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Abstract.  In this work, we present the sequences andamino acid sequences of glycosomal GAPDHs were
a comparison of the glycosomal GAPDHs from a num-used for a phylogenetic analysis. The division of the
ber of Kinetoplastida. The complete gene sequences hau€inetoplastida into two suborders, Bodonina and Try-
been determined for some speci€sithidia fasciculata, panosomatina, was well supported. Within the letter
Herpetomonas samuelpessoai, Leptomonas seymougdroup, theTrypanosomaspecies appeared to be mono-
and Phytomonassp), whereas for other specie¥ry-  phyletic, whereas the other trypanosomatids form a sec-
panosoma brucei gambiense, Trypanosoma congolensend clade.

Trypanosoma vivaxandLeishmania majgr;, only partial

sequences have been obtained by PCR amplificatiorKey words:  Kinetoplastida —Trypanosoma— Leish-
The structure of all available glycosomal GAPDH genesmania — Crithidia fasciculata— Herpetomonas
was analyzed in detail. Considerable variations were obsamuelpessoai— Leptomonas seymous- Glyceralde-
served in both their nucleotide composition and theirhyde-3-phosphate dehydrogenase — Glycosome —
codon usage. The GC content varies between 64.4% in Codon usage — Phylogeny

seymouriand 49.5% in the previously sequenced
GAPDH gene fromTrypanoplasma borreliA highly
biased codon usage was found @ fasciculata,with
only 34 triplets used, whereas ih borreli 57 codons

were employed. No obvious correlation could be ob-

served between the codon usage and either the nucleotidd'® dlycolytic enzyme glyceraldehyde-3-phosphate de-

composition or the level of gene expression. The glycoydrogenase (GAPDH) catalyzes the oxidative phos-

somal GAPDH is a very well-conserved enzyme. ThePhorylation of glyceraldehyde 3-phosphate into 1,3-

maximal overall difference observed in the amino acidPiSPhosphoglycerate (Harris and Waters 1976). Each

sequences is only 25%. Specific insertions and extensubunit of this homotetrameric enzyme is folded into two

sions are retained in all sequences. The residues involvetfParate domains, one of which, the N-terminal domain,
in catalysis, substrate, and inorganic phosphate bindin§nds the cofactor NAP' The C-terminal domain is re-

are fully conserved, whereas some variability is observedPONSible for the specificity of substrate binding and pro-
in the cofactor-binding pocket. The implications of these"ides the catalytic groups. The intersubunit contacts of
data for the design of new trypanocidal drugs targetedh€ tetramer are formed mainly by the so-called S-loops

against GAPDH are discussed. All available gene and’f the .individual' subunitg, Which also contribute to the
formation of their NAD-binding pockets.

GAPDH has already been studied in some members
of the Kinetoplastida. This order of protozoa is defined
Correspondence tdDr. V. Hannaerte-mail: hannaert@trop.ucl.ac.be by the presence of the kinetoplast, a specialized subcom-
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partment of the single mitochondrion, containing a net-the purine ring. In addition, distal from C2 a small hy-
work of catenated DNA minicircles and maxicircles. drophobic cavity is observed, which has been exploited
During their long evolutionary history, the kinetoplastids in structure-based drug design studies Wittbruceiand
have developed an impressive variety of life styles and-. mexicanaGAPDHSs (Verlinde et al. 1994).

adaptations to parasitism (Vickerman 1994). Two subor- Some of the differences between the GAPDH isoen-
ders are distinguished within this group: biflagellatedzymes may be attributed to their different localizations
Bodonina (including free-living and parasitic organisms)within the cell or to a different metabolic function but are
and uniflagellated Trypanosomatina (known only asdue primarily to a different evolutionary origin. Indeed,
parasites) (Vickerman 1976). Members’ of the latterin Trypanoplasma borrelia representative of the
group are best known as the etiological agents of imporBodonina, only genes related to the glycosomal genes of
tant diseases of humans and their domestic animals offypanosomatidae could be detected (Wiemer et al.
cultivations: TrypanosomandLeishmaniacause severe 1995), although GAPDH activity was measured in both
diseases, including sleeping sickness, Chagas diseadb€ cytosol and the glycosomeuglena gracilisdoes
and kala-azar, while alPhytomonasspecies are patho- NOt ha\{e glycosomes but possesses a cytosolic C_;APDH
gens of plants. In addition to the kinetoplast, these orUnambiguously homologous to the glycosomal isoen-

ganisms possess another unique organelle: the glycgYme Of trypanosomes, sharing with it all the unique
psertions (Henze et al. 1995). This free-living flagel-

some. The glycosome is a specialized peroxisome thd
houses most enzymes of the glycolytic chain (Opperdoe!@ted protozoan belongs to the euglenozoa group, one of

and Borst 1977). However, GAPDH is a glycolytic en- the earliest-diverging eukaryotic lineages, monophyleti-

zyme that has consistently been detected also in the C)s:_ally related to the kinetoplastids (Sogin et al. 1989;

tosol, although the function of this isoenzyme is notHaSh'mtof{ﬁ ?ttﬁl' 1995; ':ane (Tt al. 199?)('3;2%55' data
known yet. In Trypanosomatidae, these two activities>U99est that the present-day glycosoma was

could be attributed to different isoenzymes which differor'g'na”y.a cytosolic enzyme in th_e ancestpr of the |.<"
: . . ) L netoplastida that, during its evolution, acquired a typical
considerably in amino acid sequences and kinetic prop-

erties. InT. brucei, T. cruziand L. mexicanaghe gly- peroxisome-targeting signal at its C-terminal end. The

cosomal GAPDHSs are encoded by two tandemly linkedd"® coding for the cytosalic GA.PDH found in the'Try-
identical genes (Michels et al. 1986; Kendall et al. 1990_panosomatldae has been acquired later by horizontal

. . ene transfer. Contrary to the situation seeifirypano-
Hannaert et al. 1992), yvhereas in the species analyze omaand Leishmaniathe two tandemly linked glyco-
only a single gene coding for the cytosolic enzyme ha

