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Summary

Post-translational glutamylation of tubulin plays an the glycine-rich loop in subdomain I. The protein also
important role in regulating the interaction between harbours a PEST sequence and a pleckstrin homology
microtubules and associated proteins, but so far the domain. The tubulin polyglutamylase preparation displays
enzymes involved in this process have not been cloned from the B-casein phosphorylation activity typical for NIMA
any cellular source. Using a modified purification scheme related kinases. Recombinant His-tagged CfNek expressed
that employs a hydroxyapaptite chromatography as the in Crithidia localises to the flagellar attachment zone/basal
final step we identified a 54 kDa band as the major body of the parasite. After purification on a N#*-column
polypeptide copurifying with tubulin polyglutamylation the recombinant enzyme preparation displays ATP-
activity from the trypanosomatid Crithidia fasciculata dependent tubulin polyglutamylation activity as well as
Based on peptide sequence information we have cloned the casein-phosphorylation activity.

corresponding cDNA and identify Crithidia p54 as a novel

member (termed CfNek) of the NIMA family of putative

cell cycle regulators. CfNek is a protein of 479 amino acids Key words:Crithidia, NIMA kinases, Polyglutamylation, Tubulin,
that contains an unusual protein kinase domain that lacks Post-translational modification, Cell cycle

Introduction (Regnard et al., 2000). Both PTMs are evolutionary conserved
Microtubules are ubiquitous cytoskeletal elements tha@nd already found in tubulins from primitive protists such as
perform essential functions during cell division, movementGiardia lamblia(Weber et al., 1997), but they are absent from
intracellular transport and generation of cell shape. The gres¢ast. While glutamylation is a general tubulin modification,
diversity of tubulins within a cell is due to the expression ofthe occurrence of glycylation seems to be restricted to cells that
differentaf tubulin isotypes and a large number of differenthave either cilia or flagella. The functional importance of both
post-translational modifications [PTMs (for a review, sedpolymadifications of tubulin has recently been highlighted by
MacRae, 1997)]. Exept for the acetylation/deacetylation o number of experiments (reviewed by Rosenbaum, 2000). Xia
Lys40 on a-tubulins (L'Hernault and Rosenbaum, 1985;e€t al., using in vivo mutagenesis of the modified glutamate
Hubbert et al., 2002) these modifications affect the acidic G-esidues, showed that polyglycylationftubulin is essential
terminal region ofiB tubulin, which is not visible in the atomic in Tetrahymena(Xia et al., 2000). The lethality of the
model of the dimer (Nogales et al., 1998) but is thought to bpolyglycylation deficiency was due to a failure in assembling
located at the outer surface of the microtubule (Nogales et aftnctional axonemes and a defect in cytokinesis caused by an
1999). These PTMs include removal and readdition of the Gncomplete severing of microtubules (Thazhath et al., 2002).
terminal tyrosine ofi-tubulins (Argarana et al., 1980; Ersfeld Interestingly, trypanosomes have normal axonemes although
et al., 1993), generation aof2 a-tubulin by loss of the they completely lack polyglycylation and are instead highly
penultimate glutamate residue (Paturle et al.,, 1989) anmhodified by tubulin polyglutamylation (Schneider et al., 1997).
phosphorylation of-tubulin (Eipper, 1972). In non-neuronal cells polyglutamylation is largely restricted
Polyglutamylation (Eddé et al., 1990) and polyglycylationto the microtubules of the centrioles, the mitotic spindle and
(Redeker et al., 1994) are two unusual protein modificationthe midbody (Bobinnec et al., 1998a). Introduction of the
consisting of the stepwise addition of glutamate or glycinglutamylation specific antibody GT335 into Hela cells caused
residues linked via isopeptide bonds to specific glutamate disassembly of centrioles and a transient disappearance of the
residues in the carboxy termini afand 3 tubulin. Recently, centrosome as a defined organelle (Bobinnec et al., 1998b).
Regnard et al. showed that the nucleosome assembly proteifisbulin polyglutamylase activity as well as the overall level of
NAP-1 and -2 are also modified by polyglutamylationglutamylated tubulin were shown to be under cell-cycle control



5004 Journal of Cell Science 115 (24)

(Regnard et al.,, 1999) and a specific increas@-fnbulin  for 1 hour. The partially purified glutamylase was applied on a 1 ml

glutamylation was observed during mitosis (Bobinnec et al CHT-2 hydroxyapatite column (Bio-Rad, Munich, Germany) at a flow

1998a). The GT335 antibody also interfered with the motilityrate of 0.6 ml/minute. The column was developed with a 16 ml linear

of reactivated sperm axonemes, suggesting a function f@Fadient from 10 mM to 400 mM sodium phosphate, 0.5 ml fractions

tubulin polyglutamylation in flagellar motility (Gagnon et al., \évgir\?it;0|le|§::aegtic?|1r]sd lgn?;iﬂlijr?ss Vé?Jteantwi/SI;?i%nfor a%'t‘:\t/ﬁyy'aﬁgr“e

1996). In vitro assays with blot overlays indicate that the lengt : : )

of thg polyglutamylyside chain can dyifferentially regulate tr%] supplemented with 10% glycerol and 0.1 mg/ml soybean trypsin

bindi f “microtubul iated tei B t et anhlbltor (Sigma, Deisenhofen, Germany), quick frozen in liquid

inding of microtubule associated proteins (Bonnet et alpitrogen and stored at —80°C.

