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Abstract. Members of the transketolase group of thia- portant residues and the fact that the same kinetic mecha-
mine-diphosphate-dependent enzymes from 17 differentism is applicable to all characterized transketolase
organisms including mammals, yeast, bacteria, angnzymes is consistent with the proposition that they are
plants have been used for phylogenetic reconstructiorall derived from one common ancestral gene. Transke-
Alignment of the amino acid and DNA sequences for 21tolase appears to be an ancient enzyme that has evolved
transketolase enzymes and one putative transketolase rdlowly and might serve as a model for a molecular clock,
veals a number of highly conserved regions and invarianat least within the mammalian clade.

residues that are of predicted importance for enzyme

activity, based on the crystal structure of yeast transkeKey words: Transketolase — Thiamine diphosphate
tolase. One particular sequence of 36 residues has some Transketolase motif — Evolution — Phylogenetic
similarities to the nucleotide-binding motif and we des-trees — Molecular clock

ignate it as the transketolase motif. We report further
evidence that the recP protein frddtreptococcus pneu-
moniaemight be a transketolase and we list a number of .
invariant residues which might be involved in substrateIntrOdUCtlon

binding. Phylogenies derived from the nucleotide and the

amino acid sequences by various methods show a corFransketolase (EC 2.2.1.1) catalyzes two separate reac-
ventional clustering for mammalian, plant, and gram-tions of the nonoxidative branch of the pentose-
negative bacterial transketolases. The branching order gfhosphate pathway which, along with the enzyme trans-
the gram-positive bacteria could not be inferred reliably.aldolase, provides the link between this pathway and
The formaldehyde transketolase (sometimes known aglycolysis. This enables the recycling of pentose sugars
dihydroxyacetone synthase) of the yeldahsenula poly- under conditions where NADPH production is required
morpha appears to be orthologous to the mammalianfor reductive biosynthesis. Transketolase (Datta and
enzymes but paralogous to the other yeast transketolasd3acker 1961) is one of at least 14 enzymes requiring
The occurrence of more than one transketolase gene ithiamine diphosphate (ThDP) and divalent cations for
some organisms is consistent with several gene duplicazatalytic activity but is the only cytosolic ThDP-
tions. The high degree of similarity in functionally im- dependent enzyme in mammalian systems.

The enzyme has been purified from several organisms
(Kochetov 1982), and the functional form isolated from
baker's yeast (de la Haba 1955; Srere 1958) is a ho-
Correspondence td®.F. Nixon modimer of 74-kDa subunits, each of which contains a
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molecule of ThDP (Kochetov 1986). While the same strate specificity to th&. cerevisia@nzyme (Villafranca
appears to be true for the rat (Horecker et al. 1953)and Axelrod 1971) and can also catalyze the transfer of
human (Heinrich and Wiss 1971), some plant (Bernaca two-carbon fragment from hydroxypyruvate to non-
chia et al. 1995), and other yeast transketolases (Kiely gthosphorylated acceptor sugars. Recent findings indi-
al. 1969; Waites and Quayle 1981), the enzyme apparcate that transketolase purified frdi coli displays ki-
netly exists in monomeric form in spinach (Villafranca netic properties similar to those of the yeast and plant
and Axelrod 1971) and as a tetrameric form in bothtransketolases (Sprenger et al. 1995). In contrast, mam-
Candida boidinii(Kato et al. 1982) and pig (Philippov et malian transketolases display a higher degree of sub-
al. 1980). More recent reports have discounted the lattestrate specificity, with onlyp-xylulose 5-phosphaten-
demonstrating that the pig enzyme is also a homodimeffuctose 6-phosphate, amdsedoheptulose 7-phosphate
(Voskoboev and Gritsenko 1981) and while it is possible@s donors, and-ribose 5-phosphate-erythrose 4-phos-
that theC. boidinii enzyme is truly tetrameric, consider- Phatep-glyceraldehyde 3-phosphate, and glycoaldehyde
ation must be given to the fact that transketolases fronS acceptor substrates (Waltham 1990; Schenk 1996).
relatedCandidastrains are confirmed dimers (Klein and ~ Clearly there is evidence for functional diversity
Brand 1977). Yeast transketolase has been well chara@Mong members of the transketolase family, which could
terized with respect to its chemical and catalytic Ioroper_reflect different active-site fine structure. Given the

ties (Kochetov 1986), and the three-dimensional struc/@n9€ of sequences now available for study, it is possible

ture of transketolase froaccharomyces cerevisiaas to attempt the phylogenetic reconstruction of this family.

recently been determined to 2.0-A resolution (Nikkola et>€veral reports have inferred the phylogeny of transke-
al. 1994) tolase on the basis of dendograms calculated from rela-

Genes coding for dihydroxyacetone synthase (the spetiveIy few sequences (Reizer et al. 1993; Suritatenal.

cific transketolase of the methanol-utilizing yeddan- 1993; Van .De.n Bgrgh et .al. 1996), proyldmg an Inter-
senula polymorpHa(Janowicz et al. 1985) and transke- esting but limited insight into the evolution of this en-
tolase from mammals (Abedinia et al. 1992; McCool et?YMe: . . .

al. 1993), yeasts (Sundstroet al. 1993 Metzger and Here, we report the detailed analysis of two partlz_;ll
Hollenberg 1994), bacteria (e.g., Sprenger 1993"'-Schaand 20 complete DNA sequences and translated amino

ferjohann et al. 1993: Chen et al. 1991), and plants (Ber-aCId sequences derived from mammals, yeast, bacteria,

nacchia et al. 1995: Teige et al. 1995 GenBank) hav and plants, and thus provide a more detailed view of the

ivergent evolution of this family. Our investigation in-
been cloned and sequenced. A second transketolase, dlﬁhdes the recP gene fro pneumoniaéRadnis et al

tinct from but closely related to the first, has been clonedlggo). Previous studies have suggested that recP might
in both Escherichia coli(lida et al. 1993) and. cerevi- - ;e tor 4 transketolase even though the product of this
siae (Schaaff-Gerstenscigar and Zimmermann 1993), 4ane is thought to be involved in recombination (Sund-
although any unique functions and metabolic implica-giqm et al. 1993). We provide further evidence for this
tions of these enzymes remain unclear. In the dessicas ggestion and identify a transketolase motif. Phyloge-
tion-tolerant plantCraterostigma plantagineurthree  netic reconstructions are consistent with the proposition
distinct forms of transketolase have been cloned (Berihat transketolase represents an ancient “housekeeping”
nacchia et al. 1995). One form (Cpl3) is expressed conanzyme with a complex evolutionary history.
stitutively, while the remaining two forms (Cpl7 and
Cpl10) appear to be involved specifically in the rehydra-
tion process. Methods

A broad range of substrates has been reported for the
transketolases from yeasts, plants, and bacteria. TranSequence AlignmentShe deduced amino acid sequences encoded by
ketolase fromS. cerevisiaecan utilize sugars such as 21 different transketolase genes &f. cerevisiae(Schaaf-

_ _ _ ) Gersternsclilger and Zimmermann 1993; Sundstreet al. 1993) Pi-
D XyIUIose > phosphateo SedOhethIose 7 phosphate, chia stipitis (Metzger and Hollenberg 1994k. coli (Sprenger 1993;

D-fructose G'PhOSPhatea amderythrulose 4'ph05phate’ lida et al. 1993) Alcaligenes eutrophuéSchiderjohann et al. 1993),
as well as dihydroxyacetone phosphate, dihydroxyacHaemophilus influienza®d (Fleischmann et al. 1995Rhodobacter
etone, and hydroxypyruvate as donors of glycoaldehydesphaeroides(Chen et al. 1991)Rhodobacter capsulatugde Sury
Acceptor substrates include-ribose 5-phosphatep- D’Aspremont et al. 1996)Xanthobacter flavugvan Den Bergh et al.