Somal genes of. borreli are 5% different. One of the

been de_tected_(MicheIs etal. 1991; Hannaert etal. 1992)(wo polypeptides present some substitutions, notably in
The amino acid sequences of the isoenzymes are °n|t¥1e NAD*-binding domain

55% identical. All glycosomal GAPDHs present tWo  gocayse GAPDH is considered a highly relevant pro-

striking _features compared to their_ cytc_)solic_counter—tein in terms of drug design and appeared to be a very
parts. First, they possess some unique insertions andigeresting enzyme from an enzymological and molecu-
C-terminal extension responsible for the relatively high), point of view, we decided to analyze this enzyme in
molecular mass. This extension bears the SKL-like tri-5ther members of the Kinetoplastida representative for
peptide or PTS-1 (peroxisome-targeting signal type 1kne various genera. The sequences so obtained have also

responsible for routing the protein to the organelle. Secheen used to infer the phylogenetic relationships between
ond, the glycosomal isoenzymes have a higher isoelectrihese organisms.

point due to an excess of positively charged amino acids.

It has been proposed that these positive residues could

play a role in neutralizing the negative charges of the .

phosphorylated glycolytic metabolites present at highMaterials and Methods

concentrations inside the glycosome (Hannaert and

Michels 1994). Enzymological studies also revealed ] )

other unique characteristics of the glycosomal GAPDHsGrowth of Parasites and DNA Preparations

most notably their apparent affinities for both NABnd

NADH, which are significantly lower than those mea- Phytomonasp. isolated fronEuphorbia characiagDollet et al. 1982),

d ]L Il other h | Lambeir et ICrithidia fasciculata (ATCC 11745), Herpetomonas samuelpessoai
sured for all other homologous enzymes (Lam _ew e fa(ATCC 30252),Leptomonas seymoufATCC 30220), and promasti-
1991; Hannaert et al. 1994). These differences in affinitygotes ofLeishmania majo(MHOM/SU/73/5-ASKH) were grown in
may result from a looser packing around the adenine ringitro at 27°C in the semidefined medium SDM-79, supplemented with
of NAD™ for the glycosomal enzymes as shown by thel0% heat-inactivated fetal calf serum (GIBCO, UK) (Brun and’Scho
crystal structures of. bruceiandL. mexicanaGAPDHs nenberger 1979). High molecular weight DNA was isolated as de-

. L scribed by Van der Ploeg et al. (1982). Genomic DNA frérgpano-
(Vellieux et al. 1993; Kim et al. 1995). Compared to the _ "/ . gambiens@1A60), Trypanosoma congoleng®RC 33

human crystal structure (Mercer et al. 1976) more flex-k|goko), andTrypanosoma vivawere provided by Dr. E. Pays (Free
ible residues are used in the trypanosomatids to wedgeniversity of Brussels, Belgium).
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Cloning and Sequencing of the Glycosomal Table 1. Number of amino acids, calculated net charge, and (pre-

GAPDH Genes sumed) organelle targeting signal of glycosomal GAPDHs from differ-
ent Kinetoplastida

ForPhytomonasp.,C. fasciculata, L. seymou@ndH. samuelpessoai, Length of

genomic libraries were constructed Escherichia coliMB406, using polypeptide C-Terminal

the phage vectokGEM-11 (Promega, USA) as described previously

; : ; (N® amino acids) Charge tripeptide
(Hannaert et al. 1992). The libraries were screened for recombinant

clones containing glycosomal GAPDH genes by hybridization with the T. brucei 359 +11 AKL
complete homologous gene bf mexicana(Hannaert et al. 1992) la-  T. cruzi 359 +5 ARL
beled by nick translation. Hybridizations were performed under mod-L. mexicana 362 +7 SKM
erately stringent conditions: 3 x standard saline citrate (SSC)/0.1%C. fasciculata 361 +6 SKL
sodium dodecyl sulfate (SDS), in the presence of 10% dextran sulfatg. seymouri 361 +8 SKM
at 65°C. Posthybridization washes were carried out at 65°C for 1 h withPhytomonassp. 361 0 AKL
5 x SSC/0.1% SDS, followed by 40 min Wi x SSC/0.1% SDS and, H. samuelpessoai 361 +10 SKI

finally, by 40 min with 1 x SSC/0.1% SDS. Positive plagues were T. horreli 363 +8/+6 AKL

purified and rescreened. High-titer phage lysates were obtained and
DNA was purified from the phages as described (Marchand et al.
1989). Restriction fragments from the recombinant phages were sub-
cloned in the phagemids pTZ18R and pTZ19R (Pharmacia LKB Bio-this analysis were frori. brucei(GenBank accession No. X59953),
technology, Sweden). The bacterial host for recombinant plasmids wagruzi (X52898), L. mexicana(X65226), T. borreli (X74535), and
the E. coli strain XL1-blue (Strategene, USA). Euglena gracilis(L39772).
For T. b. gambiense, T. congolense, T. vivaxd L. major, only
partial sequences were obtained by PCR amplification. Based on a
comparison of DNA sequences coding for cytosolic and glycosomal
GAPDHSs from other KinetoplastidaT( brucei, T. cruzi, L. mexicana, Results
andTrypanoplasma borre)j two degenerate oligonucleotides were de-
signed. Primer 1 [5 CGCGGATCCA(CG)GG(CT)CT(CT)(CA)TC-
GG(GTC)A(AC)(TG)GAGAT 3] is homologous to a region specific Comparison of Kinetoplastid GAPDH
for the glycosomal genes, whereas primer 20&CGGATCCCC(GT- Ponpeptide Sequences
C)AC(GCA)GC(CT)TT(GC)GC(GC)GC(AG)CCAGT 'B has been

chosen in a well-conserved area in both the cytosolic and the glyco-
somal sequences. The glycosomal genes were amplified ip&faL0 The glycosomal GAPDH gene sequences of a number of

mM Tris—HCI, pH 7.4, 50 M KCI, 6 mM MgCl,, containinga 20pM  Kinetoplastida Trypanosoma brucei brucei, Trypano-
concentration of each of the four deoxynucleotides, 100 pmol of eactsoma cruzi, Leishmania mexicarand Trypanoplasma
primer, 1ug of genomic DNA, and 2.5 U of Tag DNA polymerase porreli) were already available (Michels et al. 1986;
(Boehringer Mannheim, Germany). The following program was usedk andall et al. 1990; Hannaert et al. 1992; Wiemer et al.
for amplifications: first cycle of 3 min at 94°C, 1 min at 55°C, 20 s at .

