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ABSTRACT: Polyglycylation is a posttranslational modification specific to tubulin. This modification was
originally identified in highly stable microtubules froRarameciuncilia. As many as 34 posttranslationally
added glycine residues have been located in the C-terminal domaiaaheciumo- andj-tubulin. In

this study, post source decay matrix-assisted laser desorption/ionization mass spectrometry (PSD MALDI
MS) and electrospray ionization on a hybrid quadrupole orthogonal time-of-flight tandem mass spectrometer
(ESI Q-TOF MS/MS) were both used to demonstrate that a single molecyiewdfulin, from either
dynamic cytoplasmic microtubules or stable axonemal microtubules, can be glycylated on each of the
last four C-terminal glutamate residues &l Glu*8 Glu*®, and Gl4*! in the sequencé*DATA-
EEEGEFEEEGE®2 In both dynamic and stable microtubules the most abun@danbulin isoform
contains six posttranslationally added glycine residues: two glycine residues on béthaahl G438

and one glycine residue on both &and Gl4*. The number and relative abundance of glycylated
isoforms of3-tubulin in both cytoplasmic and axonemal microtubules were compared by MALD} MS.
The abundance of the major glycylated isoforms in axonemal tubulin decreases regularly with glycylation
levels from 6 to 19 whereas it drops abruptly in cytoplasmic tubulin with glycylation levels from 6 to 9.
However, the polyglycine chains are similarly distributed on the four C-terminal glutamate residues of
cytoplasmic and axonemal tubulin. The polyglycylation results in bulky C-terminal domains with negatively
charged surfaces, all surrounding the microtubular structure.

Tubulin, the major constituent of microtubules, is a hetero- the formation of lateral polyglycine chains in which the first
dimeric protein composed of two 50 kDa subunits, designated glycine residue forms an amide bond with thecarboxyl
a- andf-tubulin. Both subunits are encoded by multigene group of a glutamate residue in the backbone sequence. This
families, and both subunits undergo several posttranslationalmodification was first described iRarameciuncilia where
modifications including acetylation, phosphorylation, C-ter- 3—34 glycines are added to both and S subunits(4).
minal detyrosination/tyrosination, C-terminal deglutamyla- Subsequently, polyglycylation was described in bull sperm
tion, and polyglutamate and polyglycine side-chains addition (7—13 glycines added t@) (5), in sea urchin sperm (up to
(for reviews, see refs 1 and 2). With the exception of acety- 12 glycines added to and up to 11 added t6) (6), and in
lation, these modifications are located within the last 15 Giardia lambia (2—23 glycines added to) (7). Immuno-
C-terminal residues af- andg-tubulin. The C-terminal do-  cytochemical studies have demonstrated the presence of this
mains are exposed on the surface of microtubules, and it ismodification in flagellated and ciliated cells from both
thought that they are involved in microtubule assemnBly protists and metazoar{8—10).