1996), Mycobacterium lepragSmith 1994: GenBank)Mycoplasma
glyceraldehyde 3-phosphate;erythrose 4-phosphate, genitalium(Fraser et al. 1995Mus musculugmouse) (Schimmer et al.

and glycoaldehyde. (Kochetov 1986). The transketolasggge),rattus norvegicugat) (Kim et al. 1994: GenBank), adutomo

of H. polymorpha(dihydroxyacetone synthase) and also sapiens(this paper), fetaHomo sapiengJung et al. 1993: GenBank),
that of C. boidinii display an even larger range of sub- Solanum tuberosunfpotato) (Teige et al. 1995: GenBank), aad
strate utilization including all of the above-mentioned plantagineun{Bernacchia et al. 1995), the formaldehyde transketolase

of H. polymorpha(Janowicz et al. 1985), and the sequence of the
substrates as well as formaldehyde and acetaldehyde S&ative transketolase encoded by the recP gene 8opneumoniae

acceptors (Kato et al. 1982; Janowicz et al. 1985). TranSadnis et al. 1990) were obtained from GenBank. These genes include
ketolase from spinach leaves has a similar range of subepresentatives of mammals, yeast, bacteria, and plants. Additional
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Table 1. Sequences used in this stédy MEGA software package (version 1.0) (Kumar et al. 1993). Transition/
transversion ratios were derived from pairwise comparisons between
Accession all sequences using the same program. The nucleotide and amino acid

Phyla Code Source no. composition matrices were subject to contingency table tests in order to
determine the heterogeneity/homogeneity of the data sets. Stationarity
Mammalia ~ Hsa(ad) Homo sapiengadult) us5017 was checked according to the method of Saccone et al. (1990), assum-
Hsa(ft)  Homo sapiengfetal) L12711 ing x> < 1.5 as the necessary stationarity criterion.
Rno Rattus norvegicugrat) u09256 Using the MEGA software package (Kumar et al. 1993) and the
Mmu Mus musculugmouse) u05809 Phylo Win program (Galtier and Gouy 1995) sequence distance matri-
Plant Cpl7 Craterostigma plantagineum 746648 ces were established in pairwise comparisons for both character sets
Cpll0  Craterostigma plantagineum Z46647 using a variety of algorithms: p-distance and Gamma distance 2
Cpl3 Craterostigma plantagineum  Z46646 (see Kumar et al. 1993) for protein sequences and distances derived by
Stu Solanum tuberosurfpotato) 250099 calculating the p-distance and applying the algorithms of Jukes and
Yeast Hpo Hansenula polymorpha X02424 Cantor (1969), Kimura (1980), Galtier and Gouy (1995) and Lockhart
Scel Saccharomyces cerevisiae ~ X73224 et al. (1994) for DNA sequences. Euclidean distances were calculated
Sce2 Saccharomyces cerevisiae ~ X73532 in order to distinguish between the phylogenetic and the compositional
Pst Pichia stipitis 726486 signal (Lockhart et al. 1994).
Bacteria Ecol  Escherichia coli X68025 All distance-matrix-based phylogenies were derived using the
(y-subdivision) neighbor-joining (NJ) method (Saitou and Nei 1987) and the minimum
Eco2 Escherichia coli D12473 evolution (ME) approach (Rzhetsky and Nei 1992). (The program
(y-subdivision) METREE [Rzhetsky and Nei 1994] was kindly provided by Dr M. Nei,
Rsp Rhodobacter sphaeroides ~ M68914 Institute of Molecular Evolutionary Genetics, The Pennsylvania State
(a-subdivision) University, USA.) Maximum likelihood (ML) (Felsenstein 1981) and
Rca Rhodobacter capsulatas L48803 maximum parsimony (MP) (Fitch 1971) trees were analyzed using the
(a-subdivision) PHYLIP package (Felsenstein 1989) and the Phylo Win program
Xfl Xanthobacter flavus u29134 (Galtier and Gouy 1995), respectively. NJ, ME, and MP trees were
(B-subdivision) subjected to bootstrapping (1,000 replicates) (Felsenstein 1985). All
Aeu Alcaligenes eutrophus M68905 trees were unrooted and no outgroup was nominated.
(B-subdivision) Variations in sequence lengths (Fig. 1) resulted in some gaps. Tree
Hin Haemophilus influenzae L45661 topologies were obtained from data sets after removal of gaps in pair-
(y-subdivision) wise comparisons and from data sets after global removal of gaps.
Mie Mycobacterium leprae uo0013 Additionally, we analyzed an unambiguously aligned subset of regions.
Mge Mycoplasma genitalium U39686 (The selected positions in the amino acid alignment corresponded to
Spn Streptococcus pneumoniae  M31296 Scel residues 4-140, 149-268, 294-333, 339-349, 356-397, 409-519,
(recP) 555-605, 629-639, and 640-664.)

- The three dimensional structure of transketolase from the y&ast
#The codes used in figures and text, the source of each sequence aggrevisiachas been reported previously (Nikkola et al. 1994). The
its GenBank accession number, plus phyla are listed. In the case afecondary-structure elements are indicated in the alignment (Fig. 1).
gram-negative bacteria, the subdivision is indicated in parenthesis. Sesecondary-structure predictions of the remaining sequences were de-
quences are listed in the same order as the alignment in Fig. 1 rived by use of the programs PEPTIDESTRUCTURE (Jameson and
Wolf 1988) and PREDICTPROTEIN (Rost and Sander 1993).