61°C, and 20 s at 72°C: followed by 10 cycles of 30 s at 94°C, 1 min+29°)- Based upon well-conserved DNA regions, two
at 55°C, 20 s at 61°C, and 20 s at 72°C; followed by 30 cycles of 30degenerate oligonucleotides were selected and synthe-
s at 94°C, 1 min at 50°C, and 1 min at 72°C; and a final cycle of 30 sSized. These primers were used in a polymerase chain
at 94°C, 1 min at 50°C, and 10 min at 72°C. The amplified fragmentsregction to amplify GAPDH gene fragments from geno-

were purified, digested witBanH1, and subcloned into the pTZ18R mic DNA of other speciesT brucei gambiense T. con-
vector. : s

Nucleotide sequences were determined for both strands using thg()lense’ T. V|va>a_ndL. major'_The PCR-ampllfled frag-_
T7 DNA polymerase kit of Pharmacia and also with an automatedMents, representing approximately 54% of the coding
sequencer (LI-COR; DNA sequencer model 4000) using the Thermdegion, were cloned and sequenced. For four others spe-
Sequenase fluorescent-labeled primer cycle sequencing kit of Amercies (Crithidia fasciculata, Herpetomonas samuelpes-
sham (UK). For each PCR fragment, the complete sequence was d%‘oai, Leptomonas seymouﬂnd Phytomonassp.), we

termined using two independent recombinant clones. Nucleotide se-

quences were deposited in the GenBank database under the foIIowingeClded to construct genomic libraries usingohages

accession numbers: AF047499. (brucei gambiende AF047498 . and screen them with the homologous gene from
congolensg AF047500 T. vivay, AF047497 L. majo), AF047496  meXicana.For two species ¢. fasciculataand H.
(Phytomonassp.), AF047494 K. samuelpessopiAF047495 L. sey-  samuelpessopiwe first picked up the gene coding for
mour), and AF047493¢. fasciculata. the cytosolic isoenzyme, although the identity between
the two GAPDHSs inT. bruceiand in L. mexicanais
rather limited (55 and 56%, respectively). The nucleotide
sequences of the glycosomal genes have been deter-
Phylogenetic relationships were inferred from protein and DNA se-mmed and the primary structure 9f the encoded proteins
quences using distance matrix and maximum-parsimony [PHyYLIPdeduced. The complete polypeptide sequences have al-
package, Version 3.51c (Felsenstein 1993)] and maximum-likelihoodnost the same length, varying from 359 to 363 amino
methods. The distance method was used after correction for multipleycids (Table 1). These small differences could be attrib-
su_bst|tut|qn's'accord|ng to K|mura} (1989), in combination ywth the uted mainly to variations at both the N and the C termini
neighbor-joining method. The maximum-likelihood method with quar- . . . .

tet puzzling was used as implicated in the program Puzzle, Versionmc t_he pr(_)telns. An optimal alignment of the predicted
2.5.1 (Strimmer and von Haeseler 1996), with the evolutionary model@Mino acid sequences of glycosomal GAPDHs from the
according to Dayhoff et al. (1978). Other GAPDH sequences used irkinetoplastid species with tHe. gracilissequence is pre-

Phylogenetic Analysis



731

bbbbbb aaaaaaaaaaa bbbbbbbb aaaaaaaaa
T.brucei ~TIKVGINGFGRIGRMVFQALCDDGLLGNEIDVVAVVDMNTDARYFAYQMKYDSVHGKFK- 59
T.cruzi D = E..... L E...... R..T...... -
L.mexic 7 I..0..T.T.......... S.N.E....... H.T...RP.-
Crithid AP. ... i SM.E.NV..T.L........ S...E....... F.T...RP.~-
Leptomo APL........civn SM.E.NV........oo... S...E.... ... .. T...RP.-
Phytomo AP............. N....I.EGNH..TD...... A..S...E..S..IVD...... PRS
Herpeto APV.. ..., M.EQ.V..KDF........ S...E.... . L P.-
T.borrell AP. .. iiiiiiiiie L..I..Q....T........ VRSP..D.LS.RLR...... R..-
T.borrel2 AP. . .iiiiiii L..I..Q....T.......... S...D..S..IR...... R..-
T.gamb e e -
T.CONg e e e -
T.vivax Kovoiiiinniinn.. -
L.major .. S.N.E....... H.T...RP.-
E.gracil APV.I. .. iiiiiiiiinnnnnn Q....TTF...G....A...D.... ... -
bbbb bbbb bbbbbbb aaaa bbbb aa
T.brucei HSVSTTKS-KPSVAKDDTLVVNGHRILCVKAQRNPADLPWGKLGVEYVIESTGLFTVKS 117
T.cruzi D A.A
L.mexic YT.EAV..-S...ETA.V........ Koot i i iin D.....oot D.L
Crithid YT.EVA..-S..AK.P.V............. I Dot D.A
Leptomo YT.EVA. .-SAA.K.P.V. . .. it iiiiiin D.....oo0 D.V
Phytomo YG.EVA..-N...E.P.V........ Q... ..A .. ... ... DI........... K.T
Herpeto YT.EVA..-S...K.P.V........ [ S e N.A
T.borrell .K.DVAA.PECEPG.H........ KVK...GGPD.ST........ D....... F..D..
T.borrel2 .K.DVAA.PECEPG.H....I...KVK....T...S......... Do, D..
T.gamb ........ e e e e e e e e e e e
T.cong ..... A i e F...... N
T.vivax  ........ TS AR S L e e e
L.major YT.EAV..-S...ETA.V........ Kooiiiiiiiii e D.......... D.L
E.gracil .T...K..-DANL.EA.II..... E.K.IM.T...E............ Voo EAD
*

