted microtubule polymerization procedure was carried previously noted in an earlier study from our lab on the

out on low-speed extracts (method A of Experimental Procedures) .
with (+) or without () the inclusion of taxol. Samples were  €ffects of AdOx on PC12 proteins (Johnson et al., 1993).

methylated in the presence-) or absence-) of purified PIMT To assess the reproducibility of the AJdOx effect seen in
and subjected to acidic SD®AGE (1.2ug protein per lane). A Figure 6, a second set of tubulin-enriched extracts was

fluorogram (3 month exposure) of the gel is shown. The position . .
of an 3H-methylated sample of aged rat brain tubulin run on the prepared (via method B under Experimental Procedures)

same gel is indicated on the right. A comparison of lanes 6 and 8 from 18000@ supernatant fractions of quadruplicate CO””_Ol
shows that the amount 8H-methylated protein comigrating with  cultures or from quadruplicate cultures treated for 24 h with
tubulin is much greater when taxol is present during the sample 10 4M AdOx. Samples of each extract weit¢-methylated
preparaton, A compatson fanes & and 8 ndcates el i amourtand analyzed by SDSPAGE at pH 2.4 (Figure 7A). The
masses=40 kDa) is much greater in extracts from AdOx-treated results arg S'm'l_ar to those seen in Flgure 6; _Ade tree}tment
cells than from control cells. resulted in a significant and reproducible increase in the

methylation capacity of a protein that comigrates with
in pH 6.2 buffer and methylated by PIMT usiSgdenosyl- purified tubulin. The main difference between Figures 6 and
L-[methy}*H]methionine to label the isoaspartyl sites. Me- 7 is the lower level of background methylation in the latter.
thylation was carried out with high PIMT and AdoMet levels ~ This can be attributed to the use of a higher speed supernatant
in order to maximize the probability that all available fraction.
isoaspartyl sites were completely methylated. Figure 6 If AdOx treatment of PC12 cells were to cause significant
shows the fluorogram obtained after subjecting these sampleshanges in the tubulin content of the cells, or if it affected
to SDS-PAGE at pH 2.4. A comparison of lanes 4 and 8 the purity of the tubulin prepared by the taxol method, then
shows that a number of proteins with molecular massé3 the results shown in Figures 6 and 7 could be construed as
kDa exhibit significantly increased methyl incorporation in an artifact. To assess this possibility, we used the alkaline
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Ficure 7: (A) Accumulation of methyl acceptor sites in tubulin —14 y ot
of PC12 cells during methyltransferase inhibition; analysis of T 2 3 4 5 —30 o

quadruplicate high-speed extracts. Rat PC12 cells were cultured in

the presence+f) or absence ) of 10 uM AdOx for 24 h.

Quadruplicate cultures were used for each condition. The taxol- —2
promoted microtubule polymerization procedure was carried out —14
on high-speed extracts (method B of Experimental Procedures).
Samples were methylated in the present¢ ¢r absence-) of
purified PIMT and subjected to acidic SBPAGE (4.7 ug of 12 3 4 5

protein per lane). The fluorogram shown was obtained after an Ficure 8: Substrates for PIMT in rat brain cytosol. Purified rat
exposure of 7 days. Lanes containifig-methylated samples of  brain tubulin (unaged) and/or rat brain cytosol wétemethylated
purified rat brain tubulin standard are indicated. The first eight lanes at 30°C for 40 min in the presenceHj or absence{) of added

of panel A represent samples from eight independent cultures of PIMT (1.3 uM). Tubulin and brain cytosol were present (where
PC12 cells. A comparison of the fout-J AdOx samples with the indicated) in the methylation reactions at concentrations oft®17
four control () samples confirms that AdOx treatment increases and 4.0 mg/mL, respectively. Proteins were then separated by SDS
the amount of methyl-accepting tubulin. (B) Demonstration that PAGE under acidic (panel A) or alkaline (panel B) conditions.
AdOx treatment of PC12 cells does not alter the overall yield of Alkaline SDS-PAGE was carried out at 4C for this analysis.
tubulin in the procedures used in panel A. Protein staining of an Fluorograms of the dried gels are shown. In lane 4 of panel A, it
alkaline SDS-PAGE is shown. Lane 1 contains 2.8 of the is evident that the dominant PIMT-dependent methyl acceptor in
purified rat brain tubulin used throughout this study. Lanes 2 and rat brain cytosol runs at 4546 kDa and does not comigrate with