sequences encoding the human transketolase were also available from

GenBank, including both a full-length sequence (McCool et al. 1993)

and a partial sequence reported previously by us (Abedinia et al. 1992Results

Our laboratory has since cloned and sequenced a full-length cDNA for

human transketolase which has some differences from that of McCool

et al. (see Discussion). This sequence has now been deposited with tlgequence Comparisons
GenBank database and is the human sequence used for the purpose of

alignment and phylogenetic reconstruction reported here. AIignment of the amino acid sequences of 19 entire and
Table 1 lists the sources of transketolase sequences used in our

analyses. The entire translated peptide sequence was used for analy 0 partlal (Cp|3 and Stu) transketolase enzymes and an
in all cases except for the plant sequences Cpl3 and Stu for which onigntire putative transketolase (corrected recP gene prod-
partial sequences (missing N-terminal residues) were available. Initiaict from S. pneumonigds shown in Fig. 1. Previously,
alignments were performed using Clustal W software (Thompson etalg high similarity between recP and bacterial transketo-
1994). The initial alignment was further refined by eye, bgarmg in mind lases was shown (Reizer et al. 1993). Correction of sev-
the secondary structure of the yeast transketolase derived from crys- . . . .
tallographic studies (Nikkola et al. 1994). Gaps were introduced intoeral assumed frame shifts in the N-terminal domain al-
the sequences where necessary to improve the overall alignment, eéowed Sundstim to confirm that recP could be a
pecially to allow for the larger size of dihydroxyacetone synthase fromtransketolase (sites of assumed frame shifts are indicated
H. polymorpha(Janowicz et al. 1985) and blocks of divergence be- by an X in Fig. 1) (Sunderstro et al. 1993). We have

tween the mammallar_l and other transketolases. Care was taken H’iscovered another potential frame shift that supports
ensure that no gaps disrupted the secondary structure of Scel. Unle

S. -
otherwise stated, the numbering of residues is derived fromSthe %hls su.ggestlon (See_ b_elow)-
cerevisiaetransketolase Scel (Nikkola et al. 1994). A high level of similarity was apparent between all

studied sequences, with 50 totally invariant residues

Phylogenetic AnalysiThe nucleotide and the amino acid compo- (Table 2A). Additionally, residues at many other posi-
sitions of the 22 sequences in our comparison were assessed using ttions are highly conserved throughout most of the pro-
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Hsa(ad) M ESYHKPDQOK LQALKDTANR LRISSIQATT AAGSGHPTSC CSAAEIMAVL FFHTMRYKSQ DPRNPHNDRF VLSKGHAAPI [ 81]
Hsa(ft) M ESYHKPDQOK LQALKDTANR LRISSIQATT AAGSGHPTSC CSAAEIMAVL FFHTMRYKSQ DPRNPHNDRF VLSKGHAAPI [ 81]
Rno M EGYHKPDQQK LQALKDTANR LRISSIQATT AAGSGHPTSC CSAAEIMAVL FFHTMRYKAL DPRNPHNDRF VLSKGHAAPI [ 81]
Mmu M EGYHKPDQQK LQALKDTANR LRISSIQATT AAGSGHPTSC CSAAEIMAVL FFHTMRYKAL DPRNPHNDRF VLSKGHAAPI [ 81]
Cpl7 MAPKTTLIAE PELVSKSVNT IRFLAIDAVE KAKSGHPGMP MGCAPMGHVL YDEFMRFNPK NPYWFNRDRF VLSAGHGCML [ 80]
Cpl10 MAKT TPSSPSAAAA AELVVKSVNT IRFLAIDAVE NVKSGHPGMP MGCAPMGHVL FDEFMKFNPK NPYWFNRDRF VLSAGHGAML [ 84]
Cpl3 [ 1
stu HRRILPSTTV TKQQFSVRAS AAVETLEKTD AAIVEKSVNT IRFLAIDAVE KANSGHPGLP MGCAPMGHIL YDEVMKYNPK NPYWFNRDRF VLSAGHGCML [100]
Hpo MS MRIPKAASVN DEQHQRIIKY GRALVLDIVE QYGGGHPGSA MGAMAIGIAL WKYTLKYAPN DPNYFNRDRF VLSNGHVCLF [ 82]
Scel MTQF TDIDKLAVST IRILAVDTVS KANSGHPGAP LGMAPAAHVL WSQMRMN-PT NPDWINRDRF VLSNGHAVAL [ 73]
Sce2 MAQF SDIDKLAVST LRLLSVDQVE SAQSGHPGAP LGLAPVAHVI FKQLRCN-PN NEHWINRDRF VLSNGHSCAL [ 73]
Pst M SSVDQKAIST IRLLAVDAVA AANSGHPGAP LGLAPAAHAV FKKMRFN-PK DTKWINRDRF VLSNGHACAL [ 70]
Ecol MSSRKELANA IRALSMDAVQ KAKSGHPGAP MGMADIAEVL WRDFLKHNPQ NPSWADRDRF VLSNGHGSML [ 70]
Eco2 MSRKDLANA IRALSMDAVQ KANSGHPGAP MGMADIAEVL WNDFLKHNPT DPTWYDRDRF ILSNGHASML [ 69]
Rsp MKDIG AAQETRMANA IRALAMDAVE KAKSGHPGMP MGMADVATVL FNRFLTVDPS APKWPDRDRF VLSAGHGSML [ 75]
Rca MDLAALRA KTPDHWKLATAIRVLAIDAVQ AANSGHPGMP MGMADVATVL FRNHLKFDAK APNWADRDRF VLSAGHGSML [ 79]
X£1 M TAHAAALAAA DAPAPVDRSP GALGWPVTAA LRALAMDGVE QAKSGHPGAP MGMAEIAAVL WREHLRHNPA DPSWPDRDRF VLSNGHGSML [ 91]
Aeu MNAPER IDPAARCANA LRFLAADAVE LARSGHPGAP MGMAEMAEVV WRRHLRHNPA NPAWPDRDRF VLSNGHASML [ 76]
Hin MATRRQLANA IRVLAMDSVQ KAKSGHPGAP MGMADIAEVL WRDFLKHNPT NPKWADRDRF VLSNGHGSML [ 70]
Mle MTTLDQIST LTQPRHPDDW TEIDSAAVDT IRVLATDAVQ KAGNGHPGTA MSLAPLAYTL FQRTLRHDPN DTAWLGRDRF VLSAGHSSLT [ 89]
Mge MKYLYA TQHLTLNAIK HAKGGHVGMA IGASPILFSL FTKHFHFDPD QPKWINRDRF VLSAGHGSMA [ 66]
spn MSNLSVNA IRFLGIDAIN KANSGHPGVV MGAAPMAXQL FTKQLHINPA QPNWINRDRF ILSAGHGSML [ 68]
~ *x oA Akkk wE Ak
e mmmm e > <=mmm——— ><mmmmm > <-=-=> <--
al o2 o3 B1
[----- ThDP
Hsa(ad) LYAVWAEAGF --LAEAELLN LRK--ISSDL DGHPVPKQAF T--DVATGSL GQGLGAACGM AYTGKYFDKA S--------- --- YRVYCLL GDGELSEGSV [163]
Hsa(ft) LYAVWAEAGF --LAEAELLN LRK--ISSDL DGHPVPKQAF T--DVATGSL GQGLGAACGM AYTGKYFDKA S--------- —-- YRVYCLL GDGELSEGSV [163]
Rno LYAVWAEAGF --LPEAELLN LRK--ISSDL DGHPVPKQAF T--DVATGSL GQGLGAACGM AYTGKYFDKA S------=--= --= YRVYCML GDGEVSEGSV [163]
Mmu LYAVWAEAGF --LPEAELLN LRK--ISSDL DGHPVPKQAF T--DVATGSL GQGLGAACGM AYTGKYFDKA S--------- =--= YRVYCML GDGEVSEGSV [163]
cpl7 OYALLHLSGY DSVKEEDLKS LRQ--WGSRT PAHPENFETP G-VEVTTGPL GQGIASAVGL AVAEKHLAAR YN---KPGFE IVDHYTYVIL GDGCQMEGVS [174]
Ccpl10 LYGLLHLAGY DSVKVEDLKG LRQ--WGSKT PAHPENFETP G-VEVTTGPL GQGVGSAVGL ALAEKHLGAR YN---KPDFE MVDHYTYMIL GDGCQMEGIS [178]
cpl3 VDHYTYCIL GDGCQMEGVS [ 19]
Stu QYALLHLAGY DSVQEDDLKS FRQ--WGSRI PGHPENFETP G-VEVTTGPL GQGIANAVGL AVAEKHLAAR FN---KPDAE IVDHYTYVIL GDGCQMEGIS [194]
Hpo QYIFQHLYGL KSMTMAQLKS YHSNDFHSLC PGHPEIEHDA V--EVTTGPL GQGISNSVGL AIATKNLAAT YN---KPGFD IITNKVYCMV GDACLQEGPA [177]
Scel LYSMLHLTGY D-LSIEDLKQ FRQ--LGSRT PGHPE-FELP G-VEVTTGPL GQGISNAVGM AMAQANLAAT YN---KPGFT LSDNYTYVFL GDGCLQEGIS [165]
Sce2 LYSMLHLLGY D-YSIEDLRQ FRQ--VNSRT PGHPE-FHSA G-VEITSGPL GQGISNAVGM ATAQANFAAT YN---EDGFP ISDSYTFAIV GDGCLQEGVS [165]
Pst LYSMLVLYGY D-LTVEDLKK FRQ--LGSKT PGHPENTDVP G-AEVTTGPL GQGICNGVGI ALAQAQFAAT YN---KPDFP ISDSYTYVFL GDGCLMEGVS [163]
Ecol IYSLLHLTGY D-LPMEELKN FRQ--LHSKT PGHPESGVTP LGVETTTGPL GQGIANAVGM AIAEKTLAAQ FN---RPGHD IVDHYTYAFM GDGCMMEGIS [164]
Eco2 LYSLLHLTGY D-LPLEELKN FRQ--LHSKT PGHPEIGYTP G-VETTTGPL GQGLANAVGL AIAERTLAAQ FN---QPDHE IVDHFTYVFM GDGCLMEGIS [162]
RSp LYATHHLLGY ADMDMDQIRS FRQ--LGART AGHPEYGHAE G-IEVTTGPL GQGIATAVGM ALAERMKNAR YG------ DD LVDHFTYVIA GDGCLMEGIS [166]
Rca LYALLHLTGY EQATLDEVKN FRQ--WGARM AGHPEYGHLE G-VETTTGPL GQGISTAVGM AIAEKSMAAR FG------ KK LVDHKIWVIA GDGCLMEGIS [170]
X£1 IYALLHLTGY D-LPIAELKR FRQ--LHSRT PGHPELGMTP G-VETTTGPL GQGLANAVGM AIAEKTLAAQ FN---RPGLS IVDHRTFVFL GDGCLMEGVS [184]
Aeu OYALLHLTGY D-LPMSQLRQ FRQ--LHAVT PGHPEVDVTP G-VETTTGPL GQGLANAVGM ALAEKLLAAT FN---RPGFD IVDHHTYVFL GDGCLMEGLS [169]
Hin IYSLLHLTGY D-LSIEDLKQ FRQ--LHSKT PGHPEYGYAP G-VETTTGPL GQGITNAVGM AIAEKTLAGQ FN---REGHE IVDHHTYVFL GDGCLMEGIS [163]
Mle LYIQLYLGGF G-LELSDIES LRT--WGSTT PGHPEFRHTK G-VEITTGPL GQGLASAVGM AMASRYERGL FDPDAEPGAS PFDHYIYVIA SDGDIEEGVT [185]
Mge LYSIFHFAGL ISKQEILQHK HGQ----INT SSHPEYAPNN F-IDASTGPL GQGFGMAVGM VLAQKLLANE FK---ELSDK LFDHYTYVVV GDGDLQEGVS [158]
Spn LYALLHLSGF EDVSMDEIKS FRQ--WXSKT PGHPEFXHTA G-IDATTGPL GXXISTATGF AQADVXLAAK YN---REGYN IFDHYTYVIC GDGDLMEGVS [162]
* * xxA FONFE-. * ~ * .
------ > <===> <—mmmmm e m e > <—==> <===-> <--
o4 oS ab B2 o7