2001; Boucher et al., 1994). Moreover, the processiviy of

conventional and single-headed kinesins were shown to be

regulated by the interaction between conserved basic residue®ning of p54

of the motor proteins with the acidic C-terminus of tubulinMultiple preparations of tubulin polyglutamylase were used to excise

(Thorn et al., 2000; Okada and Hirokawa, 2000). the 54 kD band from SDS-polyacrylamide gels. The peptides resulting
Of the various enzymes involved in tubulin PTMs, so fafffom an in situ digest with endoproteinase LysC were separated

only the tubulin tyrosine ligase TTL (Ersfeld et al., 1993) anogzg:gét;;soend phase HPLC and sequenced by automated Edman

the mirotubule associated deacetylase HDAC6 (Hubbert et a “Total RNA was isolated from logarithmically growir@ithidia

2002) have been cloned. While HDACS is a member of th%ells using the TRIzol reagent (Gibco-BRL, Karlsruhe, Germany). To

histone deacetylase family, TTL shares a fold with theiain the corresponding cDNA, RT-PCR was performed using
glutathione synthetase ADP-forming family (Dideberg andsyperscript reverse transcriptase (Gibco-BRL) and an oligo-(dT)
Bertrand, 1998). We have turned to trypanosomes as a startipgmer.

material for the purification of a tubulin polyglutamylase. The The sequence information from the p54 peptides was used to
subpellicular and flagellar microtubules of trypanosomatids argynthesise degenerate antisense primers that were used in different
extensively glutamylated (Schneider et al., 1997) and isolategpmbinations in PCRs against a spliced leader primer (SL: 5
cytoskeletons, obtained by detergent extraction, retain dRCCTATAAATAAGTATCAGTTTCTGTACTTTATTG-3) that is
enzymatic activity that incorporates glutamic acid into tubulifdirécted against a common sequence at then8 of all Crithidia

- ) RNAs (Muhich et al., 1987). The following combination gave a
in an ATP-dependent manner (Westermann et al., 1999a). (r:Bc\)rrect PCR product: In the first PCR round the primer SW 46

tubulin p_olyglutz_imylase_ preparation fromrlthldl_a accepts 5 ACYTCIGGIACIGGRAANACRTC-3  with R=A/G, Y=T/C,
mammalian brain tubulin as a substrate and is also able {g-p/G/T/C, based on peptide DVFPVPEV) was used against SL
modify synthetic peptides representing the C-terminal residugmd the product was reamplified using the nested Primer SW 42
of a and tubulin (Westermann et al., 1999b). (5-TCYTTIGGIGGIATNGTYTCNGA-3 based on peptide
Here we describe the cloning of the major component o8ETIPPKD). The resulting product was gel-purified, cloned into
a highly purified tubulin polyglutamylase preparation. Wevector pCR2.1 (Invitrogen, Groningen, The Netherlands) and custom-
identify a 54 kDa polypeptide copurifying with tubulin sequenced (MWG-Biotech, Ebersberg, Germany). Based on the
glutamylation activity fronCrithidia as a novel member of the established 'Ssequence, two gene-specific primers, SW 47 (5

NIMA family of putative cell cycle regulators. This finding éggég%%%i%%?é%ﬁg%ﬁéiggggg and SW ‘t‘ﬁ & q
is especially intriguing since NIMA related kinases from ‘3 were synthesize

. . . . . ) and used in a’RACE-PCR (Gibco-BRL) to obtain theé &nd of the
different organisms have been implicated in various aspects ?g4 cDNA.
microtubule organisation yet their molecular mechanism o
action has largely remained elusive.

