cleaves Sp phosphorothioate bonds but not
Rp bonds (13), whereas SVPD shows the
opposite specificity (10). Control experi-
ments with chemically synthesized phospho-
rothioate dinucleotides showed that these
enzymes cleaved with the expected ste-
reospecificity under identical conditions
(Fig. 5C). These results show that the Sp
phosphorothioate in the substrate RNA was
inverted to Rp in the second step of group Il
self-splicing.

Much has been written about the appar-
ent similarities between the structures and
splicing mechanisms of group II and pre-
mRNA introns (14). These similarities could
be due to a common evolutionary origin or
due to chemical determinism driven by a
need to carry out similar reactions. Our data
extend the similarities to the level of the
stereochemistry of the fundamental reactions
of these introns and provide strong support
for a close relation between these two classes
of introns. Because group II intron ribozymes
carry out the same chemical reactions as in
pre-mRNA splicing but without the need to
assemble a spliceosome from trans-acting
factors, they might represent a more accessi-
ble system in which to investigate the details
of these reactions.
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Polyglycylation of Tubulin: A Posttranslational
Modification in Axonemal Microtubules
Virginie Redeker, Nicolette Levilliers, Jean-Marie Schmitter,

Jean-Pierre Le Caer, Jean Rossier,” André Adoutte,
Marie-Hélene Bré

A posttranslational modification was detected in the carboxyl-terminal region of axonemal
tubulin from Paramecium. Tubulin carboxyl-terminal peptides were isolated and analyzed
by Edman degradation sequencing, mass spectrometry, and amino acid analysis. All of
the peptides, derived from both « and B tubulin subunits, were modified by polyglycyl-
ation, containing up to 34 glycyl units covalently bound to the y carboxyl group of glutamyl
residues. This modification, present in one of the most stable microtubular systems, may
influence microtubule stability or axoneme function, or both.

The axoneme of cilia and flagella com-
prises a bundle of microtubules typically ar-
ranged as a ring of nine doublets around a
pair of single microtubules. This structure is
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among the most stable microtubular assem-
blies known and contains >150 different
proteins, of which a and B tubulins are the
most abundant (1). Immunocytochemical
and immunoblotting studies with antibodies
to Paramecium axonemal tubulin—poly-
clonal anti-PA tubulin and monoclonal
AXO 49, which show similar specificities—
suggest that axonemal tubulin undergoes a
posttranslational modification (2, 3). The
reactive epitope (i) appears late in the as-
sembly of stable microtubules, (ii) is located

in the COOH-terminal domain of both «



and 8 tubulin, and (iii) is distinct from other
reported posttranslational modifications (de-
tyrosylation, phosphorylation, and glutamy-
lation). This epitope, originally observed in
Paramecium axonemes, is also detected- in
cilia and flagella both from protists and
metazoa, including an array of invertebrates
and vertebrates (2, 3).

To characterize the nature of this modi-
fication, we used Paramecium axonemal tu-
bulin because it reacts strongly with the
AXO 49 antibody and is likely to be en-
riched in the modification. Paramecium ax-
onemal tubulin was extracted from cilia as
described (4) and digested with endoprotein-
ase Asp-N (5). Both a and B tubulin se-
quences possess an Asp-N cleavage site close
to the COOH-terminus (6). Digestion prod-
ucts were separated by high-performance lig-
uid chromatography (HPLC) on a DEAE

anion-exchange column (Fig. 1), which al-
lowed us to recover COOH-terminal pep-
tides from both o and B tubulin in the most
acidic fractions, corresponding to the later
phase of the elution profile. Each of these
acidic fractions was further purified by
HPLC on a Cg-RP300 reversed-phase col-
umn, and two major peaks were consistently
obtained (7). These peaks were subsequently
analyzed by amino acid sequencing and mass
spectrometry.

Automatic Edman degradation showed
that the two major species separated by
each reversed-phase elution apparently cor-
responded to the 16 COOH-terminal ami-
no acids of B1 tubulin and the 26 COOH-
terminal amino acids of a1 and a2 tubulin
(7). However, in 20 Edman degradations,
we did not detect any signal corresponding
to Glu®? in B tubulin or to Glu** in «

tubulin. Polyglutamylation of brain tubulin
was discovered as a result of a similar gap in
the amino acid sequence (8).