Fig. 1. Sequences of 21 transketolases and one putative transketolase(Sundstion et al.1993). Below the alignment, invariant residues are
(Spn) were aligned using ClustalW. The sources of the alignment ananarked by arasterisk(*); those residues that are invariant in all but the
abbreviations are listed in Table Gaps(-) were introduced to im- mammalian sequences are marked byaaowhead(”); and the sec-
prove the overall alignment. &olon (:) denotes differences between ondary structure of Scel is indicated &grows. Numbersf the resi-

the fetal (Hsa][ft]) and human (Hsa[ad]) sequences. Residues resultindues in each sequence are shown in parenthesis. The regions not indi-
from correction of an apparent sequencing error in the recP sequence cated bybars on top of the alignment were selected for separate
S. pneumoniaésee text) arainderlined and in italicsTen additional phylogenetic analysis in addition to analyses of the complete sequence
frame shifts in Spn (recP) suggested by Suridsteze denoted by an  (see Methods).

tein, including 24 positions at which only the mammalianconsensus sequence (S/T)H(D/C)(S/GPX,GP(S/
sequences differ from the others (Table 2B). Moreover,T)(Q/H)XgRXg(R/Y)PXD where X denotes any amino
at these positions the amino acids are invariant within thecid; the residues shown in bold are considered below.
mammalian sequences. Previously, the C-terminal part of this sequence has been
Structural studies have discerned three distinct doidentified as being similar to a nucleotide-binding site
mains in the transketolase monomer 9f cerevisiae, (Abedinia et al. 1992) with the fingerprint sequence
these being the N-terminal, middle, and C-terminal do-GXGXXGX;;_,J (Bernard et al. 1995; Kochhar et al.
mains (Lindqvist et al. 1992; Nikkola et al. 1994). The 1992), which has been reported for several enzymes such
N-terminal domain forms almost half of a subunit (resi- as malate dehydrogenase (Birktoft et al. 1989), glyceral-
dues 1-322) and contains the highly conserved ThDPdehyde 3-phosphate dehydrogenase (Skarzynski et al.
binding motif (Hawkins et al. 1989). Homology between 1987; Murthy et al. 1980), alcohol dehydrogenase (Ek-
the transketolase sequences shown here is greatest in thigd et al. 1976)p- andL-lactate dehydrogenases (Ber-
N-terminal domain, followed by the middle domain nard et al. 1995; Abad-Zapatero et al. 1987), and formate
(residues 323-538), which contains a large and exdehydrogenase (Lamzin et al. 1992). It is thought that
tremely well-conserved stretch of amino acids with thethis motif is an absolute requirement in order for proteins
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Binding Motif------