Expression of recombinant CfNek in Crithidia

. The full length p54 cDNA was amplified using primers pNusl
Materials and Methods (5'-CAGGGAAACATATGCCGACCAACAAGGATGACAAG-3)
Cell culture and pNus2 (5CCTCGGRACCT-CACATGCCACAGGCGCGGT-
Crithidia fasiculatawere cultured at 26°C in brain heart infusion GAAAC-3', restricition sites forNdd and Kpnl underlined) and
medium (BHI, Difco, Detroit, USA) containing dg/ml hemine and inserted into the respective site of the pNUS-HNnH expression vector
200 pg/ml streptomycin sulfate. Following transfection of parasites(Tetaud et al., 2002). The vector contains an N-terminal His-tag
resistant cell lines were grown in BHI-medium containing @gonl sequence and a hygromycin resistance gene for the selection of
hygromycin. For large scale preparations parasites were grown in Sransfected parasites.
Erlenmeyer flasks with gentle shaking. Electroporation ofCrithidia cells was performed as described
(Tetaud et al., 2002): Parasites were washed twice in cold BHI-
o ) Medium and resuspended at a density xf@ cells/ml in a 0.4 cm
Purification of tubulin polyglutamylase electroporation cuvette containing 3@ plasmid-DNA. The gene
Isolation of Crithidia cytoskeletons, solubilisation of tubulin pulser apparatus (Bio-Rad, Munich, Germany) was set to 450 V and
glutamylation activity by salt extraction and subsequent purificatiorb00 uF capacitance. The mixture was subjected to a single pulse, and
steps were as described by Westermann et al. (Westermann et after 10 minutes on ice the cells were transferred to 5 ml BHI-medium
1999a) with certain modifications. The purification was scaled up soontaining 10% FCS and incubated 5 hours at 26°C to allow for
that 9 | ofCrithidia culture were typically used to generate the cruderecovery. Hygromycin B (Gibco-BRL, Karlsruhe, Germany) was
enzyme fraction. For ATP-affinity chromatography on a 4 mladded at a final concentration of 5@ml and after one week the cells
Sepharose-sebacic acid ATP-column, the crude enzyme fractiomgere subcultured into BHI-medium containing 2@@ml hygromycin.
obtained from three preparations (27 |@fithtidia culture) were
pooled. As the final purification step, glycerol gradient fractions )
containing glutamylation acitivity were pooled (~5 ml) and dialyzedPurification of His-tagged CfNek
against 10 mM sodium phosphate pH 6.8, 1 mM MgCimM DTT Hygromycin resistant cells were used to prepare a crude enzyme
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fraction as described previously (Westermann et al., 1999a). THer 1 hour. Slides were rehydrated in PBS and incubated with primary
0.25 M salt extract was diluted 1:1 with 20 mM Tris pH 8.5, 500 mMantibody (Penta-His Antibody, Qiagen, Hilden, Germany, diluted 1:33
KCI, 20 mM imidazole, 5 mM 2-mercaptoethanol, 10% (v/v) glycerolin 0.5 mg/ml BSA in PBS) for 1 hour at 37°C. Slides were washed
and applied at a flow rate of 0.5 ml/minute on to a 0.5 ml Ni-NTAthree times with PBS and then incubated with secondary antibody
(Qiagen, Hilden, Germany) column equilibrated with the same buffelgoat anti mouse rhodamine-conjugated, DAKO, diluted 1:80) for 45
The column was washed with 20 mM Tris-HCI pH 8.5, 1 M KCI, 5 minutes. Slides were given three 5 minute washes in PBS and DNA
mM 2-mercaptoethanol, 10% glycerol. Finally, the His-tagged proteinvas stained with Hoechst 33342. Finally, the slides were mounted in
was cleaved from the column by incubating the resin overnight at 4°®lowiol and examined with a Zeiss Axiophot microscope.
with 20 U thrombin (Amersham Pharmacia, Freiburg, Germany) in
20 mM Tris-HCI pH 8.5, 1 mM Mg@] 1 mM 2-mercaptoethanol,
10% glycerol. Results

A modified purification scheme for tubulin

. ) polyglutamylase
Tubulin polyglutamylase and kinase assays

Tubulin  polyglutamylase activity was measured as describe%?e have previously shown that isolated trypanosomal
(Westermann et al., 1999a) using the filter disc method and bral toskeletons retain a tubulin polyglutamylase which is

tubulin as a substrate. so!ubilised by 0:25 M salt. The enzyme can be highly enr.iched
Kinase reactions (25l) were carried out in a standard kinase buffer USINg ATP-affinity  chromatography, glycerol gradient
containing 20 mM Tris-HCI pH 7.5, 50 mM KCI, 10 mM Mg@ind ~ centrifugation and anion exchange chromatography. Our
5 uCi [y-32P]ATP (3000 Ci/mmol, Hartmann Analytic, Braunschweig, efforts to identify polypeptide(s) involved in tubulin
Germany). As an artificial substraecasein (Sigma, Deisenhofen, polyglutamylation were frustrated by the presence of a
Germany) was used at a final concentration of 1 mg/ml. The kinasgontaminating 40 kD band in the most purified fractions
reactions were incubated at 30°C for 30 minutes, stopped by thgvestermann et al., 1999a). This protein was subsequently
addition of SDS sample buffer and loaded on a 10% SDSqentified as a trypanosomal homolog of the La RNA binding
polyacrylamide gel. The gel was dried and exposed overight 95 otein which does not confer any glutamylation activity
autoradiograpy. (Westermann and Weber, 2000). Consequently, we upscaled
the purification scheme and replaced the final monoQ step by
Immunofluorescence of Crithidia cells a hydroxyapatite chromatography on a CHT-2 column. A flow
Crithidia cells were pelleted, washed twice with PBS and spotte@hart of the novel purification scheme is given in Fig. 1A. Prior
(25 pl, 5x10° cells) on poly-L-lysine coated cover slips. Cells were to hydroxyapatite chromatography the enzyme preparation was
allowed to adhere for 10 minutes and then fixed in methanol at —20°dialyzed only briefly (1 hour) to avoid greater losses in