To identify the nature of the modifica-
tion of the axonemal tubulins, we further
characterized each of the isolated peptides.
Matrix-assisted laser desorption ionization—
time of flight-mass spectrometry (MALDI-
TOF-MS) analysis showed that each frac-
tion, apparently homogeneous on reversed-
phase HPLC, was in fact heterogeneous and
produced several molecular ions whose
masses differed by increments of multiple
units of 57 daltons (Fig. 2). This value cor-
responds to the mass of a glycyl residue. The
identification of the added units as glycyl
residues was confirmed by total amino acid
composition analysis of o and B tubulin
COQOH-terminal peptides emerging from
the reversed-phase column (9).
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Fig. 1 (left). Purification of the COOH-terminal pep-
tides generated by endoproteinase Asp-N digestion
of Paramecium axonemal tubulin. Paramecium ciliary
axonemes were isolated by selective detachment of

cilia from the cell bodies (induced by MnCl,), and a‘f
tubulin was extracted by sonication of microtubule
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doublets (4). Purified tubulin (1 mg) was digested for 6 .
hours at 36°C with endoproteinase Asp-N (2.5 pg) in
430 pl of 50 mM tris-HCI (pH 8.0) (5). Digestion was
terminated by placing the samples at —80°C. The
peptide mixture was separated by HPLC on an anion- 0 4000 2200

exchange column (DEAE 5PW; Waters); elution was

performed at a flow rate of 1 ml/min with a linear

gradient from 50 to 500 mM NaCl in 20 mM tris-HCI (pH 8.0) over
60 min. The absorbance of the eluted peptides was monitored at 214 nm.
(A) The complete chromatogram. (B) Enlarged region of the chromatogram
in which the COOH-terminal acidic peptides were eluted (19, 37). The acidic
peptides eluted from the column between 25 and 34 min, denoted 1 to 10,
were collected and further purified by reversed-phase HPLC (7). Fig. 2
(right). MALDI-TOF-MS analysis of COOH-terminal peptides of Parameci-
um axonemal a and B tubulin. Analysis of peptides purified from peaks 1
and 8 from the DEAE column was performed on a VG Analytical Tofspec
mass spectrometer equipped with a 337-nm laser, with a 25-kV accelera-
tion voltage (32). From 50 to 100 shots were accumulated for each spec-
trum acquisition in the positive-ion mode. Average mass to charge (m/z)
ratios of the protonated molecular ions (MH*) are indicated on the spectra.
(A and B) Analysis of a tubulin peptides from peaks 8 and 1, respectively.
For the COOH-terminal peptides of a1 tubulin (calculated MH* mass of
2740.8 daltons, corresponding to the sequence “>*DLAALEKDYEEVGI-
ETAEGEGEEGEG*%%) and o2 tubulin (calculated MH* mass of 2754.8
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daltons, corresponding to the sequence “2*DLAALEKDYEEVGIETAEGE-
GEEGEA*#9), the number of additional glycyl units (57.05 daltons) was
determined from the differences between the mass values obtained and the
calculated mass value of the unmodified peptide. The first mass signals (A)
correspond to the unmodified peptides of a1(424-449) and a2(424-449)
carrying three glycyl units [2911.9 daltons = 2740.8 + (3 X 57.05), and
2925.9 daltons = 2754.8 + (3 X 57.05), respectively]. The other mass
signals represent additions of up to 34 glycyl units (B). The molecular ions
corresponding to isotype a2 are designated by dots. (C and D) Analysis of
B tubulin peptides from peaks 8 and 1, respectively. The calculated MH*
mass of the unmodified COOH-terminal peptide of B tubulin (corresponding
to the sequence “?’DATAEEEGEFEEEGEQ**?) was 1799.7 daltons. The
highest mass signal observed represents the addition of up to 32 glycyl
units [3625.3 daltons = 1799.7 + (32 X 57.05)] (D). The difference between
the calculated average mass and the experimental mass determination
shown (0.1 to 1.6 daltons) is consistent with the accuracy of MALDI-TOF-
MS.
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Spectra corresponding to one of the low-
est (Fig. 2, A and C) and one of the highest
(Fig. 2, B and D) amounts of glycylation are
shown for a and B tubulin, respectively. The
molecular ions obtained for the B tubulin
peptides corresponded to the theoretical
mass of the COOH-terminal B tubulin pep-
tide (from Asp**7?) bearing 4 to 32 added
units of 57 daltons. One of the most acidic
peaks (denoted 8) from the DEAE column
(Fig. 1) contained six to nine added glycyl
units, (Fig. 2C), whereas a less acidic peak
(denoted 1) contained 22 to 32 added glycyl
units (Fig. 2D). Each intermediate amount
of glycylation (from 4 to 32 added glycyl
units) was observed.