Polyglycylation, polyglutamylation, and detyrosination/  |n a previous report regarding the polyglycylation of
tyrosination have not been described in proteins other thanparameciumtubulin, one glutamate residue -tubulin,
tubulin. Polyglycylation, the subject of this report, involves G445, and one glutamate residuefrtubulin, GIU37, were
shown to be involved in the linkage of polyglycine side
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mass spectrometry. The fragmentation products of polygly- acid was used for all MALDI experiments (Sigma Chemical,
cylated peptides obtained in the mass spectrometer provideSt Louis, MO), with nitrocellulose from Millipore Corpora-
information regarding the precise location of modified resi- tion (HAHY, Bedford, MA). Endoproteinase Asp-N sequenc-
dues and the extent of modification of each modified residue. ing grade was purchased from Boehringer Mannheim GmbH
The fragmentation process was first characterized with (Mannheim, Germany). Taxol was kindly provided by Dr.
synthetic polyglycylated peptides possessing the same lineaD. Guaard (CNRS, Gif/Yvette, France). The different HPLC
sequence as the C-terminal peptidegatibulin, and frag- grade solvents used were TFA, acetone, isopropyl alcohol,
mentation rules were establishétil). These high-energy  acetonitrile, formic acid, and methanol.
collision rules were extended to the low-energy fragmentation  Purification of Tubulin from Paramecium tetraurelia Cells
obtained from the recent hybrid tandem mass spectrometry(Strain d4-2). (A) Cytoplasmic tubulinThe intracytoplasmic
technique: nano-electrospray ionization quadrupole orthogo-microtubules network is cold-sensitive. Therefore the cyto-
nal acceleration time-of-flight (nanoESI Q-TOF) mass spec- plasmic extract was recovered by centrifugation, after cold
trometry. This technique allows fragmentation experiments depolymerization of intracytoplasmic microtubules, as de-
to be conducted on individual peptides from complex mix- scribed in ref 14. Microtubule proteins were purified by
tures of peptides at the sub-picomole level. This is a major assembly in the presence of taxol, as reported in ref 15.
advantage in the analyses of HPLC fractions containing more (B) Axonemal TubulinCiliary axonemes were prepared
than one polyglycylated species. after selective detachment of cilia from the cell bodies (in-
In this work, the strategy described previoughi) has duced by MnGCJ). Tubulin was recovered by sonication of
been applied to the structural characterization of polygly- microtubule doublets and purified, as previously described
cylation of g-tubulin from Parameciumcytoplasm and  (16).
axonemes, which involves the determination of both the level  Preparation of C-Terminal Peptides of Tubulifiubulin
of polyglycylation of each isoform and the structure of each was digested with endoproteinase Asp-N at an enzyme-to-
level of polyglycylation. The level of polyglycylation of a  protein ratio of 1/400 (w/w) at 37C for 6 h. The digested
peptide is defined by the total number of glycine residues protein was separated by anion exchange high-performance
posttranslationally added. The structure of a level is given liquid chromatography (HPLC) on a diethylaminoethyl
by the location of the modified glutamate residues and by column (Waters, DEAE5PW, 7.5 75 mm) using a 50 mM
the length of each posttranslationally added polyglycine to 500 mM NaCl gradient ovel h in 20 mMTris-HCI buffer
chain. The research described in this report is separated intqpH 8). The fraction eluted at the highest salt concentration
four sections. First, we compare the relative abundance ofcontained the C-terminal acidic peptides, from batland
the different isoforms in cytoplasmic and axonemal micro- S subunits. Thea- and S-tubulin peptides were separated
tubules by MALDI-TOF MS. Polyglycylation occurs not by reverse-phase HPLC on ag€olumn (Vydac, 5«m, 220
only in cold-stable axonemal microtubules but also in cold- x 2.1 mm)(4). The DEAE HPLC fractions containing the
sensitive intracytoplasmic microtubuled2, 13) Mass major glycylation levels of C-terminal peptides of axonemal
spectrometric analysis reveals that cytoplasmic and axonemaknd cytoplasmig-tubulin were selected, and one-tenth of
tubulins contain the same major level of glycylation with each was taken to prepare the pooled peptides samples. They
six additional glycine residues. The relative abundance of were further purified by reverse-phase HPLC. All the samples
glycylated isoforms varies inversely with the number of were finally concentrated to about one-fifth of the volume
posttranslationally added glycine residues. However, it directly from the elution solvent (acetonitrile/0.1% aqueous
decreases smoothly and regularly in axonemal microtubulesTFA 3:7 (v/v)).
whereas it drops abruptly from six to nine in cytoplasmic ~ Mass Spectrometry (MS). (A) MALDI-TOMass spectra