Hsa(ad) WEAMAFASIY KLDNLVAILD INRLGQSDPA PLQHOMDIYQ KRCEAFGWHA IIV--DGHSV EELCKAFGQA KH---QPTAT IAKTFKGRGI TGVEDKESWH [258]
Hsa(ft) WEAMAFASIY KLDNLVAILD INRLGQSDPA PLQHQMDIYQ KRCEAFGWHA IIV--DGHSV EELCKAFGQA KH---QPTAI IAKTFKGRGI TGVEDKESWH [258]
Rno WEAMAFAGIY KLDNLVATFD INRLGQSDPA PLOHQUDVYQ KRCEAFGWHA IIV--DGHSV EELCKAFGQA KH---QPTAI IAKTFKGRGI TGIEDKEAWH [258]
Mmu WEAMAFAGIY KLDNLVAIFD INRLGQSDPA PLOHQVDIYQ KRCEAFGWHT IIV--DGHSV EELCKAFGQA KH---QPTAI IAKTFKGRGI TGIEDKEAWH [258]
Cpl7 NEACSLAAHW GLGKLIALYD DNHITIDGDT DVAFTED-VD KRFDALGWHV IWVKNGNDGC DEIRAAIEEA KSVKDRPTMI KVTTTIGYGA PSKANTYGVH [273]
Cpll0 NEASSLAAHW GLGKLIALYD DNHITIDGDT DLAFTED-VG KRFEALGWHV LTVANGNDGY DEIREAIKVA KSVIDKPTLI KVATTIGFGS PNKANTYGVH ([277]
Cpl3 NEACSIAAHW GLGKLIALYD DNHISIDGDT DIAFTED-VD KRFEALGWHV IWVKNGNNGY DKIRAAIKEA QAVKDKPTMI KITTTIGFGS PNKSNSYSVH [118]
Stu NEVCSLAGHW GLGKLIAFYD DNHISIDGDT EIAFTED-VS ARFESLGWHV IWVKNGNTGY DEIRAAIKEA KAVKDKPTMI KVITTIGFGS PNKANSYSVH [293]
Hpo LESISLAGHM GLDNLIVLYD NNQVCCDGSV DIANTED-IS AKFKACNWNV IEVENASEDV ATIVKALEYA QAEKHRPTLI NCRTVIGSGA AFEN-HCAAH [275]
Scel SEASSLAGHL KLGNLIAIYD DNKITIDGAT SISFDED-VA KRYEAYGWEV LYVENGNEDL AGIAKATAQA KLSKDKPTLI KMITTIGYGS LHAG-SHSVH [263]
Sce2 SETSSLAGHL QLGNLITFYD SNSISIDGKT SYSFDED-VL KRYEAYGWEV MEVDKGDDDM ESISSALEKA KLSKDKPTII KVITTIGFGS LOQG-TAGVH [263]
Pst SEASSLAGHL QLGNLIAFWD DNKISIDGST EVAFTED-VI ARYKSYGWHI VEVSDADTDI TAIAAAIDEA KKVTNKPTLV RLTTTIGFGS LAQG-THGVH [261]
Ecol HEVCSLAGTL KLGKLIAFYD DNGISIDGHV EGWFTDD-TA MRFEAYGWHV IRD-IDGHDA ASIKRAVEEA RAVTDKPSLL MCKTIIGFGS PNKAGTHDSH [262]
Eco2 HEVCSLAGTL GLGKLIGFYD HNGISIDGET EGWFTDD-TA KRFEAYHWHV IHE-IDGHDP QAVKEAILEA QSVKDKPSLI ICRTVIGFGS PNKAGKEEAH [260]
Rsp HEATDMGGHL GLGRLIVLWD DNRITIDGDS GISTSTD-QK APFAASGWHV LAC--DGHAP EEIAAATEAA RRDP-RPSMI ACRTVIGYGA PNKQGGHDVH [262]
Rca QEAIGLAGKQ ELDNLIVLWD NNNITIDGRV TVSDVTD-QK ARFAASGWDV LSC--DGHDA EDIDRALTAA KKAK-RPVLV DCKTLIGFGS PNKADSYAVH [266]
Xf1 HEACSLAGRL GLGKLVAFYD DNGISIDGKV EEWFPDD-TP ARFAAYGWHV IRNV-DGHDP AMLRDAVEAA LSETGKPTLI CCKTTIGRGA PTKEGHQDTH [282]
Aeu HEACSLAGTL GLGKLICLYD DNGISIDGEV AGWFADD-TP KRFAAYGWHV IADV-DGHDA HALDAALHEA KAERDRPTLI CCRTVIGKGA PAKAGGHDVH [267]
Hin HEACSLAGTL GLGKLIAFYD DNNISIDGHV DGWFSDD-TA ERFEAYGWQV IRNV-DGHDA EQIRAATILA QAEKGKPTLI ICKTIIGFGS PNKSGSHDSH [261]
Mle SEASSLAAVQ QLGNLIVFYD HNQISIEGDT KITLCED-TA ARYRAYGWHV QEVE-GGENV VGIEEAIANA KAATDRPSFI SLRTIIGYPA PTLINTGKAH [283]
Mge YEVSQIAGLY KLNKLIVLHD SNRVQOMDSEV KKVANEN-LK VRFENVGWNY IHT--DD-QL ENIDQAITKA KQS-DKPTFI EVRTTIAKNT HLED-QYGGH [252]
Spn SEAASYAGXX KLDKLVVLYD SNDINLDGET KDSFTESVRD RYNAXGCILP XVENGTDLEA IHAATETAKA SG---KPSLI EVKTVIGYGS PNKQGTNAVH [259]
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Hsa(ad)  GKPLP----- KNMAEQIIQE IYSQIQSKKK ILATPPQEDA PSVDIANIRM ----- PSLPS YKVGDK---- ------ IATR [318]
Hsa (ft) GKPLP----- KNMAEQIIQE IYSQIQSKKK ILATPPQEDA PSVDIANIRM ----- PSLPS YKVGDK---- ------ IATR [318]
Rno GKPLP----- KNMAEQIIQE IYSQVOQSKKK ILATPPQEDA PSVDIANIRM ----- PTPPN YKVGDK---- ------ IATR [318]
Mmu GKPLP----- KNMAEQIIQE IYSQVQSKKK ILATPPQEDA PSVDIANIRM ----- PTPPS YKVGDK---- ------ IATR [318]
Cpl7 GNALGPKEAE ATRKNLGW-P YEPFHVPDDV KKHWSRHIAE ~GAALESAWN AKFAEFQKKF PEEAADLKSI ITGELPTNWE SIFPTYTPEN PG----LPTR [367]
Cpl10 GNALGPKEAE ATRONLGW-P YETFHVPDDV KKHWSRHISE -GAELESAWN AKFAEYEKKY PKEAAELKSI ITGELPLGWE KALPTYTPES PG----NPTR [371]
cpl3 GSALGAKEVE ATRQNLGW-P YEPFHVPDDV KKHWSRHTPQ -GASLESEWN AKFAEYEKKY PEEAAELKSI ITGELPLGWE KALPTYTPEN PG----DATR [212]
Stu GSGLGAKEVE ATRNNLGW-P YEPFHVPEDV KSHWSRHTPE -GAALETEWN AKFAEYEKKY AEEAADIKSI ITGELPAGWE KALPTYTPES PA----DATR [387]
Hpo GNALGEDGVR ELKIKYGMNP AQKFYIPQDV YDFFKEKPAE -GDKLVAEWK SLVAKYVKAY PEEGQEFLAR MRGELPKNWK SFLPQQ--EF TG---DAPTR [369]
Scel GAPLKADDVK QLKSKFGFNP DKSFVVPQEV YDHYQKTILK PGVEANNKWN KLFSEYQKKF PELGAELARR LSGQLPANWE SKLPTYTAKD SA----VATR [359]
Sce2 GSALKADDVK QLKKRWGFDP NKSFVVPQEV YDYYKKTVVE PGOKLNEEWD RMFEEYKTKF PEKGKELQRR LNGELPEGWE KHLPKFTPDD DA----LATR [359]
Pst GAPLKADDIK QLKTKWGFNP EESFAVPAEV TASYNEHVAE -NQKIQQOWN ELFAAYKQKY PELGAELQRR LDGKLPENWD KALPVYTPAD AA----VATR [356]
Ecol GAPLGDAEIA LTREQLGW-K YAPFEIPSEI YAQWDAKEA- -GQAKESAWN EKFAAYAKAY PQEAAEFTRR MKGEMPSDFD AKAKEFIAKL QANPAKIASR [359]
Eco2 GAPLGEEEVA LARQKLGW-H HPPFEIPKEI YHAWDAREK- -GEKAQQSWN EKFAAYKKAH PQLAEEFTRR MSGGLPKDWE KTTQKYINEL QANPAKIATR [357]
Rsp GAPLGAAEIA AARERLGW-D HPPFEIPADL YEAWGRIAAR -GADARAAWE TRLQASPLRA AFETAEAADT SA--LPP--- -AIAAYKARL SAEAPKVATR [354]
Rca GAPLGDAEIK LTREAYGW-E HGPFVIPAEI KAEWEAIGAK -GAAERAEWE ARLAALPAGK RAEFERQMAR GV--APK-LA GAIRAFKKAQ SEAAPKVATR [361]
X£1 GAPLGAEEIA RTRAAMGW-D HAPFEVPEDI YALWDARRS- -GAARQSAWD ARMEAYERAY PAEAAEFRRR LKGDLSPAFA ATYAAALKAT VEKAETVATR [379]
Aeu GAPLGAPEIA AMRTALGW-E AEPFTVPADV ADAWDARAQ- -GAAREAEWE ARFVSYCAAH PELAEEFVRR ANGRLPEGFD AELMALLDAP SPLOGKIATR [364]
Hin GAPLGDEEID LTRKALGW-E YAPFEIPAEY YAEWSAKEK- -GAAAEKSWE EKFAAYAKAY PELAAEFKRR VSGELPTNWA AESKAFIEKL QANPASIATR [359]
Mle GAALGEDEVA ATKRILGFDP DKTFAVREDV ITHTRGLIAR -GKEAHERWQ LEFEAWAQRE PERKALLDRL LAQQOLPDGWD ADLPNWEPRS KE----LATR [378]
Mge WFIPNEVDFQ LFEKRTNT-N FNFFNYPDSI Y-HWFKQTV- IERQKQIKED YNNLLISLKD KPLFKKFTNW IDSDFQALYL NQLDEKKVAK K----DSATR [345]
Spn GAPLGADETA STRQALGWDY EPFEIPEQVY ADFKEHVADR GASAYQAWTK LVADYKEAHP ELAAEVEAII DGRDPVEVTP ADFPALEN-- --- GFSQATR [354]
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to have aBaB-fold (Fig. 2A) with ADP-binding proper- polymorphaby an asparagine, iéM. genitaliumby a