0.25 M NaCl Supernatant purification scheme using

10000 hydroxyapatite
chromatography on a CHT-2
column as the final step.
| 5000 (B) Aliquots (30pl) of
¢ J successive fractions (5Q0)
0.25 0.5 eluting between 100 and
200 N 200 mM sodium phosphate
G|ycero| gradient 20 % from the CHT-2 column
e a8 were subjected to SDS-
o7 - — — PAGE and proteins were
10 % l - visualised by silver staining.
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enzymatic activity. The glutamylation activity bound Leishmania majofacc. noQKT3). This sequence, annotated
quantitatively to the CHT-2 column and consistently eluted aas LeishmaniaNIMA related-Kinase 1 (LNK-1), showed
a sharp peak at 160 mM sodium phosphateulifliquots of ~ 88.6% identity toCrithidia p54 over the entire polypeptide.
the column fractions were assayed for glutamylation activityBoth proteins contain a serine/threonine kinase domain
while 20 ul aliquots were analyzed by SDS-PAGE. Fig. 1B(residues 70 to 325 of p54) related to the catalytic domain of
displays a silver stained gel of the column fractions togethgéhe NIMA protein, which was originally identified as a
with the corresponding tubulin glutamylation activity profile. mitotic regulator necessary for G2/M transitiorAispergillus
A 54 kD band was the only visible polypeptide which mirrorednidulans (Osmani et al., 1988). The domain structure of
the activity profile of the CHT-2 fractions. Attempts to further Crithidia p54 (which we named CfNek focCrithidia
purify the hydroxyapatite fraction (e.g. by gel filtration on afasciculataNIMA-related knase) andAspergillusNIMA is
TSK 3000SW column) were unsuccessful, presumably due &hown in Fig. 2C. The similarity between both proteins is
the low protein concentration of the sample. The highljargely restricted to the catalytic domain (36% identity), but
purified CHT-2 fraction could be stored at —80°C after additiorboth proteins contain PEST-sequences commonly found in
of 10% glycerol and retained activity for several months. Usingroteins targeted for rapid degradation (Rechsteiner and
the monoglutamylation assay described by Westermann et &ogers, 1996). The PEST sequence of CfNek is located
(Westermann et al., 1999b) which employs unglutamylatedithin the aminoterminal domain of the protein (residues 54
yeast tubulin and the GT335 antibody, we also found that th® 65) while the two PEST sequences of NIMA reside in the
CHT-2 fraction was able to catalyse the initiation of a novetarboxyterminal extension. Both proteins share basic C-
side chain (data not shown). terminal domains (residues 325-479 of CfNek have a pl of
9.6) which are a structural feature of all NIMA-related
kinases. The C-terminal domain of CfNek also harbours a
Cloning of the p54-cDNA
We obtained amino acid sequences
internal p54 peptides and used tt A
to  design degenerate antise ATG TGA

. . . * k k *x k k%
oligonucleotide primers. To clone thé t T I polyA

end of the p54-cDNA these primers w 0-4kB L4kB L7kB

used in combination with a spliced lea SINg 42 46

primer in a RT-PCR with total RNA as < Y —

template (Fig. 2A). The establist

nucleotide sequence was then use = — 3'RACE -
47 48 UAP

design specific sense primers for

conventional RACE-PCR to obtain tr g
full-length  cDNA. The p54 cDN, 1 MPTNKDDKQS NPSLELLNQY AKYFPHVLFT SQESLEKYAS KMDPDAYRNC
structure is shown in Fig. 2A: the splic

leader sequence is followed by a 42:
long 3 UTR which contains 3 stop codc 101 FVM.NDDKQA TYARSELHCL AACTHFG VK HYDDFKSEDK LLLI NEYGSG

51 VDLQEGEEPP ESTNPRDHMY VLTTLVGRNP TTAAFVATRG SDPSEKVVAK

in the_ same reading frame as _the sta 151 GDLNKQ KQR LKEHLPFQEY EVGLLFYQ V LALDEVHTRR MVHRDLKSAN
methionine. The open reading fra

spans 1437 nucleotides and is followe
a 1.7 kb long 3UTR and the polyA-tai 251 KKADMABLGV | LYELLTLHR PFKGPSQREI MQQVLYGKYD PFPCPVSASM
Conceptual translation of the of 301 KALLDPLLSK DPEDRPTTQQ LLQTEFNMKYV TNLFODI VRH SETI PPKDRE
reading frame predicts a protein of ¢
amino acid residues with a calcula

201 [ FLMPTGE | K LGDFGFSKQY NDSVSLDVGS SFCGTPYYLA PELWERKRYS

351 ElI LKQLQESN ERAPLPSSI R YGWSSQVTQ GGYLYKYGSD YRVKKRYFFI

molecular weight of 54.9 kDa which is 401 GNGQLRI SLS DNPESDGVAP KSVNLATVSD VEPVPEVYSQ KHPNQLVI WF
good agreement with the observed siz 451 NNGQKI | AYA SSVEDRDMA' SKFHRACGM

the protein in SDS-PAGE. The isoelec
point of the protein is pl=6.9 (Fig. 2 C

and the amino acid sequence contain 1 70 325 375 479

10 peptlde sequences Origina”y obtai PEST Kinase Domain PH Domain ek

from p54. The cDNA sequence and

amino acid sequence of p54 are depo: 1_ . - 69|9N|MA
in GenBank under Acc.No. AJ494838 Kinase Domain PEST PEST