microtubules. Second, we optimize the fragmentation with were recorded in MS and CID/PSD MS modes with a
synthetic peptides using both PSD/CID MALDI-TOF MS Voyager Elite (PerSeptive Biosystems, Inc., Framingham,
and nanoESI Q-TOF MS/MS techniques. Third, we apply MA) MALDI-TOF mass spectrometer equipped with a
this strategy to the analysis of the major hexaglycylated delayed extraction device in optimized ionization conditions
isoform. Last, we describe the complete structural study on with thin-layer preparation of the sample in the presence of
both cytoplasmic and axonemal pools of C-terminal peptides a-cyano-4-hydroxycinnamic acid and nitrocellulose, as de-
of B-tubulin from Paramecium The results indicate that scribed in ref 11. A nitrogen laser bearh £ 337 nm, 3
polyglycylation occurs on four sites, Gfj, GIu*38 GIu*®°, ns-wide pulse at 20 Hz, laser power set just above the
and Gld*! within a single molecule, independent of the total desorption threshold) was focused for desorption on the gold-
number of additional glycine residues. To each level of coated target, and the ions were detected after a total flight
polyglycylation correspond clearly several structures (i.e., length of 3 m. Although fragmentation experiments were run
different levels of modification on each modification site) in positive mode, direct MS spectra were acquired in
with at least one major structure. Indeed the degree of reflectron and negative mode to obtain the best signal-to-
structural heterogeneity increases with the degree of poly-noise ratio. Argon was chosen as the collision gas in the
glycylation. However, the structures established for the CID/PSD mode with a pressure of aboutx210¢ mbar.
common polyglycylation levels of cytoplasmic and axonemal Delayed extraction time was set at a relatively high value
B-tubulin from Parameciumare identical. between 250 and 350 ns. At least 100 shots were averaged
for each mass range acquired before generating the CID/
EXPERIMENTAL PROCEDURES PSD spectrum. External calibration was performed with a
Materials. Synthetic glycylated peptides were purchased mixture of Neurotensin and ACTH (389 clip), with
from Neosystem (Strasbourg, France). Their synthesis hasmonoisotopic masses for [M H]* of 1672.92 and 2465.20
been previously describédl1). o-Cyano-4-hydroxycinnamic  Da, respectively.
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500 e T B A (Figure 1A) and in axonemes (Figure 1B). Only the most
abundant glycylation levels (total number of glycine residues
posttranslationally added on tubulin) are presented with a
10000 significant signal-to-noise ratio.
s :m‘m In both cases the major isoform corresponds to thg hexa-
. v o Da2HR glycylatgd level36G? but the relat|ye abunpiance of hlghgr
; © | ofs 7 e glycylauon levels dropg abruptly in the |ntrac_ytoplasm|c
X o Mv v microtubules whereas it decreases smoothly in axonemal
i o ‘ microtubules. The lower levels, the tetraglycylaft and
the pentaglycylated35G levels, are found in the same
proportions in axonemal and cytoplasmic preparations.
Traces of biglycylateg2G and triglycylate¢b3G levels can
be detected in the cytoplasmic pogl3). Nonglycylated
tubulin was never found in these acidic fractions. However,
the more glycylated a peptide, the shorter is its associated
e retention time in ani.on excha}nge quui.d chromatografy .
NIRRT : The nonglycylated isoform, if any exists, should coelute in
ole e TV 1?6136 the last acidic fractions that were pooled. The results are
A AV PO ' b W IR ARSI rory ey consistent with immunological analyses: it has been shown
2000 =200 200 2000 200 m that AXO 49 does not decorate intracytoplasmic microtubules
FiIGURE 1: MALDI-TOF spectra of major polyglycylated C-terminal ~ PUt reacts with axonemal microtubules, whereas TAP 952
peptides of (A) cytoplasmic and (B) axonemal tubulin freara- can decorate both of the@d2). Recently, dot-blot studies
mecium Glycylation levels are indicated on the top of each peak. demonstrated a higher affinity of TAP 952 with peptides
) ) possessing monoglycylated residues, and a higher affinity
(B) nanoESI Q-TOFMass spectra were acquired in MS  of AXO 49 with peptides possessing lateral polyglycine
and MS/MS modes using a Q-TOF (Micromass UK Ltd., chains with three or more glycine uniti3). All data indicate
Manchester, U.K.) hybrid quadrupole orthogonal acceleration ihat the highest levels of polyglycylation are specific to
time-_of—ﬂigh_t tandgm mass spectrometer, as described in refyyonemal microtubules. It was therefore interesting to
17, fitted with a single-shot nanoflow electrospray source gyamine if polyglycylation sites were similar in cytoplasmic
in an orthogonal configuration with theSPRAY(Micromass and axonemal tubulin. It has been shown by Edman
UK Ltd.) interface. Argon collision gas was used in the MS/ gegradation that only the four last C-terminal glutamate
MS studies, with the collision energy set at about 30 eV t0 esidues could be glycylate@). The following sequence