3 contain 20ug of high-speed extract from control and AdOx- the tubulin standard. There is, however, a band of lesser intensity

treated PC12 cells, respectively. Lanes 4 and 5 contajrgléach that does comigrate with tubulin. In lane 4 of panel B, there is

of the post-taxol tubulin-enriched fractions from high-speed extracts barely detectable methylation of protein in the-4& kDa region,

of control and AdOx-treated PC12 cells, respectively. whereas methylation of a band comigrating with tubulin is clearly
evident.

SDS-PAGE system (panel B of Figure 7) to analyze samples ) i ) )
of the high-speed supernatant (lanes 2 and 3) and the finalPanel A was subjected to SBPAGE in the alkaline Tris
taxol-enriched tubulin preparation (lanes 4 and 5) that were 9lycine buffer. In this electrophoresis system, the majority
used in panel A. The protein staining pattern shown in panel ©f Protein methyl esters are destroyed by hydrolysis. This
B indicates that AdOx treatment has no detectable effect oniS €xpected because isoaspartyl sites tend to occur most
the yield or purity of the tubulin in the PC12 extracts. frequently at succinimide-prone sequences in which the
Is Tubulin the Major Endogenous Substrate for PIMT in  C-flanking amino acid is Gly, Ser, or His; thus, the remaining
Rat Brain Cytosol?A number of years ago, this laboratory patte_rn of protein methylation will be hgavny biased toward
reported the presence of a major methyl acceptor in cytosol proteins whose methyl esters are atyp|cally stable. Interest-
of calf brain with an apparent mass of-486 kDa as judged mgly, under these conditions, tubulin appears as the_ most
by CPGC-PAGE (Aswad & Deight, 1983). Subsequently, easily detectable PIMT—dependent methyl acceptor'ln the
Ohta et al. (1987) reported that tubulin was one of three 40~60 kDa mass range (lane 4 in panel B). Methylation of
major methyl acceptors present in the cytosol of rat brain. & distinct 45-46 kDa protein is barely detectable. The
They found that tubulin ran with an apparent mass of 43 significant methylation of purified tubulin observeq in lanes
kDa during gel electrophoresis in the presence of the cationic2 and 5 of panel 8B demonstrates that a portion of the
detergent 16-BAC, and suggested that our previously re- isoaspartyl sites formed via in vitro aging are atyp|ca!ly
ported 46 kDa methyl acceptor was tubulin. stable. Altho_ugh Ohta and colleagues used an _aC|c_j|(_:
To evaluate this suggestion, we used a 9@p6gtosol elect_rophore3|s _system to separate methylated proyelns, itis
fraction of rat brain to compare its PIMT-dependent methyl- possible 'ghat their methylat.ed gxtracts_ or gels were inadvert-
ation profile in the pH 2.4 SDSPAGE system to the ently subjected to a c_o.mbmanon of t|_me, tempe.rature, and
migration of purified tubulin. As shown by a comparison PH that allowed significant hydrolysis of protein methyl
of lanes 3 and 4 in Figure 8A, the major methyl acceptor esters prior to fI_uorography. This would have _blased thglr
from rat brain cytosol has an apparent mass of 45 kDa and methqutlon proflle toward one that ov_eremphasmes proteins
does not comigrate with a methylated tubulin standard (lane cOntaining atypically stable methylation sites.
4 vs lane 5). PIMT-dependent methylation of a weaker band
comigrating with tubulin is evident in lanes 4 and 5, but its DISCUSSION
apparent mass is about 5 kDa higher than that of the “major” The findings presented here suggest that tubulin is an
methyl acceptor. important physiological substrate for PIMT. In untreated
A possible explanation for the discrepancy between our PC12 cells, a low but detectable level of isoaspartate is
findings, and those of Ohta and colleagues, is provided in present in tubulin. When methyltransferase activity is
panel B of Figure 8, where the same set of samples used ininhibited, the level of isoaspartate rises significantly, con-
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sistent with the idea that PIMT activity is necessary to keep
isoaspartate from accumulating to high levels in tubulin. We