Fig. 2.Cloning the p54 cDNA. (A) Schematic representation of the p54 cDNA and the cloning

p54 is a NIMA related kinase strategy by 5and 3 RACE (see Materials and Methods for details). SL denotes the spliced

o leader sequence, UAP is a universal amplification primer. In frame stop codons are depicted by
A _Blast s_earch of theCrithidia p54 asterisks. (B) Deduced amino acid sequenderitfiidia p54. Amino acids identified from
amino acid sequence revealed a | gjrect peptide sequencing are underlined. The cDNA and amino acid sequences have been
homology to a predicted prote deposited in GenBank under accession no. AJ494838. (C) Schematic representation of the
sequence obtained during the gen: Crithidia p54 (CfNek) domain structure in comparison to the original NIMA protein from
project of the related trypanosom: Aspergillus nidulans
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pleckstrin homology (PH) domain which is found in a numbeisubdomain VI, on the other hand, is completely conserved in

of proteins implicated in intracellular signalling. all Neks. While Neks normally have their catalytic domain at
Next to theLeishmaniakinase, p54 is most closely related the extreme N-terminus, the catalytic domains of CfNek and

to NrkA, a NIMA related kinase fromrypanosoma brucei LNK-1 start 70 residues downstream of the N-terminus. A

(Gale and Parsons, 1993). The two proteins display 46%hylogenetic analysis of the kinase domains shows that the

sequence identity over the catalytic domain, both contain thihree trypanosomatid kinases cluster into a subfamily within

PH domain at the C-terminal end, but NrkA lacks a PESTthe NIMA group (Fig. 3B).

sequence. Fig. 3A shows an alignment of the catalytic domain

of CfNek with NIMA related kinases from different species.

Strikingly, theCrithidia and theleishmaniaproteins lack one Native glutamylase fractions display phosphorylation

of the characteristic features of protein kinases, namely thectivity

glycine rich loop GXGXXG in kinase subdomain |. This The finding that p54 is a NIMA-related kinase prompted us to

sequence is involved in the binding and orientiation of ATHnvestigate the kinase activity of our tubulin polyglutamylase

(Hanks and Hunter, 1995). The catalytic loop RDXXXXN in preparation. While few physiological targets of Neks are

A B
| I Il
.10 . ... 20 ... 40 50 . ... 60 Cf Nek
Cf Nek FVLTTLVERNPTTAAFVATRGEBPSEKVVAKEVMLN. .... DDKQATYARSEL HCWAACT
LNK-1 VL TTLVERNPT TAAFVATRGEBPSEKVVAKFVMLN. ... DDROAT YARS[EL HCWAACK
NrkA ML NKGI V[eL EAYVAESVEB|GS. LCVAKVMDLS... KMSQRDKRYAQS[EI KCWANCN L
N VA MEVEEKI [€C El NYI KMS.... TKEREQLTAEFNI WSSLR LNK- 1

Nek2 (EVBHSI [€T
Nekl NVR[BOKI [€E
Nek3 MTV[BRVI (€

TpNrk FEI [RKRL[€E
FA2 ME. BQYI DK

ELDYGSMT.... EVEKQMLVS|SVNL[SRELK
El NI SRMS.... DKERQESRR=VAV[WANMK
El ... RLL.... KSDTQTSRK[EAVL[WAKMK
KVKMI SLS.... TKEKEMALN[EVRI [WAS| K
QVDL RSADFKNPTLDRAAAI DEARMBAQL N Nr kA

(Y M a
70 . 100 . . . 110 . . . 120
Cf Nek [EJF GIRYKHY DD[F. . KQR. LKEHLP[EQEYEVGLL[gY[@] V[E NI VA
LNK- 1 [glF G|RYKHFDDI[g. . KQR. LKEHLPEQSYEVGLL|[gY[®l V(&

NrkA [EIFNIBI RY! EDH.. KLRGSGDARYEQSHEALFL([FL[OL C[%

Nva MENBYAY Y HREHL KASQDIYL Y[V EycGefes s MVBKNL K. RTNKYAEEDFVWRI LSeLVT
Nek2 [MENMBYRYYDRII DRTNTTHY SKGT. KDRQYL EFEFVL RVMT 8L T®
Nek1 [MENMBVOYKESE.. EENGS[HY " NA. QKGAL[@QEDQI L DWgviel B Nek2
Nek3 FKES[.. EAEGY[Y | KQ. OKGNL[@PEDT! LNWEI & C[8
TpNrk SDIVI SYKEARYDDKS STHC( TDKK. KRHSYHEENVI WKYAADML B
FA2  EEHVI RHFES[EVD. GEGKANMLYEYASKESVRQLV.. KS. YRGRPLPEEGVWRI @I @TLI —
Vib Vil Nek1
. 130
Cf Nek [YMDEVEL........ ...l
Cnc- 1 NBoevE
NkA NEDvi s
Nva INBYRCEY GTDPAEVGSNL L GPAPKPSGL KGKQAQMT | RELT). (3 - L Nek3
Nek2 INBKECHRRSD G TV
Nek1 [NRcrvE T
Nek3 GUNHI ..
TpNrk GEKSLE
FA2 ISYL ........................... TpNrk
190 — . L
Cf Nek [€F SKQYNDSVSL DVGSSF CIElaRIL AREL WERKRGSK ¥ A2

LNK- 1 €FSKQYSDSVSL DVIASSF CElRaa @]l Ald=l WERKR)SK[NA(Y
NrkA [€@FSHQYEDTVSGVYV
N MA € SKLM. HSHD..
Nek2 [€@LARI LNHDTS..
Nekl (€ ARVLNSTVE..
Nek3 [ESARLLSSPMA..
TpNrk NVSKV.. EKRD..
FA2  [€l ARSLGASSN..