give optimized fragmentation. When necessary, to improve jngicates in boldface the potential glycylation sites in the
the signal-to-noise ratio, the concentrated fractions containing c_terminal sequence gi-tubulin, namely GI&7, GI3

the peptides of interest were diluted with twice their volume G430 and Gl

of methanol/1% aqueous formic acid 1:1 (v/v) prior to

introduction into the mass spectrometer, due to the presence 427, 437 =438 =439 ~ =441 ~442

of concentrated TFA precluding an efficient ionization DATAEEEGEFETETETGEQ™ (1)

process of the peptides. . . . _
. . The coexistence of several polyglycylation sites within a

Edman DegradationPeptides were sequenced by auto- . . 4 .
single molecule of tubulin would explain that no reactivity

mated Edman degradation using a Procise model 794 (Perkin o o . o
Eimer, Applied Biosystems Division, Foster City, CA) of AXO 49 with either in situ microtubulegl?2) or purified

ulsed-liquid protein sequencer tubulin (13) was detected in the cytoplasm. It would imply
P quiap q ' shorter lateral polyglycine chains for a given polyglycylation
RESULTS level. I_:or example th88G octaglycylated pep_tide coul_d have

_ ) o ~ four biglycylated glutamate residues. In this case it would

Comparison of the Polyglycylation Profiles in Cytoplasmic  not react with AXO 49. The only exception is the very minor
and Axonemal Tubulin by MALDI-TOF MBolyglycylation  £9G peptide: at least one triglycine chain should be linked
has been mostly investigated in very stable microtub@s  to one of the four C-terminal glutamate residues. The whole
and was discovered in axonemal microtubules fi@ata-  set of data suggests the presence of multiple glycylation sites
mecium (4) but TAP 952, an antibody directed against on Parameciums-tubulin. As shown in the following part,
polyglycylation, has also been described to label the cold- further studies with tandem mass spectrometry confirmed
sensitive intracytoplasmic microtubul@s?) and to react with this interpretation.
cytoplasmic tubulin(13). After enzymatic digestion of Mass Spectrometric Study. (A) Optimization of Fragmen-
cytoplasmic and axonemal tubulin, C-terminal peptides were tation by Mass Spectrometry on Synthetic Peptiddse
isolated by anion exchange HPLC. The most acidic HPLC stryctural study of polyglycylation can be realized by tandem
fractions that were detected by UV absorbance analysis andmass spectrometry. Fragmentation of peptides by mass
identified by Edman degradation were pooled with regard spectrometry has been well descril{é8). Acidic peptides
spectra of purified pools of C-terminal peptides of both
axonemal and cytoplasmjg-tubulin exhibit two different 2 In the following, the C-terminal peptides gftubulin will be named

profiles of polyglycylation. The relative abundance of gly-  gxG, wherex is the total number of glycine residues not genetically
cylated isoforms is shown in Figure 1. It differs in cytoplasm encoded.
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Table 1: Specific Internal Fragmefts A \ [B8G+2HY? ey ::::r
fragment mz associated glycylation level o
Gl 142 monoglycylation [B4GH2H}?
G2 199 biglycylation v
G3 256 triglycylation
G4 313 tetraglycylation

aThe fragments are denoted with G for glycine, followed by the
number of included glycine in the fragment. They are observed on CID/
PSD MALDI-TOF spectra and sign for the level of glycylation of one
single site.

b,
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Ficure 3: Comparison of fragmentation profiles of the C-terminal
p6G peptide of cytoplasmic tubulin fronfParamecium (A)
nanoES| Q-TOF MS spectrum of the HPLC fraction containing
the precursor, (B) nanoESI Q-TOF MS/MS spectrum, and (C) CID/
PSD MALDI-TOF MS spectrum. The structure of polyglycylation
is detailed in parts B and C.

Ficure 2: Comparison of the nanoESI Q-TOF MS/MS spectra from
the synthetic tetraglycylated peptide with A) [M 2H]?" and B)

[M +H + NaJ* as precursors. Peaks marked with stars correspond
to sodium adducts on fragments. One picomole was loaded in the ) ) ) o .
nanospray tip. The first advantage is the high specificity of selection of the

precursor ion with high selectivity before the collision-

across the peptide bond with charge retention on acylium activated dissociation (CAD) process. This is of high interest
(b) or ammonium (y) ion fragments togethé&t9). This for MS/MS analyses with mixtures of coeluting peptides such
powerful tool allows the characterization of polyglycylated as the polyglycylated ones. The selected peptide is the only
sites (location and polyglycylation level of each modified one that undergoes the fragmentation process with an
site). The fragmentation process was studied on polyglycy- improved efficiency. Moreover the sensitivity of the two
lated synthetic peptides, possessing the same linear sequendechniques are both in the sub-picomole range. Consequently,
as the C-terminal peptides &farameciumg-tubulin (see MS/MS experiments were performed on minor glycylation
sequence 1). The fragmentation rules are simple: acidiclevels directly from biological complex mixtures with the
glycylated peptides cleave to form y- and b-type fragments, Q-TOF configuration. MS/MS spectra often exhibit an
and the polyglycine side chains do not fragm@rif). Losses enhanced signal-to-noise ratio in comparison with the MS
of neutral water molecules are also observed on mostmode. The second advantage is the higher accuracy and
b-fragments. In CID/PSD MALDI-TOF MS mode, we resolution of mass measurement of the fragment ions.
observed certain internal fragments specific to the level of The polyglycylated peptides are very difficult to desalt.
glycylation of each modified site. The masses of the They interact very strongly with alkaline salts such as sodium
fragments specific to a modified glutamate residue witl41 ~ or potassium salts. This is thought to be due to their acidic
lateral glycine residues are given in Table 1. properties. In positive mode and even in negative mode MS