aaaaaaa bbbb bbbbb bbb ‘aaaaaaaaaaaaaa
T.brucei AAEGHLRGGARKVVISAPASGGAKTFVMGVNHNNYNPREQHVVSNASCTTNCLAPLVHVLV 178
T.cruzl e L...... HE...S.H............... I.....
L.mexic K IK Koo, I..... QHE.S.ASH............... I T
Crithid K....VK...K...oiiiiiiint I..... QHE...ATH............... I....T
Leptomo K....VK...K....oiiiiin., I..... ONE.DSAKH. .............. I....T
Phytomo Q....IK...K........... V..I..... EKE.D.SSH.I.......0oivuvnnn. T
Herpeto K..... K...K..I........... I..... NQE...SSHS......civiiennenn. L
T.borrell K....IKA..K..I..... K..... I..... QHE...N.HS.......... G...I....N
T.borrel2 K....IKA..K..I..... K..... I..... QHE N.HS.............. I....N
T.gamb e e e e, D..... 2 S
B R o ) o D..... H..... Teviien. M....
T.vivax e HE..... 2 N
L.major  ..... O I..... QHE.S.ASH............... I....T
E.gracil K.R...KA..K..I....GK.DL..I...... TE.Q ASMD. .. ......iiuvuun.. L

a bbbbbbbbb------ S LOOP ---===== bbbbbbbaaaaaaaaa
T.brucei KEGFGISTGLMTTVHSYTATQKTVDGVSVKDWRGGRAAALNIIPSTTGAAKAVGMVIPSTQ 239
T.cruzi  ..... VQ...... T e Ve e
L.mexic LNLLLEL L. I, Lo, Ve K
Crithid P B T I.......... Vo e e K
Leptomo  ..... VE...... I . I.......... Vo e K
Phytomo  ..... LE...... I... .. I, I.... .. E...T.K
Herpeto  ..... VE...... B L. M., E.L.V.K
T.borrell ...... KV. . I..L.A.......o.... Qo SV..... IS I E.L.E.K
T.borrel2 ...... RKV..... I.A.... ... [ SV..... S E.L.E.K
T.gaMD e e et e e,
B 0 L R.
T.vivax  ..... Voo T, T
L.major S\ S - S Loveeeennn. AV
E.gracil ...V.VEK..... I.A.......... P.K.....oooon. I, E.L.AVK

Fig. 1. Multiple alignment of the deduced amino acid sequences ofElements of regular secondary structure are shovan(ashelix) andb
glycosomal GAPDHSs of Kinetoplastida and the closely relaed  (B-strand) and the S-loop is labeled. The active-site cysteine is indi-
gracilis homologue.Dots represent amino acids that are identical to cated by theasterisk,and the boundary between the N- and the C-
those at the corresponding positions in Thdéruceisequence-dyphens  terminal domains by tharrow. The numbering is according to tfie
indicate the absence of amino acids at the corresponding positiongrucei enzyme.

sented in Fig. 1. The GAPDH sequences frBhytomo-  cana,andT. borreli proteins. All enzymes are positively
nas sp, C. fasciculata, H. samuelpessoand L. sey- charged with the exception of tihytomonassAPDH,
mouri represent typical glycosomal proteins with which is neutral, and all sequences present a short C-
specific peptide insertions at the same positions as deerminal extension carrying a PTS-1 motif (Table 1). The
scribed previously for th&. brucei, T. cruzi, L. mexi- percentage of amino acid identity between the different
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bbbbbbbb bbbbbbbb aaaaaaaaaaaaa bbbb
T.brucei GKLTGMAFRVPTADVSVVDLTFIATRDTSIKEIDAALKRASKTYMKNILGYTDEELVSADF 300
T.cruzi  ...... S..... P T.A..... [ Govirtiii e
L.mexic - A S G O €
Crithid  ...... S..o... Po.o.o..o.... R....... Q... ... K..Q....G...F....... S..
Leptomo  ...... S..... Po.o....... R....... [© Koo, G...F..........
Phytomo  ............ Po.o.ooooo.. Tttt iiee K.V I.G..SF....... T..
Herpeto  ...... S..... P T.AK........ E.F......... G..S........ S..
T.borrell ............ P.o.o....... TT.K. ... AAS.LRG..DISK..... T..
T.borrel2 ............ Pooooou... TT.K.viiiiininnn. AAS.LRG..DISK..... T..
E.gracil ............ Poooo.... L.EK........ SL..K..Q..L.G F T

bbbbaaaaaa bbbbbbbbb aaaaaaaaaaaaaaaaaa

T.brucei ISDSRSSIYDSKATLONNLPNERRFFKIVSWYDNEWGYSHRVVDLVRHMAARD--RAAKL 357
T.cruzi NN Kt i i e e SK.--.S.R.
L.mexic NLNL LWV G.K....V........ Ao Y...K.-AASS.M
Crithid NAL e G.K....V. i F.G.K.-RSSS..
Leptomo NLAL L G.K.... V... i F.G.K.-RASS.M
Phytomo NUNH. .o S IIY..K..-AAS...
Herpeto YNNNN........ovvennn G.K.... V..o N.LSF.IKK.-RAGS.I
T.borrell .HNPN...... L.o....... T.K....V.o....oo.. N....... F.NSK.SKCH. ..
T.borrel2 .HNPN...... L.o....... T.K....V N....... F.NSK.SKSH. ..
E.gracil VH.N....... Lo, G.K.L..V N..... LK. .SGN

Fig. 1. Continued.