—_—
10.00

substitutions per 100 residues

. 250 . . . 260 . . . 270 . . 280
Cf Nek KGPSQREI MQCQVL Y[EKYD[ZF[ECP. V ASMKAMEL DP L NS K DFEDFIF TQJN Q
LNK- 1 KGPSQREI MQQ/LY KYDIECIZCP. VEISSMQASL DPL [RSKNZT E[R45T T Q (H80Q
NrkA SASNLKGEMS TYA[HL[ED S. FSJISEFKRVVDGI ADEIND[RIFSVREI FQ
NI VA NARTHI | RE KFEA[EL [@D. FNESISEMKNVI ASCERVN[EDHIEIEDTATHI ~
Nek2 TAFNQKE | RE€ERFRRI [HY. R\EDGENDEI TRMENL KDY H[RZSVEEI [RE
Nekl EAGNMKN L | | SESFP[EVS. PHE]YDERS SQLFKRNRDSVNSI E
Nek3 QANSWKN[EI L[¥ CQEPI HEFELE AL)EEICKEQG KRK[ZSHESAT T[HNC
TpNrk KGI SMED[RYK[SVL RENFE[gl NL QR\#SIS DROKF | ENC KVERNSSVEE N
FA2 ENNNQVARI R¥ AREVFK[ZVSGP. MTQ QN QI TSC L DIERQEIEDT TANER

Fig. 3.(A) Amino acid sequence alignment of the kinase domains of CfNek and other NIMA-related kinases. The alignment was generated
using PILEUP (GCG-package) and the output was shaded with Macboxshade. Residues conserved in >60% of the proteins dadfaded in
simililar residues are shaded in light grey. The eleven kinase subdomains are denoted above the sequence. Sedueisbesamszdnajor

LNK-1 (QINKT3), Trypanosoma brucellirkA (Q08942),Aspergillus nidulanNIMA (P11837),Homo sapiendlek2 (P51955)Mus musculus

Nekl (P51954) and Nek3 (Q9R0ATFgtrahymena pyriformigpNrk (O076134) Chlamydomonas reinhardfiA2 (AF479588). The CfNek
sequence is from Fig. 2B. (B) Phylogenetic tree derived from the alignment in A. Using the PILEUP output the tree waswiéménated
GCG-programs DISTANCE and GROWTREE.



5008 Journal of Cell Science 115 (24)

known, B-casein is a good artificicial substrate for severaimmunofluorescence microscopy using a monoclonal His-tag
NIMA related kinases (Lu et al., 1993). Native glutamylaseantibody. Fig. 5 shows that only CfNek expressing parasites
fractions from the final hydroxyapaptite chromatography weraisplayed a characteristic staining with the anti-His antibody.
assayed for kinase activity. Fig. 4 shows that these fractiorkhe cells were labelled strongly at the point where the
displayed B-casein phosphorylation activity. Moreover, the flagellum is attached to the cell body. In some cells the staining
kinase activity profile exactly mirrored the glutamylationran along the length of the flagellum but was always stronger
activity profile of the corresponding fractions from theat the base than at the tip. An immunblot performed on crude
hydroxyapatite column. extracts showed that the antibody detected a protein of of the
expected size only in the cells transfected with CfNek (Fig.

. o ) ) 5C). We conclude that, as judged by immunofluorescence, the
Expression and localization of His-tagged CfNek in recombinant CfNek expressed@nithidia seems to localise to
Crithidia the flagellar attachment zone and presumably to the basal body.
The complete CfNek cDNA was expressed En coli as
well as in SF9 cells using a recombinant baculovirus. The ) o
recombinant proteins were purified and assayed foPurification of Hise-CfNek from Crithidia
glutamylation and phosphorylation activity. In contrast toWe used the introduced His-tag to purify recombinant CfNek
the native glutamylase fraction fronCrithidia, neither from Crithidia cells. A crude enzyme fraction obtained from 6
bacterially nor baculovirus expressed recombinant CfNekof CfNek expressing cells was applied on to &"Nolumn.
displayed casein-phosphorylation or tubulin glutamylationThe resin was washed with 1 M NaCl and the recombinant
activity (data not shown). We therefore turned to a recentlprotein was eluted by thrombin cleavage, which leaves the His-
described expression vector fGrithidia fasciculata(Tetaud tag bound to the column while the remainder of the protein is
et al.,, 2002). The pNusHnH vector drives the expressiofound in the eluate. Fig. 6A shows a silver stained gel of the
of introduced genes while it is maintained as anthrombin eluate from CfNek expressing and wild type cells.
extrachromosomal plasmid (episome) which confers resistand&hile a contaminating triple band of about 98 kDa was found
to the antibiotic hygromycin. in both preparations, only the CfNek eluate displayed a protein