The mass signals observed for a tubulin

corresponded to the calculated mass of the
COQOH-terminal « tubulin peptide (from
Asp*?*) bearing 3 to 34 added units of 57
daltons (Fig. 2, A and B). Two molecular
ions differing by 14 daltons within each
increment of 57 daltons were also detected.
This value of 14 daltons corresponds to the
difference between the masses of Gly and
Ala, which are the terminal residues of al
and a2 tubulin isotypes, respectively.

Thus, both & and B tubulin were modi-
fied by the addition of 3 to 34 glycyl units to
the COOH-terminal tail. Among the peaks
analyzed, we did not observe any unmodi-
fied COOH-terminal tubulin peptides, nor
any COOH-terminal peptides bearing glu-
tamyl units. Indeed, the amount of glutamy-
lated tubulin appears to be low in the Par-
amecium axoneme (10).

By analogy with the discovery of polyglu-
tamylation of tubulin (8), we propose that
the glycyl units are added to the first residue
undetected by Edman degradation: Glu®*’
for B tubulin and Glu** for o tubulin, How-
ever, we could not exclude the possibility
that glycyl units are linked to other COOH-
terminal glutamyl residues (Glu*8, Glu**,
and Glu** for B tubulin, and Glu**® and
Glu**® for o tubulin). To identify the loca-
tion of the lateral glycyl chain, we digested
axonemal tubulin with thermolysin (11),
which yields smaller peptides than those ob-
tained by digestion with endoproteinase
Asp-N. Separation of the digestion products
on a DEAE column revealed one major acid-
ic peptide, which was characterized by auto-
matic Edman degradation and fragmentation
by electrospray-mass spectrometry analysis
(12). We obtained the amino acid sequence
EXE (where X is any amino acid) (13),
whereas the mass was that of a tetrapeptide,
FEE,G. Fragmentation analysis revealed
that the peptide corresponded to **SFEE+®
from B tubulin in which Glu*7 was modified
by the addition of a glycine residue (12).
Although this observation is consistent with
the modification of Glu®?, rather than
Glu*8, on B tubulin, we still cannot exclude
the presence of other glycylation sites.
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As far as we are aware, the polyglycyla-
tion modification has not been described for
any other protein. The length of the peptide
chain generated by the addition of glycyl
residues is the longest non—genetically cod-
ed amino acid addition identified. Numer-
ous posttranslational modifications affect o
and B tubulin subunits. Most of these mod-
ifications were detected initially in the
brain, where tubulin heterogeneity is partic-
ularly high. a Tubulin undergoes acetylation
of Lys* (14), reversible removal of the
COOH-terminal Tyr*! (15), removal of the
penultimate Glu**° (16), and glutamylation
of Glu** (8); whereas B tubulin is modified
by phosphorylation of Ser*** and Tyr*7 in
the BIII isotype (17) and Ser**! in the BVI
isotype from the marginal band of erythro-
cytes (18), and glutamylation of Glu**® in

BIIL (17), Glu®in BII (19, 20), Glu*** in

BIVa, and Glu*! in BI (21) isotypes. Except
for acetylation, all of these modifications,
which contribute to the diversity of micro-
tubule subsets within the cell (22), concern
the 10 COOH-terminal residues of o and 8
tubulin.

Polyglycylation was chemically charac-
terized on ciliary axonemal tubulin from Par-
amecium. Fractions from the DEAE column
(Fig. 1) were examined by dot-blot analysis
(23) with the monoclonal antibody AXO
49, which decorates the stable microtubule
arrays in Paramecium (3). The greatest reac-
tivity was observed in fractions 1 to 3, cor-
responding to the highly glycylated forms of
tubulin (containing 11 to 34 and 15 to 32
added glycyl units for the o and B subunits,
respectively). AXO 49 recognizes tubulin
from axonemes (ciliary and flagellar) from a
wide variety of species, extending from pro-
tozoa to metazoa. For example, immunoreac-
tivity was detected in ciliates as diverse as
Euplotes, Stylonychia, and Tetrahymena,
which are as distant, in molecular terms, as
plants are from animals, as well as in a wide
array of invertebrates and vertebrates, in-
cluding sea urchin (spermatozoa) and quail
(oviduct cilia) (2, 3). Polyglycylation may
therefore be a general modification of axon-
emal tubulin of both protozoa and metazoa.