These fragments correspond to the cleavage of modified experiments, sodium and potassium adducts always give
glutamates along with their polyglycine side chain. The strong signals even after a reverse-phase HPLC purification
nanoESI Q-TOF hybrid tandem MS experiments give the (see Figure 1). Figure 2 compares the Q-TOF MS/MS spectra
same pattern of fragmentation without the internal fragments. acquired on the [M+ 2H]*? and the [M+ H + Na]*?
Figure 2 presents the MS/MS spectra obtained with about 1 precursors of the syntheiilG. The b- and y-type fragments
pmol of a synthetig34G peptide tetraglycylated on Gfi that contain thé3%F(E-G,)E*®® glycylated internal sequence
(see structure in Figure 2). are observed only with sodium adducts (designated by stars

The complete sequence could be read from in the spectrumon Figure 2). This suggests that Naations interact
(Figure 2A). The mass of the tetraglycylated glutamate has preferentially with the acidic polyglycine carboxylic moieties
been detected between fragments dnd h; on one hand on the side chain.
and betweengand y on the other hand. In CID/PSD mode (B) Application of Tandem Mass Spectrometry (CID/PSD
the fragment G4 is also observed (data not shown). The MALDI-TOF MS and nanoESI Q-TOF MS/MS) to the
lateral polyglycine chain does not fragment. The ESI Q-TOF Characterization of the Major Hexaglycylated Peptide.
spectra appear to be less informative in the low-mass rangeFigure 3 compares the fragmentation profiles of CID/PSD
than CID/PSD mass spectra: none of the internal specific MALDI-TOF MS and nanoESI Q-TOF MS/MS of the major
fragments were detected in our fragmentation conditions. But C-terminal36G peptide from cytoplasmig-tubulin. Figure
ESI Q-TOF fragmentation analysis has several advantages3A shows the ESI Q-TOF spectrum of the associated reverse-
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Table 2: Summary of the Elucidated Structures of Polyglycylated Table 3: Summary of the Elucidated Structures of Polyglycylated

Peptides fronParameciumCytoplasm Peptides fromParameciumAxonemes

glycylation levet glycylation levet

level N calcd major structure(s)  minor structure(s) level Ncalcd major structure(s) minor structure($)

pAG 35 1.1.11 1.2.0.1;0.2.1.1 pAG 35 1.1.11 4.0.0.0

p5G 56 1.21.1and2.1.1.1 p5G 56 1.21.1and2.1.X1

p6G 84 2214 p6G 84 2211 2.2.0.2

p1G 120 (2.3.1.1) p1G 120 23.11 2.2.0.3

afXG gives the total numbeiXj of additional glycines, and\ is p8G 165 2222 2532'216353531'22'12’22'3'1'2’
the total nu_mbfr of hypothetical structures corresponding to each level B9G 220 2923 2313 3123 2322,
of glycylation.® Structures are given by four numbers equal to the
number of glycine residues, respectively linked on*S)GIu*E, Glu*e? 2323

Y ' y : ' $10G 286  23.2.3 3.2.2.3,4.1.2.3,2.2.4.2,

and Gl4*%. The cytoplasmi@7G structure is in parentheses because it

has been only analyzed by PSD MALDI-TOF MSSee Figure 3. 22.33,2332,24.13

p11G 364 2.3.3.3and2.4.2.3

B12G 455  2.2.208 (2105).2.2.(3t0 5)
phase HPLC fraction. It is a mixture of a mingdG and p13G 560  2.5.3.3,2.6.2.3,
two major85G andB6G peptides. Parts B and C of Figure 34.3.3,3523

3 show the MS/MS spectra obtained after selection of the 2BXG gives the total numbeixj of additional glycines, ani is
B6G, in ESI Q-TOF and MALDI-TOF, respectively. The ESI the total number of hypothetical structures corresponding to each level
! ' of glycylation.® Structures are given by four numbers equal to the

spectrum presents a regular and almost complete fragmemaﬁumber of glycine residues, respectively linked on*SJGIu*8 Glu*®,

tion_pattern, producing b- and y-type ions, and gives infor- anq i The cytoplasmi@7G structure is in parentheses because it
mation on the whole sequence. The MALDI spectrum does has been only analyzed by PSD MALDI-TOF MSSee Figure 4.

not exhibit the whole batch of b- and y-type fragments and ¢ See Figure 5.

shows lower signal-to-noise ratio but does, however, allow

the complete structural characterization of the polyglycyla-  wq »  ¥#® -
tion. It gives complementary information in the low-mass
range, with G1 and G2 fragments signaling the presence of
mono- and biglycylated glutamates (see Table 1).