GAPDH sequences calculated from the alignment in Figsamuelpessoargespectively). Even for the arginine and
1is given in Table 2. A very high percentage of identity leucine codons, in which the first position is degenerate,
(more than 90%) is observed between the fimgpano-  C is preferred at this position. These three species have
somaspecies as well as betweéh fasciculataand L. almost-identical codon usage preferences which could
seymouri.The GAPDH sequence df. borreli is, with not be attributed only to the GC preference at the third
values of about 75%, more distantly related to the Try-base position. Indeed, the order of usage for a group of
panosomatidae but clearly homologous. degenerate codons is the same (except for proline and
alanine, for which the order of preference Hh.
samuelpessoas reversed compared to that in both other
species). Another noteworthy feature of these three spe-
cies is the highly biased usage of the 61 possible coding

The overall nucleotide composition as well as the fre-mpletS compared to the other species: between 34 and 39

guency of the nucleotides at the third codon position and Ogglssa;?nusl’gd 'rr:]g:gstehrr:eg 1getpe|se¥\éhe-r|]§\é?é tZe oltnher
the frequencies of each codon triplet was determined fO?pAPIIDH of Cp f;’sc'c latal0 amino Irfc'ds e(tre each )én—
the different GAPDH genes and is presented in Tables :9 ' icu ! !

and 4. In all species the GAPDH genes are reIativerCOded by only one triplet. Except for the fact that these

GC-rich except inT. borreli, where all nucleotides are three insect parasites have a higher-biased codon usage,

equally well represented. Compared to the other specie%giyazzz\’;r? rteofs:;?g;s V\?\Z 3';“:3; ti;ggrs]ﬁ:gpee;" de-
T. bruceishows a lower GC content due to a smaller,”. Y P P .
ailed analysis of the codon usage lof mexicanaand

percentage of G. When the frequencies of the third bas% hT . . ber of h stud
of the codons used are compared with the overall nucleo2Ot | 'YPANOSOMAPECIES, SINCE a nUMBer of Such stud-

tide composition, it is immediately apparent that the'®S: all including the GAPDH data, have already been

-« i« p:published (Michels 1986; Parsons et al. 1991; Alonso et
codon usage of the GAPDH genes of all species is bi [. 1992; Alvarez et al. 1994). Concerning the partial

ased. However, the nature of this bias is not the same ise uences... major shows the same codon usagelas
all KinetoplastidaT. borrelifavors a T or a C at théhird qu - maj Y
mexicanawhereas the preferences of the thTegpano-

position, whereas iff. bruceisome bias exists only to- somaspecies are very close to thatBfbrucei(data not
war n inst A. A similar much more pro- : . .
ard C and against similar but much more pro shown). It is evident from the data in Table 4 th&t

nounced effect can be observed for all other specie Sorreli is apart from the others, with a lower bias (57
Moreover, these organisms also show preference fj?. P '
riplets are used).

codons wih a G and not a T in th&vobble position. This
bias is particularly strong if€. fasciculataand L. sey-
mouri, where the GC content of the third base is higheranalysis of Amino Acid Substitutions in the

than 95%. A remarkable feature of these two species, bus APDH Proteins

also ofH. samuelpessoais that the only triplet ending

with an A is the stop codon (TAA), wieéla T israrely  Based on the three-dimensional structures ofTthbru-
incorporated at the degenerate position (in 9, 21, and 38eiandL. mexicanaGAPDHSs (Vellieux et al. 1993; Kim
codons forC. fasciculata, L. seymouriand H. et al. 1995), amino acid substitutions in the various ki-

Nucleotide Composition and Codon Usage of the
GAPDH Genes



Table 2. Percentage of identity between the amino acid sequences of glycosomal GAPDHs from different Kinetoplastida
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T. bruc. T. cruzi L. mex. C. fasc. L. sem. Phyto. H. samu. T. bor.
T. brucei 100 90.2 80.3 81.2 81.7 78.4 78.4 75.3
T. cruzi 100 84.3 85.7 85.4 80.6 82.3 76.7
L. mexicana 100 90.4 90.2 82.3 82.9 77.5
C. fasciculata 100 96.2 83.1 85.1 78.4
L. seymouri 100 83.1 85.4 77.2
Phytomonasp. 100 82.6 75.6
H. samuelpessoai 100 77.0
T. borreli 1 100

Table 3. Nucleotide composition and frequencies of nucleotides at the third codon position of genes coding for glycosomal GAPDHs i
Kinetoplastida

Frequency of
nucleotides (%)

Frequency of nucleotides at
the third codon position (%)

A G T C GC A G T Cc GC
T. brucei 21.65 27.15 21.65 29.55 56.70 8.76 25.77 23.19 42.27 68.04
T. cruzi 20.79 33.16 18.21 27.83 60.99 5.15 40.72 16.49 37.62 78.34
L. mexicana 21.48 33.85 16.67 28.00 61.85 3.60 45.88 11.34 39.17 85.05
C. fasciculata 19.80 33.80 15.00 31.40 65.20 0.28 46.41 2.49 50.82 97.23
L. seymouri 19.89 34.80 15.75 29.56 64.36 0.28 47.79 4.70 47.23 95.02
Phytomonasp. 22.28 30.20 18.70 28.82 59.02 4.42 37.29 13.81 44.48 81.77
H. samuelpessoai 20.72 31.12 18.14 30.02 61.14 0.28 40.88 10.50 48.34 89.22
T. borreli 1 25.68 25.51 24.82 23.97 49.48 18.04 18.55 34.54 28.86 47.41

netoplastid sequences have been analyzed in a structurgdrbonyl but not through the side chain. A good conser-
and functional context. Th€. borreli GAPDH encoded vation is observed when comparing the subunit interface
by gene 1 has not been included in this study since thisesidues of the sequences: 82% identity (excluding the
polypeptide is anomalous in several respects (Wiemer ahterface residues involved in catalysis, substrate, and
al. 1994). In all species analyzed, the residues involvedNAD™ binding), whereas the amino acids located at the
in catalysis (C165, H193), in substrate-phosphate bindsurface present only 54% identity.