ties (Wierenga et al. 1986). However, slight deviationsglutamine, and irS. pneumoniaby an alanine (Figs. 1
from this motif can still lead to the formation of fx3- and 4). The number of variable residues between the last
fold (Lamzin et al. 1992). Only the second glycine andglycine and the aspartate is higher in transketolases (24)
the aspartate of the NADH-binding motif seem to be(Fig. 4) than in the fingerprint sequence (17-20). The
totally invariantin NADH-dependent enzymes (Fig. 2A). aspartate residue (Asp503), which was shown to be re-
Site-directed mutagenesis studies on this particular agjuired for the formation of g«p-fold in p-lactate de-
partate residue im-lactate dehydrogenase revealed thathydrogenase (Bernard et al. 1995), is invariant in all but
this residue discriminates between NADH and NADPHthe recP sequence fro81 pneumoniaéSpn). However,
binding (Bernard et al. 1995), consistent with its binding correction of an assumed frameshift sequencing error
to the Z-hydroxyl group of the adenosine ribose of leads to the invariant aspartate and to a threonine that is
NADH. In some enzymes containing the nucleotide-present in 17 out of the 22 sequences. (The six amino
binding motif—for example, formate dehydrogenase—acids changed by this frame shift are underlined and
structural studies have shown that it is the ribose phositalicized in Fig. 1.)