In most instances, microtubule stability
correlates with the presence of posttransla-
tional modifications. Detyrosylation and
acetylation, for example, are generally ab-
sent from most newly formed microtubules
and are more prevalent on stabilized and
aging microtubules (24, 25). However, these
modifications are probably the consequence
of microtubule stability rather than its cause
(25). All of the microtubules decorated by
AXO 49 belong to a stable class that is
unaffected by cold or nocodazole treatment
(26). Thus, polyglycylation appears to be

-associated with stable microtubule arrays.

The importance of the COOH-terminal
domain of tubulin for the structural organi-
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zation of axonemal microtubules is manifest-
ed by the observation that axonemes from
spermatozoa of Drosophila expressing a trun-
cated testis-specific B2 tubulin (devoid of
the last 15 amino acids) fail to assemble into
a structure that resembles the canonical
“9+2” microtubule array with its associated
membrane (27). In addition, the COOH-
terminal domain of tubulin, which is ex-
posed as a flexible, accessible arm on the
surface of the microtubule lattice, has been
suggested to mediate interactions with other
molecules, such as microtubule-associated
proteins (MAPs) (28). Removal of the
COQOH-terminal region of the molecule, or
chemical neutralization of the COOH-ter-
minal acidic groups by amidation, promotes
tubulin assembly into microtubules and in-
hibits interactions with MAPs (29). The
elution profile obtained during DEAE chro-
matography of tubulin peptides released af-
ter endoproteinase Asp-N digestion showed
that the highly glycylated peptides eluted
earlier than the less glycylated ones (Fig. 1).
Thus, polyglycylation in the COOH-termi-
nal domain of tubulin appears to decrease
the acidity of this region of the molecule. By
changing the net charge and hydrophilicity
of the tubulin COOH-terminus, polyglycy-
lation may thus favor microtubule assembly.
Moreover, the diversity of polyglycyl chain
length may serve to modulate interactions
between microtubules and MAPs along the
axonemes.

Bridges and “moving rafts” connecting
the axonemal microtubules and the mem-
brane have been visualized as opaque struc-
tures in electron micrographs of cilia and
flagella, and may be important in in-
traflagellar transport (30). Because immu-
nocytochemical studies have shown that
AXO 49 immunoreactivity is exclusively
localized over stable microtubules in the
proximity of membranous structures (2, 26),
the additional glycyl chains may anchor
axonemal microtubules to the membranes
and participate in their stabilization and in
axoneme function.
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Evolutionary History of the Symbiosis Between
Fungus-Growing Ants and Their Fungi

Ignacio H. Chapela,* Stephen A. Rehner,* Ted R. Schultz,
Ulrich G. Muellerf

The evolutionary history of the symbiosis between fungus-growing ants (Attini) and their
fungi was elucidated by comparing phylogenies of both symbionts. The fungal phylogeny
based on cladistic analyses of nuclear 28S ribosomal DNA indicates that, in contrast with
the monophyly of the ants, the attine fungi are polyphyletic. Most cultivated fungi belong
to the basidiomycete family Lepiotaceae; however, one ant genus, Apterostigma, has
acquired a distantly related basidiomycete lineage. Phylogenetic patterns suggest that
some primitive attines may have repeatedly acquired lepiotaceous symbionts. In contrast,
the most derived attines have clonally propagated the same fungal lineage for at least 23

million years.

Mutualistic symbioses between distantly
related organisms have generated major in-
novations in the evolution of organic com-
plexity, including the endocytotic or-
ganelles of the eukaryotic cell, the plant
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and fungal symbionts in mycorrhizae, and
the ubiquitous nitrogen-fixing bacteria
present in plants, animals, fungi, and pro-
tists (1). The reconstruction of the evolu-
tionary history of such symbioses requires
explicit phylogenies for both symbionts, a
necessity that has limited the number of
such studies to date (2). Here we report the
results of a phylogenetic analysis of the
attine ant—fungus symbiosis, an ancient and
successful association that has culminated
in the leaf-cutting ants, the dominant her-
bivores of the Neotropics (3).

All of the approximately 200 species of
ants in the tribe Attini cultivate fungus
gardens on which they are obligately depen-
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