Thus the structure of polyglycylation of this hexaglycylated Yoo
peptide is b,
“2DATAEEEGEFEYESEGE“QH? (2) e s o I o
G, G G G DATIAE E EGE Fi E | E . E—Q
2, G G G
In the following, this structure will be denoted IB6G- S I A e T T o B - S S O S A

22111t rgpreserftsa C-termlna! _hexaglycylated peptlde FiGure 4. nanoESI Q-TOF MS/MS spectrum of the C-terminal
from -tubulin that bears two additional glycine residues on gsG peptide of axonemal tubulin frofaramecium

both GIU?” and Gl#®® and one additional glycine residue

on both Gl#*°and GI#*L The results confirm the hypothesis
of a polyglycylation occurring at multiple sites. The same
approach was consequently generalized for the structural
characterization of other glycylation levels from both cyto-  *
plasmic and axonemdi-tubulin.

(C) Elucidation of the Structures of Posttranslationally
Polyglycylated Peptides from Both Cytoplasm and Axoneme.
Cytoplasmic tubulin was primarily studied using CID/PSD
MALDI-TOF experiments, and each structure (exce&pG)
was confirmed by nanoESI Q-TOF MS/MS on less than 500
fmol, as estimated by UV absorbance. Axonemal tubulin was FIGURE 5: nanoESI Q-TOF MS/MS spectrum of the C-terminal
primarily studied using nanoESI Q-TOF MS/MS experi- #12G peptide of axonemal tubulin frofaramecium
ments. Between 500 and 50 fmol of peptides were loaded _ _ . -
according to the level of polyglycylation that was analyzed. copurity W'th other peptides although they exhibit the same
Structures of36G andf7G peptides were also determined polyglycylatlon_level. For exampl_e cytopIasnﬂéG—O.Z.l_.l
and confirmed by CID/PSD MALDI-TOF analysis. is eluted earlier than the majgf4G-1.1.1.1 b){ anion

Tables 2 and 3 summarize the elucidated structures ofexchgnge_chromatography. In most cases the major structure
polyglycylated C-terminal peptides from cytoplasmic and !dentlﬂed in pool_ed fractions was similar to the one found
axonemaj3-tubulin. Analyses were run on pooled fractions n sgparate fractions.

(as shown in Figure 1) and/or on separate fractions. It was Figures 4 and 5 present two examples of MS/MS spectra

possible to analyze minor structures for peptides that do not©f @xonemal C-terminal peptides froftubulin. The first
was obtained from a quite homogeneous leyEq, Fig-

3 A C-terminal peptide ofi-tubulin with a, b, ¢, andd additional ure 4) in terms of the number of elucidated structures and

glycine residue(s) on, respectively, &l GIL*®, G2, and Gld*: th_e second from a much more heterogeneous ga2@,
will be denotedsXG-a.b.c.d(whereX = a+ b + ¢ + d). Figure 5).

-
[R12+2HP*

bBisiscy

12\0) \y° Bs1u4a)
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The85G level in both axonemal and cytoplasmic tubulin structural characterization of proteins available in very low
is constituted of two major structures that coexist in the same amounts(11). All the spectra were obtained at the sub-
purified fractions. Both techniques gave consistent and picomole range (at the very most, half a picomole has been
unambiguous results (Figure 4 presents, for example, theused for the structural characterization of the major hexa-

nanoESI Q-TOF MS/MS analysis). glycylated peptide).
The coexistence of the two structures is demonstrated by Tables 2 and 3 provide structures of polyglycylated
the presence in the spectrum of two peaks&and Qe C-terminal peptides of cytoplasmic (Table 2) and axonemal