phate moieties of the pyridine nucleotide, alone, which The crystal structure of Scel (Nikkola et al. 1994)
bind across th@aB-fold identified by the motif (Lamzin indicates that transketolase contains a structure that is
et al. 1992) (Fig. 2A). The characters in bold in the similar to theBaB-fold reported for NADH-binding en-
consensus sequence indicate residues found in the fireymes (Wierenga et al. 1986); however, the loop be-
gerprint sequence mentioned above. Most transketolasaé@een the firsf3-strand and the:-helix is extended (Fig.
contain the first glycine of the fingerprint sequence al-2B). Although transketolase is not an enzyme that re-
though in mammals it is replaced by a serine,Hn quires the binding of nucleotides for its function, one
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Hsa(ad) KAYGQALAKL, GHASDRITAL DGDTKNSTFS ~TVPFCSTFA AFFTRAFDQI [400]
Hsa(ft) KAYGQALAKL GHASDRITAL DGDTKNSTFS ~TVPFCSTFA AFFTRAFDQI [400]
Rno KAYGLALAKL, GHASDRIIAL DGDTKNSTFS ~TVPFCSTFA AFFTRAFDQI [400]
Mmu KAYGLALAKL, GHASDRITAL DGDTKNSTFS ~TVPFCSTFA AFFTRAFDQI [400]
cpl7 TLSHQILNGL GDVLPGLLGG SADLTLSNMA FLKNSGDF-- --- OKKSPG- ----ERNVKF GAREHAMGSI CNGLALHSPG -LLPYCATYF VFTDYMRAAM [456]
Cpl10 TLSHONLNAV AAVLPGLIGG SADLTASNMA FLKSSGDF-- --- QKETPT- ----GRNLKF GAREHGMGAI CNGVALHSPG -LVPFSATYF VFTDYMRAAI [460]
cpl3 NLSQONLNAL AKVLPGLLGG SADLASSNMT LLKSSGDF-- --- OKNTPE- ----ERNVRF GVREHGMGAI CNGIALHSPG -LIPYCATFF VFTDYMRAAM [301]
Stu NLSQONLNAL AKVLPGFLGG SADLASSNMT LLKMFGDF-- --- QKNTPE- ----ERNLRF GVREHGMGAI CNGIALHSLG -LIPYCATFF VFTDYMRGAM [476]
Hpo AAARELVRAL GQNCKSVIAG CADLSVSVNL PSLSTQCGLS GDYSGRYIEY GIREHAMCAI ANGLAAYNKG TFLPITSTFF MFYLYAAPAI [469]
Scel KLSETVLEDV YNQLPELIGG SADLTPSNLT RWKEALDF-- --- QPPSSGS GNYSGRYIRY GIREHAMGAI MNGISAFGAN -YKPYGGTFL NFVSYAAGAV [453]
Sce2 KTSQQVLTNM VQVLPELIGG SADLTPSNLT RWEGAVDF-- --- QPPITQL GNYAGRYIRY GVREHGMGAI MNGISAFGAN -YKPYGGTFL NFVSYAAGAV [453]
Pst KLSEIVLSKI IPEVPEIIGG SADLTPSNLT KAKGTVDF-- --- QPAATGL GDYSGRYIRY GVREHAMGAI MNGIAAFGAN -YKNYGGTFL NFVSYAAGAV [450]
Ecol KASONATEAF GPLLPEFLGG SADLAPSNLT LWSGSK---- --- AINEDA- ---AGNYIHY GVREFGMTAI ANGISLHGG- -FLPYTSTFL MFVEYARNAV [446]
Eco2 KASQONTLNAY GPMLPELLGG SADLAPSNLT IWKGSVS--- ---- LKEDP- ---AGNYIHY GVREFGMTAI ANGIAHHGG- -FVPYTATFL MFVEYARNAA [444]
Rsp KASEMALGVV NEALPFAVGG SADLTGSNLT RSKGMVS--- --- VAPGAF- ---AGSYTHY GIREHGMAAA MNGIALHGG- -LRPYGGTFM AFADYCRPSI [442]
Rea KASEMVLAAV NPVVLRNHRR LADLTGSNLT KTSDIEDFMP GNHK------ —--- GRYMRY GIREHAMAAA MNGMWLHGG- -VRPYGGTFF CFTDYARGAM ([449]
X£1 KASQLALAAL APAVPEFLGG SADLAHSNLT TFPGAVP--- ---- ITRDP- ---AGNQIFY GVREFGMSAI ANGIALHGG- -FIPFVATFL VFSDYARNAM [466]
Reu KASQLCLEAL TPALPELLGG SADLTGSNLT NVKASVW--- ---- VNHAG- ---HGNYVSY GVREFGMAAV MNGIALHGG- -LIPYGGTFM TFSDYSRNAI [451]
Hin KASQONATEAY AHVLPEFLGG SADLASSNLT LWSGSKPI-- --- GVREFGMSAI MNGIALHGG- -FIPYGATFL MFYEYAHNAV [448]
Mle AASGAVLSAI GPKLPELWGG SADLAGSNNT TIKDVDSFGP GVREHAMGATI LSGIVLHGP- -TRAYGGTFL QFSDYMRPSV [475]
Mge NYLKDFLNQI NNPNSNLYCL NADVSRSCFI KIGDDNLHEN GIREFAMATI MNGMALHGG- -IKVMGGTFL AFADYSKPAI [431]
Spn NSSQDALNVV AAKLPTFLGG SADLAHSNMT YIKTDG---- —-—--- GVREFAMGTI LNGMALHGG- -LRVYGGTFF VFSDYVKAAV [442]
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Hsa(ad) RMAATSESNI NLCGSHCGVS IGEDGPSQMA LEDLAMFRSV PTSTVFYPSD GVATEKAVEL AANTKG---I CFIRTSRPEN AIIYNNNE-- DFQUGQAKVV [495]
Hsa(ft) RMAATSESNI NLCGSHCGVS IGEDGPSQMA LEDLAMFRSV PTSTVFYPSD GVATEKAVEL AANTKG---I CFIRTSRPEN AITYNNNE-- DFQVGQAKVV [495]
Rno RMAATSESNI NLCGSHCGVS IGEDGPSQMA LEDLAMFRSV PMSTVFYPSD GVATEKAVEL AANTKG---I CFIRTSRPEN AIIYSNNE-- DFQUGQAKVV [495]
M RMAATSESNI NLCGSHCGVS IGEDGPSQMA LEDLAMFRSV PMSTVFYPSD GVATEKAVEL AANTKG---I CFIRTSRPEN AITYSNNE-- DFQVGQAKVV [495]
cpl7 RISALSKARV LYIMTHDSIG LGEDGPTHQP VEHLASFRAM PNILTLRPAD GNETAGAYRA AVONGE--RP SILVLAR-QK LPQLPGTS-- IEGVSKGGYV [551]
Cpl10 RIAALSKARV VYIMTHDSIG LGEDGPTHQP VEHLASFRAM PNILVLRPAD GNETAGAYKV AVENAG--RP SILSLSR-QK LPQLPGTS-- VEGVGRGGYV [555]
cpl3 RISALCEARV IYVMTHDSIG LGEDGPTHQP IEHIASFRAM PNILMLRPAD GNETAGAYKV AVONLK--RP SVLALSR-QK LPQLPGTS-- IEGVEKGGYV [396]
Stu RISALSEAGV IYVMTHDSIG LGEDGPTHQP IEHLASFRAM PNILMFRPAD GNETAGAYKV AVLKRK--TP SILALSR-QK LPQLAGTS-- IEGAAKGGYI [571]
Hpo RMAGLQELKA THIGTHDSIN EGENGPTHQP VESPALFRAY ANIYYMRPVD SAEVFGLFQK AVELPF---S SILSLSRNEV LQYLASRAQR RRNAA-G-YI [564]
Scel RLSALSGHPV IWVATHDSIG VGEDGPTHQP IETLAHFRSL PNIQVWRPAD GNEVSAAYKN SLESKH--TP SIIALSR-QN LPQLEGSS-- IESASKGGYV [548]