ing (T196, A197, T198, R248), and in inorganic phos-

phate binding (S164, T166, T167, T225, G226, A227)

are fully conserved. A comparison of the three- Phylogenetic Analysis

dimensional structures of the parasites’ GAPDHs and the

human enzyme has shown that the NARInding region  Phylogenetic analyses were carried out on the partial
is well conserved around the nicotinamide part of thenucleotide as well as protein sequences of all 14 taxa and
cofactor, involved in the reaction mechanism. In con-usingE. gracilis as the outgroup. The results of a maxi-
trast, the residues closest to the adenosine moiety ahum-likelihood analysis based on either DNA or protein
NAD* appear to be more loosely packed around the cosequences are shown in Figs. 2A and B. All trypano-
factor. The cleft and pockets so created have alreadgomes behaved as a monophyletic group with high quar-
been exploited for the design of selective inhibitors (Ver-tet-puzzling and bootstrap support. Within this trypano-
linde et al. 1994). Three residues in this particular regionrsome clade]T. cruzi separated befor&. vivaxand the
are variable in the Kinetoplastida. Rhytomonasn ala-  African trypanosomes, which formed a separate clade of
nine is found at position 36 instead of a valine in theclosely related taxa. Although the branching ordei of
other GAPDHSs. This residue does not contact NAD cruzi, T. vivax,and the African trypanosomes was well
directly but is very close to C2 of the adenosine part ofestablished, the relationships within the African trypano-
the molecule. Residue 39 is an asparagine inthe  somesT. brucei, T. b. gambiens@nd T. congolense,
panosomaspecies and a serine in all the others. Thiscould not be determined. The other trypanosomatids
amino acid has an important position in the selectivityformed the second clade in whitleptomonasnd Cri-

cleft for drug design, although it does not interact with thidia appeared monophyletic with all methods used, but
the cofactor (Verlinde et al. 1994). At position 90, dif- not always strongly supported by bootstrap analysis or
ferent amino acids are found (Q, D, A, T). Th brucei  quartet puzzling.Phytomonasand Herpetomonasbe-

and L. mexicanaGAPDHs the glutamine makes a hy- haved as either monophyletic or paraphyletic and differ-
drogen bond to N6 of the NADadenine via its backbone ent methods gave different branching orders for these
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Table 4. Codon usage of glycosomal GAPDH genes in Kinetopladtida Table 4. Continued
Tb. T.c. Lm. Phyto.o C.f Ls. Hs. T.bo. T.b. T.c. Lm. Phyto. Cf Ls. Hs. T.bo.
Phe Cys
TIT 0 4 2 2 1 0 1 6 TGT 0o 1 1 1 0o 0o o0 2
TTC 12 7 9 9 12 12 12 5 TGC 4 3 3 3 4 4 4 3
Leu Trp
TTA 0 0 0 0 0 0 0 1 TGG 4 4 4 4 4 4 4 4
TG 1 2 2 3 0 0 0 5 Arg
CTT 5 7 3 2 1 2 3 3 CGT 8 6 2 3 0 0 3 5
CTC 12 5 3 7 4 4 4 6 CGC 10 10 12 8 15 15 8 7
CTA 1 0 0 2 0 0 0 1 CGA 0o 0 0 O 0 0 0 O
CTG 4 8 9 6 14 12 14 8 CGG 2 2 0 0 0o 0 0 1
lle AGA 0 0 0 © o 0 o0 1
ATT 8 9 4 3 0 1 2 7 AGG 0 1 o0 1 0 0 0 O
ATC 10 8 18 22 19 17 14 12 Gly
ATA 0O 1 0 2 0 0 0 2 GGT 14 7 6 7 0 4 4 12
Met GGC 13 18 22 16 30 27 26 11
ATG 10 10 11 6 1 12 1 5 GGA 1 4 1 3 0 0 0 9
Val GGG 1 1 0 3 0 0 0 o
GTT 8 2 1 5 2 1 5 10 Stop
GTC 11 9 7 5 3 5 8 7 TAA 1 1 0 1 1 1 1 1
GTA. 0 2 2 0 0 0 0 13 TAG o 0o 0o o0 0 0 0 O
GTG 20 26 30 26 3B 37 27 9 TGA 0o 0 1 0 0o 0 0 o0
Ser
TCT 4 4 4 3 1 1 5 6 No. of
TCC 8 5 8 9 10 9 10 11 codonsused 54 55 51 52 34 36 39 57
TCA 2 2 0 0 0 0 0 2
TCG 4 5 6 7 9 9 8 2 2T.b., Trypanosoma brucer.c., Trypanosoma cruzL.m, Leishmania
AGT 2 2 0 0 0 0 0 1 mexicana Phyta, Phytomonassp.; C.f,, Crithidia fasciculata L.s,
AGC 7 7 8 7 8 7 8 5 Leptomonas seymouti.s, Herpetomonas samuelpessoaibo, Try-
Pro panoplasma borrel(gene 1).
cCcT 2 0 2 0 0 0 1 7
ccc 3 6 2 8 2 1 7 5
CCA 4 1 1 0 0 0 0 3 two taxa, all with low bootstrap values, indicating that
hCCG 1 5 8 6 1211 6 1  the precise order of events in this part of the tree could
T LCT 9 3 3 5 0 1 5 9 not be precisely determined. Identical results were ob-
ACC 6 8 8 3 13 7 10 6 tained when the 10 taxa were used for which full-length
ACA 5 2 1 4 0 0 0 10 sequences have been determined.
ACG 7 16 16 12 15 18 12 0
Ala
GCT 8 3 4 8 3 4 8 12 . :
Gce 17 8 13 10 o 10 12 11  Discussion
GCA 4 5 3 2 0 0 0 6 ) _ )
GCG 5 17 15 12 19 19 9 0 Using the glycosomal GAPDH gene frolreishmania
Tyr mexicanaas a probe, we have cloned and sequenced the
TA(T: 1; g t ?é % 0 03 6 homologous genes from four species belonging to the
HiSTA 1 1 1 11 4 order of KinetoplastidaCrithidia fasciculata, Leptomo-
CAT 1 2 o 1 o o0 o0 8 nas seymouri, Herpetomonas samuelpessaad Phy-
CAC 9 9 10 9 9 8 7 3 tomonassp. Moreover, partial sequences have also been
Gln obtained by PCR folLeishmania major, Trypanosoma
CAA 2 0 1 1 c o o 1 brucei gambiense, Trypanosoma congoleresg] Try-
ASiAG 5 8 8 5 ! ! 8 5 panosoma vivax.
AAT 3 3 2 1 o o o0 8 When analyzing the different GAPDH gene se-
AAC 14 11 12 15 14 14 18 8 quences, we found that. mexicana, C. fasciculata, L.
Lys seymouri, H. samuelpessoaind Phytomonassp. share
AAg 2% 21 21 208 58 go 23 138 similar codon usage, different from the other species.
AS?)A 1 ! ! Moreover, the sequences fro@. fasciculata, L. sey-
GAT 8 5 3 6 1 3 a 9 mouri, andH. samuelpessoaach exhibit a more biased
GAC 14 16 18 17 22 20 14 13 codon usage toward the same set of preferred codons:
Glu only 34, 36, and 39 of the 61 possible coding triplets are
GAA 2 1 1 1 o o0 0 4 used, respectively. Such a strong bias has also been
GAG 9 14 13 16 14 14 16 11

found for the highly expressed GAPDH genes in yeast
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L. mexicana B |:L. mexicana
I 100