at mass-to-charge ratiosg) of 1265.2 and 1322.1, respec- (Table 3)5-tubulin. The major structures for each glycylation
tively. They correspond to the N-terminal fragment from level are common to cytoplasmic and axonemal preparations.
Asp*?” to GIu*37 with one and two glycine residue(s) on the In both of them, the glycylation occurs on the last four
last GIU37, respectively. The spectrum exhibits two peaks, C-terminal glutamate residues of the encoded sequence. No
ysuc)and Yac, atmizratios 819.2 and 762.2, respectively. preferential modification site could be identified. As recently
They correspond to the C-terminal fragment from @ao reported, polyglutamylation, the other tubulin specific poly-
GIn*42with four and three glycine residue(s) on the last three modification, can also occur on multiple sit¢80, 21)
glutamate residues, respectively. Therefore, it confirms that Moreover, the structural heterogeneity increases with the

the residue GH# can bear, respectively, one and two glycine number of posttranslationally added glycine units.
residue(s). The number of structures has to be compared to the

The MS/MS spectrum 0B12G is much more complex ~c@lculated numbeN of the potential theoretical structures
(see Figure 5). It accounts for the structural heterogeneity 91ven in Tables 2 and 3. Even if the results show a structural

of this level. It is worth noticing the presence of four peaks, Neterogeneity within some levels of polyglycylation, itis not
biieey biiacy briusy and hise, at miz ratios 1322.5 and comparable to the theoretical number of available structures.

1379.5, 1436.6, and 1493.6, respectively. They correspondFOr example, among the 56 calculated structures of the

to the N-terminal fragment from Af to GIu*3 with two, pentaglycylated peptide, only two are confirmed by mass
three, four, and five glycine residue(s) on the last®ju  SPEctrometry. o _
respectively. Another interesting set of peaksmét ratios Two features are striking. First, the common polyglycy-

1865.6, 1922.8, 1979.6, and 2036.9 corresponds to eithefation levels in axonemal and cytoplasnfigubulin present
biarey brseey Praeey and hauos) OF biysey biarey buaecy the same major structures. Second, it is always pos_S|bIe to
and hses, The hs and b, fragments correspond to the go from one glycylation level to the next one by simply
N-terminal fragments from ASF to GIu* and Gy, adding/removing one glycine residue at one site. Consider,
respectively. Thus, they bear the same number of additionalfor &xample, the following sequence of major structures:
glycine residues. Even thoughals weak, it was always p4G-1.1.1.1,55G-(1.2.1.1 or 2.1.1.1)36G-2.2.1.1,7G-
seen by Q-TOF MS/MS. Therefore, the final interpretation 2-2-1-2_’ﬁ8G'2_-2-2-2'89G'2-2-2-351_0(3'2-3-2-3'
associatesn/z 1865.6 t0 szey, Mz 1922.8 to both byec) Glycine residues are evenly distributed among the last four
and hagey Mz 1979.6 to both byecy and hags, andmiz glutamate residues G‘ﬁ] Glu*38, Gluf‘3f3,' and GI#*% This
2036.9 t0 huec) It ensues that three to five glycine residues €xplains the different immunoreactivities of AXO 49 and
can be added on the Gfd residue. It was not possible to TAP 952 with isolated cytoplasmic and axonemal tubulin
discriminate between the different possible distributions of (13)and with the corresponding microtubular netwofkg).
other residual glycine residues on @fuand GIy%, The  AXO 49 specifically recognizes polyglycine chains possess-
analysis shows that the four C-terminal glutamate sites of ing at least three glycine unitd3). The major cytoplasmic

the molecule are involved in the posttranslational polygly- Structures do not present any triglycylated glutamate (Table
cylation. 2). So AXO 49 should specifically label axonemal micro-

tubules. This specificity was experimentally confirmed:
AXO 49 reacts strongly witfParameciuncilia but does not
label the intracytoplasmic network. On the opposite, TAP
952 was shown to strongly react with a synthgu¢s-1.1.1.1
(13). The latter was found in both cytoplasmic and axonemal
microtubules (Tables 2 and 3). Experimentally TAP 952
reacts strongly with the intracytoplasmic network and with
ciliary axonemes. Mass spectrometry appears to be a useful
tool for the characterization of antibody epitopes.
Polyglycylation Inolves at Least Four Different Enzy-
DISCUSSION matic Actuities. At present time, none of the enzymes
involved in the posttranslational polyglycylation have been
Polyglycylated Leels Exhibit Relatiely Homogeneous characterized. Our structural data suggest that at least four
Structureslin the present study-tubulins bearing from four  different enzymatic activities could be involved in the
to nine posttranslationally added glycine residues are ob-polyglycylation process. The first two would involve a
served in both cytoplasm and axonemes. However, theglycine transferase activity (of type EC 2.3.2.X following
amounts of levels of polyglycylation higher than the major the IUPAC enzyme classification). The first activity would
hexaglycylated level drop abruptly in cytoplasmic tubulin, be a glyciney-glutamyltransferase activity. It recognizes the
whereas they decrease regularly and smoothly with they-carboxylic moiety of the four last glutamate residues and
number of added glycine residues in axonemal tubulin links the first glycine residue. The second activity would be
(Figure 1). Mass spectrometry is well adapted for the a glycine glycyltransferase. It links the next glycine residues