previously demonstrated that methyltransferase inhibition
causes a general increase in isoaspartate levels in PC12 cell
proteins. The present work represents the first example of

a specific protein that contributes to this effect. Thus, tubulin

appears to be one of several proteins that constantly undergo

formation and repair of atypical isoaspartyl linkages in vivo.
Not all proteins that form isoaspartate in vivo are neces-
sarily substrates for PIMT. A case in point is the—18)
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kDa protein observed in Figure 6 and noted previously. This
protein appears to have the highest levels of isoaspartate of
any protein present in soluble extracts of untreated PC12
cells, but the level of isoaspartate does not change when
PIMT activity is inhibited. A likely explanation is that this
protein is sequestered in the cell in such a way that it is not
accessible to PIMT. An inability of PIMT to gain access to
this protein would explain both its lack of change in
methylation capacity upon inhibitor treatment and why this
protein is so enriched in isoaspartyl sites in the first place. Residue Number
. TUb_u“n plgys a number of essentllal roles in cell function Ficure 9: Flexibility plots of thea and 8 forms of rat tubulin.
including maintenance and dynamic control of cell shape, Flexibility is plotted according to Ragone et al. (1989) using a five-
movement of chromosomes during cell division, axonal residue moving sum dfi (hydrophobicity index)x V (side chain
transport, and bending of flagella and cilia. The formation Volume index). In this plot, lower values mean greater predicted
of isoaspartate in proteins such as calmodulin and epidermal&e\}"b'“ty' Most proteins, including tubulin, show an overall average

. A of approximately 9000 (dashed line). The positions of amino
growth factor has been shown to result in a significant 10Ss ¢ig sequence pairs found to be highly susceptible to succinimide
of function [reviewed by Teshima et al. (1995)]. Likewise, formation in model peptides under mild conditions (NG, NS, NH,
isoaspartate formation in polymerized tubulin may disrupt and DG) are indicated by labeled circles.
the function of the microtubule. Alternatively, isoaspartate
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formation within the 50 kDa subunits of tubulin might
prevent the formation of a functional/s dimer, or the
incorporation of the dimer into a growing microtubule. In

likely that one or more of these four sites contributes
significantly to the generation of isoaspartate in aged tubulin.
In addition to isoaspartate formation, tubulin undergoes

either case, the expenditure of a few AdoMet molecules to two additional types of covalent modification during in vitro
rescue a damaged subunit presents a clear savings in celiging: formation of disulfide cross-links between subunits
energy compared with degradation and replacement of anand another form of aggregation that apparently does not
entire tubulin subunit. The importance of tubulin as a target involve disulfide bonds. The occurrence of these two types

for PIMT action is consistent with the known distribution

of these two proteins in mammalian cells. The highest
specific activities of PIMT are found in brain and testes
(Diliberto & Axelrod, 1976). The high level in testes has

been attributed to its high concentration in sperm tails
(Bouchard et al., 1980), a region where microtubules
constitute a significant portion of the ultrastructure. The
abundance of microtubules in the brain (where it is found in

of aggregation during in vitro aging of tubulin has been
reported previously by Correia and colleagues (Correia et
al., 1987, 1993), who suggested that the nonreversible
aggregation occurs via formation of lysinoalanine cross-links.
Lysinoalanine is known to form in proteins as a consequence
of spontaneoug-elimination of amino acids such as serine,
phosphoserine, or cystine, to form dehydroalanine (Bohak,
1964; Chang, 1991; Friedman, 1994; Jones et al., 1983). The

axons as well as in neuronal and glial cell bodies) is well S-carbon of dehydroalanine then reacts with the sidenino

documented.
The formation of isoaspartate in tubulin within cultured
PC12 cells is corroborated by the finding that purified tubulin

group of a lysine to form the lysinoalanine cross-link. Since
the cross-linkage is made through a secondary amine bond,
lysinoalanine remains intact during acid hydrolysis of the

generates isoaspartate at a significant rate in vitro atprotein, greatly facilitating the detection of this type of cross-

physiological pH and temperature. Studies on the in vitro

link. Correia and co-workers detected 0.13 mol of lysi-

formation of isoaspartate in purified proteins and peptides noalanine formed per mole of tubulin after incubation of

indicate that it forms most readily at Asn-Gly, Asn-Ser, Asn-

purified porcine tubulin at 38C, pH 10, for 3 days (Correia

His, and Asp-Gly sites when these sequences fall in flexible et al., 1993).