L. major 99 L. major

o C. fasciculata — C. fasciculata

. 100
N L. seymouri — L. seymouri
Phytomonas sp. s Phytomonas sp.
H. samuelpessoai — H. samuelpessoai
100 T. brucei 8s
. T. brucei
T. congolense
o T. gambiense
] T. gambiense
o T. congolense
T. vivax 100
_ T. vivax
T. cruzi
— T. cruzi
1o T. borreli 1
T borreli 2 s2[ T. borreli 2
. gracills T. borreli 1
0.1 E. gracilis

0.1

Fig. 2. Maximum-likelihood phylogenetic trees constructed from represent estimates of support (percentages) for each internal branch
glycosomal GAPDH sequences of kinetoplastid protozoa. Trees werdased on 1000 quartet puzzling steps. For references to the methodol-
constructed on the basis of nucleotileand deduced amino aciél ogy and the source of sequences used for the alignment and tree con-
sequences. The trees were rooted with the gene/amino acid sequencestfuction, see Materials and Methods.

the corresponding GAPDH @& . gracilis. Values indicated at the nodes

(29 codons) anét. coli (40 codons) (Bennetzen and Hall 1997). However, a high glucose consumption rate has
1982; Branlant and Branlant 1985). In both organismsalso been measured for tlighytomonassp. [50 nmol

the preferred codons correspond with the most abundamhin™ (g protein)*], which does not show such a strong
isoacceptor tRNA species in the cell. Tnbrucei,where  codon bias. This organism, parasitizing the carbohy-
GAPDH represents 0.5% of the total cellular proteins,drate-rich fluids of plants, secretes cellulose-starch-, and
the gene is composed of 54 different triplets (Misset et alpectin-degrading enzymes into the external medium and
1986; Michels et al. 1986). However, Alvarez et al. utilizes glucose, fructose, and mannose as the major en-
(1994) have shown that far. bruceiand forT. cruzi,the  ergy substrates (Sanchez-Moreno et al. 1992jascicu-
level of gene expression is not reflected in an extremdata, a monoxenous trypanosomatid of mosquitoes, on
codon bias but, rather, in a trend toward the use of G- anthe contrary, is not able to degrade trehalose, the most
C-ending triplets in the highly expressed genes. Theabundant sugar in insect hemolymph (Cosgrove 1963).
same authors have shown that alsd_gishmaniaspe-  Moreover, the carbohydrate content of its environment,
cies, genes which are strongly expressed present strongéte insect's midgut, is in general quite low, whereas
codon biases. This conclusion could not be extended tother oxidizable substrates such as amino acids and fatty
C. fasciculata:the highly expressed gene coding for acids are abundant. Sugars are present in blood and
metalloproteinase and the dihydrofolate reductase-plants saps, the insect food, but disappear from the in-
thymidylate synthase gene expressed at a very low leveakstine soon after the meal (Evans and Brown 1972).
show the same codon usage and biases. Although tHerom these considerations, it does not seem likely@hat
level of expression of the glycolytic enzymes has notfasciculataand, probably alsd,.eptomonasand Herpe-
been determined i€. fasciculatawe know that a rela- tomonaswhich also live in the intestine of their insect
tively high glucose consumption rate has been measurelosts, rely heavily on carbohydrates for their energy sup-
in this organism [38 nmol miit (g protein)?]. This  ply and therefore should not need a high level of expres-
value is lower than what has been determined for thesion of their glycolytic enzymes. However, when we
bloodstream form ofl. brucei[80 nmol mir* (g pro-  analyze the gene coding for another glycolytic enzyme of
tein)™], which relies only an aerobic fermentation of C. fasciculataphosphoglycerate kinase, we can also ob-
glucose for its energy supply, but higher than in theserve a strong bias (only 43 different triplets are used)
procyclic insect form [9 nmol mirt (g protein)l], also  (Swinkels et al. 1992). The great similarity between
capable of oxidative phosphorylation (Michels et al. these two glycosomal genes, in both the degree and the
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direction of their codon preferences, suggests that thislosely related. However, depending on the number, the
usage pattern has functional significance and is nobrigin, or the alignment of the sequences, the gelmys

merely a statistical anomaly. But this characteristic maypanosomappears to be either paraphyletic (Gomez et al.
not necessarily correlate with the level of expression 0fl991; Fernandes et al. 1993; Landweber and Gilbert
the genes. When analyzing the GAPDH genes from fivel994; Maslov et al. 1994, 1996; Du et al. 1994; Lukes et
parabasalid species, Viscogliosi and'IMu (1998) also  al. 1994) or monophyletic (Hernandez et al. 1990; Berch-
noticed a striking species-dependent range of the numbeold et al. 1994; Marche et al. 1995). Recently, Lukes et
of codons used (from 32 to 59), although all these or-al. (1997) suggested that the paraphyletic tree topology
ganisms are glycolytic, probably with high glucose may be an artifact caused by a high rate of substitutions
fluxes. in the rRNA genes of thd. bruceiand outgroup lin-