The CfNek cDNA was cloned into pNusHnH in frame with with the expected size of 55 kDa. Both eluates were assayed
a N-terminal poly His-sequence. Parasites were transfected byr kinase activity and only the CfNek eluate showed
electroporation and selected in liquid culture with 200ml  significantB-casein phosphorylation activity (Fig. 6B). We also
hygromycine. His-CfNek expressing cells, as well as controlinvestigated the tubulin polyglutamylation activity of both
cells transfected with vector only, were examined byfractions. Only the CfNek containing eluate catalyzed the
incorporation of glutamic acid into TCA-precipitable tubulin
(Fig. 6C). To confirm that the observed incorporation of
radioactivity was due to tubulin polyglutamylation a series of
assays were conducted in which different components of the
reaction mixture were omitted. As expected the incorporation
of glutamic acid was dependent on the presence of the enzyme
fraction, tubulin and ATP (Fig. 6D).
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We report the first cloning of an enzyme present in a highly

purified preparation of tubulin polyglutamylase. We used the
10000 0.25 M NaCl supernatant of isolated cytoskeletons from the
trypanosomatidCrithidia fasciculataas a starting material
and purified the glutamylation activity by ATP-affinity
5000 I chromatography, glycerol gradient centrifugation and
~alblas-

glutamylation activity (cpm)

hydroxyapatite chromatography. Due to its low abundance
and a pronounced instability it was not possible to obtain a
homogenous preparation, but we identified a 54 kDa band as
B-casein the major polypeptide visible on silver-stained gels which
phosphorylation clearly copurified with the glutamylation activity. While
16 17 18 19 20 21 22 23 24 25 26 27 tubulin  polyglutamylase partially purfied from mouse
CHT2-fraction brain seems to be organised in a multimeric structue300
kDa (Regnard et al.,, 1998), we did not find any bands

phosphorylation activity. 1Ql aliquots of successive fractions from coeluting stoichiometrically with p54 or any other indications

the final hydroxyapatite chromatography were assayed for tubulin for ‘a multi . protein complex involved in _t“b‘.“i”_
polyglutamylation activity while ®il aliquots were used in kinase ~ Polyglutamylation. Moreover, a 54 kDa polypeptide is in
assays witlB-casein as substrate. The kinase reactions were run onfeéasonable agreement with the sedimentation constant of

an SDS-gel and analysed by autoradiography. Note th@td¢hseein approximately 3 S which was obtained forithidia tubulin
phosphorylation activity exactly coelutes from the CHT-2 column  polyglutamylase by glycerol gradient centrifugation
with the tubulin glutamylation activity. (Westermann et al., 1999a).

Fig. 4. The tubulin polyglutamylase preparation displ@ysasein
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The candidate glutamylase is a NIMA related kinase et al., 1988). Detailed analysis of NIMA function in
Cloning of the p54 cDNA clearly identified the enzyme as @spergillusrevealed that elevated NIMA activity, dependent on
novel trypanosomal member of the NIMA family of mitotic phosphorylation by p34°dcyclinB (Ye et al., 1995) is
kinases (CfNek). The original NIMA enzyme frokspergillus  necessary for the correct organization of spindle microtubules
was identified as a factor critical for G2/M transition (Osmaniand for the integrity of the nuclear envelope (Osmani et al.,

His-CfNek control
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Fig. 5. Expression of recombinant His-tagged CfNelCiithidia.
c (A,B) Imunofluorescence microscopy Gfithidia cells transfected with His-CfNek
o (A) or vector only (B). The cells were fixed with methanol and stained with a His-
d«.‘\ ‘o\ antibody (red) and with Hoechst blue to visualise DNA. The immunofluorescence
\?;\9‘ Goo"- images were overlaid with the corresponding phase contrast images to allow easier
kDa . __ localisation. Note that only His-CfNek-expressing cells show a staining of the
™ flagellar attachment zone/basal body. Barnd (C) Immunoblot analysis of total cell
55 - : * anti His extracts from His-CfNek-expressing and control cells. Proteins were separated on a
10% polyacrylamide gel, blotted and stained with anti-His antibody. Only the extract
from CfNek-expressing cells shows a corresponding band of 56 kDa.
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Fig. 6. Purification and analysis of His-tagged CfNek fr@mithidia. (A) Purification of His-CfNek over a Ni-column. 10% polyacrylamide gel
stained with silver of the thrombin eluate from wild-type (WT) or CfNek-expressing cells. Note that a contaminating tripfeabant 98

kDa is present in both eluates while only the CfNek eluate contains the expected 56 kDa polypeptideal{@)d&s of the thrombin eluates
from A were assayed for tubulin polyglutamylation activity. Only the CfNek eluate displays significant tubulin polyglutaragiatitn (C) 5

pl aliquots of the thrombin eluates from A were used in kinase assayB-waitein as substrate. The kinase reactions were run on an SDS-gel
and analyzed by autoradiography. Again, only the CfNek eluate catalyses the incorporation of radioactve phogpbateintdD) Sul