Not all of the structures are listed in the tables. Only the
major ones are presented. It is remarkable fit& (Figure
3) has only one major structure ap®G (Figure 4) two
equivalent major ones, with no minor structures observed
both on cytoplasmic and axonemal preparations. On the
contrary, the higher levels are more heterogeneous, with
heterogeneity increasing with the number of added glycine
residues. Most of the time, this precludes a complete
interpretation of MS/MS spectra (Figure 5).



Structural Characterization of Polyglycylation by MS/MS

during the elongation step of polyglycine chains on tubulin.
The fact that nonmodifieg-tubulin has not been detected
and that the majop4G peptide isp4G-1.1.1.1 in both
cytoplasmic and axonem@Hubulin could indicate that all
the modification sites gf-tubulin may be glycylated by the
glycine y-glutamyltransferase before microtubule assembly
and before the beginning of the polyglycine elongation step.
The action of glycine glycyltransferase is not limited to the
synthesis of one major structure but leads to many different
“byproducts”, as demonstrated by the existence and the
heterogeneity of high levels of polyglycylation in axonemal
tubulin. Two different peptidases (both of type EC 3.4.X)
would be involved in counteracting the glycine transferase
activity: a glycyl glycine carboxypeptidase, cleaving the
C-terminal glycyt-glycine bond, and @-glutamylhydrolase
activity, cleaving they-glutamyl bond to release an unsub-
stituted C-terminal glutamate residue. The glycyl glycine
carboxypeptidase may regulate the effects of the glycine
glycyltransferase to maintain the majg6G-2.2.1.1 structure

by removing superfluous glycine residues in both axonemal
and cytoplasmic tubulin. Indeed a glycyl glycine carboxy-
peptidase activity has been detected in the cytoplasm of
Paramecium (13) The glycine glycyltransferase may act
more efficiently on the polymerized tubulin of stable
axonemal microtubules than on the cytoplasmic ones. This
could explain the drop of relative amounts of isoforms
bearing more than six additional glycine residues in the
cytoplasmic pool. The-glutamylhydrolase activitycombined

(or not) with the glycine carboxypeptidasenay allow the
regeneration of nonmodified glutamatecarboxyl moieties

by removing all the posttranslationally added glycine resi-
dues. This hypothesis would explain the presence of the
minor isoforms such a$4G-4.0.0.0. In general, all the

observed structures could be explained by a balance of these

four enzymatic activities. Regnard et §2) have recently
described the first purification of an enzyme responsible for
tubulin polyglutamylation. Their results are also in favor of
a sequential mechanism for the glutamate addition, which
involves several different enzymes to explain the diversity
of tubulin polyglutamylation in cells.

Our structural study suggests the formation of a negatively
charged bulky C-terminal domain. It differs from the struc-
ture of one long polyglycine side chain linked to one gluta-
mate residue that has been infer{@dl The distribution of
glycine residues on the four C-terminal glutamate residues
prevents sterical hindrance of nonmodified glutamatar-
boxyl moieties as would be the case in a mono-site polygly-
cylation. Intramolecular hydrogen bonding involving large
ring interactions has been described in triglycine ché233
The polyglycine chains could also interact with each other.
Hydrogen bonding between the four glycine side chains and
neighboring glutamate residues would impose considerable
stability on the microtubule lattice. This C-terminal domain
is known to be located on the outer surface of microtubular
structures and is likely to form a moving and variable do-
main. No three-dimensional structural data are available on
this domain(24). Thus, the whole external surface of the
microtubule is surrounded by negatively charged mobile
acidic groups that may affect interactions between microtu-
bules and microtubule-associated proteins (MAPS). /8-
2.2.1.1 structure should result in a particular three-dimen-

Biochemistry, Vol. 38, No. 10, 19998139

sional configuration at the end of the C-terminal domain.
This major structure might play a functional role in mediating
the interactions between microtubules and MAPs, cationic
species, and/or membrane proteins.
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