All the GAPDHs present the typical characteristics for eages. Previously we already proposed a phylogenetic
glycosomal proteins: the presence of peptide insertiontree based on GAPDH sequences suggesting the mono-
compared to the cytosolic enzymes, a high positive nephyly of the genusrypanosomgHannaert et al. 1992).
charge (except th®hytomonasnzyme), and a PTS-1 Comparisons of other protein coding genes also showed
motif. As expected, residues important for catalysis andhatT. bruceiandT. cruziare more closely related to one
substrate binding are fully conserved. Some variability isanother than either species isQuoithidia or Leishmania
observed in the cofactor-binding pocket. However, the(Hannaert 1995, Alvarez et al. 1996). Unfortunately, the
general structure of this region and, more precisely, theaumber of available sequences for each of these proteins
three areas that have been exploited for the design ds, in general, limited to species belonging to the genus
selective inhibitors are probably maintained. The smallTrypanosoma, Leishmaniand Crithidia.
hydrophobic pocket created by Val36 should not be dras- GAPDH is considered a suitable phylogenetic marker,
tically modified in Phytomonasby the presence of an because of its ubiquitous distribution and slow rate of
alanine. The second area of interest in front of Leul112 ievolution (Fothergill-Gilmore and Michels 1993). Most
present in all GAPDHSs. Finally, the hydrophobic cleft Kinetoplastida contain two GAPDH isoenzymes, one di-
around the adenosine ribosé-t#/droxyl group com- rectly involved in glycolysis and located in the glyco-
posed of residues 36—39 is also well conserved. The varsomes and the other present in the cytosol. We used the
ability observed for residue 39 (asparagine or serine) hadlycosomal GAPDH to determine the phylogenetic rela-
already been identified when inhibitors were tested ortionships of these protists since this isoenzyme must
theT. bruceiandL. mexicananzymes and appeared not have been the original one, already present in the com-
to prevent the inhibitory action (Verlinde et al. 1994). mon ancestor of the Kinetoplastida, whereas the other
These results are encouraging regarding the developmenhe was acquired by the lineage at a later stage (Wiemer
of future drugs. However, some caution is warrantedet al. 1995). This analysis was performed with the DNA
because the variability suggests the possibility that variand amino acid sequences, either with the 10 complete or
ant parasites which are less sensitive already exist iwith the 14 partial kinetoplastid sequences, and the
nature and that resistance could spread upon introductioBAPDH of E. gracilis as the outgroup. Phylogenetic
of the new drugs. Therefore, a search for more new tartrees were constructed with several methods, and their
gets, enabling combined drug therapy, seems relevant.reliability was tested by bootstrapping. Each of the meth-

If the subunit interfaces of the proteins are reasonablyods resulted in essentially similar branching orders, with
well conserved, this is not the case for the surface resithe exception of th€hytomonasndHerpetomonadin-
dues. We noted already that the surface charge is naages, of which the relationship is not reliably resolved
essential for the functioning of GAPDH inside the gly- by any reconstruction. They appear as either monophy-
cosome because it varies considerably. It seems now thégtic or paraphyletic, always with little support. This
the overall nature of the surface is less important. Thigoroblem was already encountered by others (Marche et
also implies that it is unlikely that drugs could be tar- al. 1995). More related sequences would probably be
geted efficiently to surface residues. Resistance wouldneeded to draw conclusions about their phylogenetic po-
indeed, spread quickly due to the existing variability. sition. Consistent statistical support was, however, ob-

During the last decade, the development of novel mo+tained for the monophyly of allrypanosomaspecies
lecular evolutionary methods has provided new means ofxamined even with nucleotide sequences, indicating
assessing the kinetoplastid relationships and thus of urthat the slightly different G+C content and codon usage
raveling the origin and evolution of parasitism. The ma-used byT. bruceido not have a significant influence.
jority of the studies on the phylogenetic inferencesThe difficulty to establish relationships among the Afri-
within the order Kinetoplastida were based on compari-can trypanosomes is probably due to the high level of
son of nuclear and kinetoplastid ribosomal RNA geneidentity between the sequences (between 96 and 99%).
sequences. All rooted trees suggest thabruceiandT.  Nevertheless, the Salivarian trypanosomgsyvax, T.
cruzi diverged before the lineage leading @rithidia, brucei, T. congolenseand T. gambienseform a well-
Leishmaniaand other trypanosomatid genera which aresupported cluster separating afercruzi,a representa-
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tive of the Stercorarian trypanosomes in agreement wittEvans DA, Brown RC (1972) The utilization of glucose and proline by
other trees (Lukes et al. 1997)_ As in other studies, the culture forms ofTrypanosoma bruceil Protozool 19:686-690

. . . . . Felsenstein J (1993) PHYLIP (phylogeny inference package), Version
Bodonina is the first group to branch off during the ki 3.5c. Department of Genetics, University of Washington, Seattle

netoplastid evolution. Thereafter, the family Trypanoso-gemandes AP, Nelson K, Beverley SM (1993) Evolution of nuclear

matidae is divided into two major clades: tfieypano- ribosomal RNAs in kinetoplastid protozoa: perspectives on the age
somagenus on one side and all the other genera and origins of parasitism. Proc Natl Acad Sci USA 90:11608—
(Leishmania, Crithidia, Herpetomonas, Leptomorsas] 11612

. . . . Fothergill-Gilmore LA, Michels PAM (1993) Evolution of glycolysis.
Phytomonas on the other side. The inclusion of addi- Prog Biophys Mol Biol 59:105-235

tional kinetoplastid sequences might enable us to defingome, £, valdes AM, Pinero D, Hernandez R (1991) What is a genus
further the phylogenetic relationships within each of in the Trypanosomatidae family? Phylogenetic analysis of two
these major clades, to reduce the uncertainties associated small rRNA sequences. Mol Evol Biol 8:254-259

with the position of certain branches, and to retrace inffannaert V (1995) La glysaldéhyde-3-phosphate “dydrogease:

. . . . une enzyme-¢lehez les Kinetoplastida. The de doctorat. Uni-
more detail the adaptation of all these organisms to their versiteCatholique de Louvain, Belgium

parasitic life Style- Hannaert V, Michels PAM (1994) Structure, function and biogenesis of
glycosomes in Kinetoplastida. J Bioenerg Biomembr 26:205-212
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