aliquots of the CfNek eluate from A were used in different glutamylation assays with the indicated components. Glutantyigtienomty
observed with CfNek, tubulin and ATP in the reaction mixture.
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1991). Recent evidence suggests that NIMA is a mitoticompensate for the essential function of tubulin glycylation by
histone H3 kinase, which also localises to spindle microtubulegenerating a high level of tubulin glutamylation.
and spindle pole bodies (DeSouza et al., 2000). The fact thatWe did not observe any obvious effects on growth rate or
overexpression of NIMA in mammlian cells caused prematurenotility of theCrithidia cells when expressing the recombinant
mitotic events such as chromosome condensation (Lu ar@fNek. The pNus expression vector lacks promotor sequences
Hunter, 1995) suggested the existence of a NIMA like pathwagind therefore the introduced gene is expressed only at a
in vertebrates. The relationship between NIMA and severahoderate level (Tetaud et al.,, 2002). With the future
mammlian Neks, however, has remained unclear, as the ondjgvelopment of novel vectors allowing overexpression of genes
protein that could complement the originahA-mutation, was in Crithidia it will be possible to investigate the consequences
nim-1 from the related fungudeurospora crass@Pu et al., of a highly increased CfNek concentration.
1995). Of the various mammalian Neks, Nek2 is most closely
related to NIMA (Fig. 3B) and part of its function affects the ) ) ) )
centrosome cycle as overexpression causes premature splittifigssible relationship between glutamylation and NIMA
of the centrosome while expression of dominant negative Nek2lated kinases
leads to loss of centrosome integrity (Fry et al., 1998). ASurprisingly, the amino acid sequence identifies the p54
centrosome-related function has also been reported for tipmlypeptide copurifying with glutamylation activity as a
XenopusNek2 homolog (Uto and Sagata, 2000; Fry et al.phosphotransferase and recombinant CfNek displays casein-
2000) and another related kinase is involved in the formatiophosphorylation activity. As we were unable to obtain an active
of microtubule organizing centres iDictyostelium (Graf, = enzyme preparation by expression in a heterologous system,
2002). we cannot rule out the possibility that CfNek does not directly
Crithidia p54 has a clear homolog in the predictedcatalyse the glutamylation reaction but that the actual
Leishmania majorprotein LNK-1 (Fig. 3A), while the glutamylase is instead associated with CfNek and possibly
similarity to Trypanosoma bruceiNrkA is significantly regulated through phosphorylation. On the other hand, it is
reduced, leaving the question open whether these proteins @eenpting to speculate that the glutamylation reaction could
true homologs. All three trypanosomatid proteins, howeverirectly require the phosphotransferase activity of CfNek as the
share the pleckstrin homology domain at the C-terminus. Thgeneration of a peptide bond is likely to proceed via the
unusual catalytic domain which lacks the glycine-rich loop ingeneration of an intermediary acylphosphate. NIMA related
subdomain 1 is restricted to tl@rithidia and theLeishmania  kinases comprise a group of biochemically distinct kinases that
protein (Fig. 3A). We do not know whether this uniquecan transfer a phosphate group within an acidic environment.
sequence has consequences for the catalytic activity, but Wée noted previously that upon incubation with partially
note that a special ATP-affinity resin with a long spacer had tpurified polyglutamylase, synthetic C-terminal tubulin
be used for the purification of the glutamylation activity peptides became both glutamylated and serine-phosphorylated
(Westermann et al., 1999a). (Westermann et al., 1999a; Westermann et al., 1999b). Thus, a
definite decision whether CfNek and tubulin polyglutamylase
are identical or associated will need further experimentation,
Properties of recombinant CfNek expressed in Crithidia for examp|e the knock-out of the homo|ogousishmania
When expressed i&. coli or insect cells we did not observe protein. As centrosome stability depends upon tubulin
phosphorylation or glutamylation activity of the purified polyglutamylation (Bobinnec et al., 1998b) and Nek2 kinases
recombinant CfNek. The failure to obtain an active enzyme bfrom different organisms are involved in centrosome
expression in a heterologous system could be due to maturation and integrity (Fry et al., 1998; Uto and Sagata,
misfolded protein or to the lack of some activation step. NIMA2000) these enzymes appear good candidates to be tested for
for example has been shown to depend on the phosphorylatighutamylation activity in the future.
by p34d9c9cyclinB for full enzymatic activity (Ye et al., 1995).
As judged by immunofluorescence, only upon expression in )
Crithidia was a specific localisation of the recombinant proteirconclusions
to the basal body/flagellar attachment zone of the parasiWe identify an unusual protein kinase of the NIMA family as
observed. Future studies, involving the generation ofhe first enzyme involved in tubulin polyglutamylation. We
antibodies and the use of immuno-electronmicroscopy obase this conclusion on four observations: First, CfNek
extracted cytoskeletons, will have to establish the preciseas cloned as the major polypeptide copurifying with
localisation of the endogenous CfNek. When the enzyme wagutamylation activity fromCrithidia (Fig. 2A). Second, a
expressed in Hela cells only a cytoplasmic staining was segmeparation of recombinant His-tagged CfNek purified
in immunofluorescence (our unpublished observations). Morfom Crithidia displays casein-phosphorylation and tubulin
importantly, basal bodies are structures homolgous tglutamylation activity (Fig. 4). Third, as judged by
centrioles and are known to contain highly glutamylatedmmunofluorescence, the recombinant His-tagged enzyme
microtubules (Geimer et al., 1997). We also observed CfNekocalizes to sites (basal body/flagellar attachment zone, Fig. 5)
staining along the flagellum which is interesting in light of theknown to be critically regulated by glutamylation (Bobinnec et
fact that a polyglycylation deficient mutant Tretrahymena al., 1998a; Bobinnec et al., 1998b). Fourth, NIMA related
shows defects in axonemal architecture with large gaps in th@nases from other organisms have been shown to perform
flagellar transition zone (Thazhath et al., 2002). Adunctions related to tubulin polyglutamylation including
trypanosomes lack glycylated tubulins (Schneider et al., 199%entrosome maturation and stability, spindle integrity and cell
but have functional axonemes, it seems likely that thegycle control (Fry et al.,, 1998; DeSouza et al., 2000). The
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