domains of the polypeptide (Johnson & Aswad, 1995;
Lowenson & Clarke, 1995; Oliyai & Borchardt, 1994; Patel
& Borchardt, 1990; Tyler-Cross & Schirch, 1991). We used
the flexibility plot of Ragone et al. (1989) to determine if

Since cyclic imides are highly susceptible to reaction with
nucleophiles, it seems possible that a portion of the cross-
linking observed during in vitro aging of tubulin at pH 7.4
results from formation of aspartyllysine cross-links. As

tubulin contains any isoaspartate-prone sequences in regionslemonstrated in Figure 5B, the rate of cyclic imide formation

that are predicted to be flexible. As shown in Figure 9,
a-tubulin has two Asp-Gly sequences (positions-33 and
245-246) that are in regions predicted to be highly flexible
while S-tubulin has two Asn-Ser sequences (positions-337
338 and 376-371) that are predicted to be flexible. It is

(deduced from the rate of generation of methylation sites)
in tubulin closely parallels the rate of irreversible aggregation.
The data in Figure 3 indicate that tubulin generates cyclic
imides in vitro at a rate of at least 3.4 mol % per day.
Moreover, in model peptides, cyclic imides exhibit half-lives
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of 2—4 h at pH 7.4, 37C (Geiger & Clarke, 1987; Johnson
Asw 1985; Murr larke, 1 rovidin f-

f_‘. St ?d’ f985th u 'gyt& Cla te,'th986l), pro (1] g ﬁu. Johnson, B. A., Murray, E. D. Jr., Clarke, S., Glass, D. B., &

Icient ume for the imide fo react with a lysine side chain. - aqyad, D. W. (1987b). Biol. Chem. 2625622-5629.

Cross-links of this type have been observed in proteolytic johnson, B. A., Shirokawa, J. M., & Aswad, D. W. (198%agh.

digests of heat-treated proteins (Otterburn et al., 1977) and Biochem. Biophys. 26&276-286.

in human colostrum (Klostermeyer, 1984). We recently Johnson, B. A., Shirokawa, J. M., Hancock, W. S., Speliman, M.
. LS . W., Basa, L. J., & Aswad, D. W. (1989K) Biol. Chem. 264

reported (Paranandi & Aswad, 1995) that in vitro aging of 1456214271,

purified synapsin-1 from cow brain results in isoaspartate Johnson, B. A., Najbauer, J., & Aswad, D. W. (1993Biol. Chem.

formation, disulfide cross-linking, and irreversible aggrega- 268 6174-6181.

; ; et : i ; Jones, A. J., Helmerhorst, E., & Stokes, G. B. (19BR)chem. J.
tion, with a kinetic profile similar to that observed with 211 499-502.

tubulin. Tubulin and synapsin would thus appear to be y|ostermeyer, H. (1984Methods Enzymol. 10258-261.
excellent candidates for investigating the possibility that Laemmli, U. K., & Favre, M. (1973)J. Mol. Biol. 8Q 575-599.

cyclic imide formation may play a role in the spontaneous La;key, R. A, & Mills, A. D. (1975)Eur. J. Biochem. 56335~

cross-lmklng_ of protelns under_ mild conditions. Disulfide Li C.. & Clarke, S. (1992Proc. Natl. Acad. Sci. U.S.A. 89885

bond formation in these proteins may enhance the rate of 'gggg

irreversible cross-linking by bringing subunits close together, Lowenson, J. D., & Clarke, S. (1995) ibeamidation and
thereby increasing the probability that the lysine side chain Isoaspartate Formation in Peptides and Protei#swad, D.
of one molecule will react with a dehydroalanine or succin- , W- Ed) pp 4764, CRC Press, Boca Raton, FL.

Johnson, B. A., Langmack, E. L., & Aswad, D. W. (1983aBiol.
Chem. 26212283-12287.

imide in another molecule.
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