Sce2 RLAALSGNPV IWVATHDSIG LGEDGPTHQP IETLAHLRAI PNMHVWRPAD GNETSAAYYS AIKSGR--TP SVVALSR-QN LPQLEHSS-- FEKALKGGYV [548]
Pst RLSALSEFPI TWVATHDSIG LGEDGPTHQP IETLAHFRAT PNISVWRPAD GNETSAAYKS AIESTH--TP HILALTR-QN LPQLEGSS-- IEKASKGGYT [545]
Ecol RMAALMKQRQ VMVYTHDSIG LGEDGPTHQP VEQVASLRVT PNMSTWRPCD QVESAVAWKY GVERQD--GP TALILSR-QN LAQQERTEEQ LANIARGGYV [543]
Eco2 RMAAIMKARQ IMVYTHDSIG LGEDGPTHQA VEQLASLRLT PNFSTWRPCD QVEAAVGWKL AVERHN--GP TALILSR-ON LAQVERTPDQ VKEIARGGYV [541]
Rsp RLSALMGVPV TYVMTHDSIG LGEDGPTHQP VEHLASLRAI PNLAVIRPAD AVETAEAWEI AMTATS--TP TLLVLSR-ON LPTVRTEHRD ENLTARGAYL [539]
Reca RLSSLMGVPT VYVMTHDSIG LGEDGPTHQP VEHLTICRAT PNTWIFRPAD VIETAEAWEL ALSSER--TP SVLALSR-QN LPTLRTKHEA KNLTAKGAYV [546]
Xfl RMSALMGQRV IYILTHDSIG LGEDGPTHQP VEHVESLRLI PNLDVWRPAD TVETLAAWHA ALTRTN--GP SAFILSR-QN LPCWPRDAAQ IEGIEAGAYV [563]
Aeu RMAALMRLRV VHVLTHDSIG LGEDGPTHQP VEHAASLRLI PNNQVWRPCD GAETAYAWLA ALQREN--GP TCLVLSR-QA LMPFERDAAQ RADIARGGYV [548]
Hin RMAALMKQRT LFVYTHDSIG LGEDGPTHQP VEQTASLRLI PNLETWRPCD QVESATAWQQ AVERQD--GP SALIFTR-QN LAQMDRTSAQ LDAVKRGAYV [545]
Mle RLASIMDIDT IYVWTHDSVG LGEDGPTHQP IEHLAALRAI PRLSVVRPAD ANETAYAWRT ILARGANSGP VGLILTR-QS VPVLEGTN-- TEGVARGGYV [572]
Mge RLGALMNLPV FYVYTHDSYQ VGGDGPTHQP YDOLPMLRAI ENVCVFRPCD EKETCAGFNY GLLSQD--QT TVLVLTR-QP LKSIDNTD-- SLKTLKGGYI [526]
Spn RLSALOGLPV TYVFTHDSIA VGEDGPTHEP VEHLAGLRAM PNLNVFRPSD ARGTKAAWYL AVTSEK--TP TALVLTR-ON LTVEDGTD-- FDKVAKGAYV [537]
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substrate is ribose 5-phosphate, and studies on the regthese residues is depicted in Fig. 3. Residues His469,
lation of the nonoxidative branch of the pentose-Glu476, Asp477, and His481 are located in fBep-
phosphate pathway indicate that ADP and phosphoribofold. Analysis of the nucleotide binding in formate de-
syl pyrophosphate (PrPP) competitively inhibit the hydrogenase shows that the invariant aspartate in the
activity of transketolase (Hosomi et al. 1989). Addition- fingerprint sequence could bind to thel2ydroxyl group
ally, transketolase can be obtained in pure form by af-of the adenosine ribose (Lamzin et al. 1992) (Fig. 2A).
finity chromatography using the dye Cibacron Blue By analogy Asp503 may be involved in binding the ac-
F3G-A (Waltham 1990; Booth 1991). Although the in- ceptor substrate in transketolase (Fig. 2B). However, the
teractions between dye and protein are not fully undercrystal structure of Scel shows that this could be the case
stood it has been shown that liver alcohol dehydrogenasenly if significant conformational changes occur upon
binds the dye in th@«p-fold in a manner similar to that substrate binding (Fig. 3).
of nucleotides (Biellmann et al. 1979). These results sug- Searching the databases with the consensus sequence
gest that transketolase can bind the ribose phosphatmentioned above and allowing for up to three mis-
moiety of ADP and PrPP, and it containsBa-fold matches retrieved all the transketolases and only trans-
very similar to the nucleotide-binding fold of NADH- ketolases. We suggest that the term “transketolase mo-
dependent enzymes. tif” appropriately describes this consensus sequence
A potential substrate channel has been identified in(Fig. 4). While the ThDP-binding motif is common to all
the structure of yeast transketolase (Nikkola et al. 1994)thiamine-dependent enzymes, the transketolase motif un-
crystallized in the absence of substrate. Table 3 lists alambiguously identifies all transketolases within this
residues identified from the crystal structure as contrib-group. This definition would classify recP fro8 pneu-
uting to potential substrate binding. The arrangement omoniaeas a transketolase. Functional constraints on the
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Hsa(ad) LKSKD-~~~- -DQVTVIGAG VTLHEALAAA ELLKKE-KIN IRVLDPFTIK PLDRKLILDS ARATKGRILT VEDHYYEG-- [586]
Hsa(ft) LKSKD----- ~-DQVTVIGAG VTLHEALAAA ELLKKE-KIN IRVLDPFTIK PLDRKLILDS ARATKGRILT VEDHYYEG-- GIGEAVSSAV VGEPGITVKT [586]
Rno LKSKD---~~ -DQVIVIGAG VTLHEALAAA EMLKKE-KIG VRVLDPFTIK PLDKKLILDC ARATKGRILT VEDHYYEG-- GIGEAVSAVV VGEPGCTVTR [586]
Mmu LKSKD----- -DQVTVIGAG VTLHEALAAA ESLKKD-KIS IRVLDPFTIK PLDRKLILDS ARATKGRILT VEDHYYEG-- GIGEAVSAAV VGEPGVTVTR [586]
cpl7 ISDNSRGGNS KPDVILIGTG SELEIAARAG DELRKE-GKK VRVVSLVCWE LFAE-QSEKY RETV--LPSG VTARVSVE-- AGSTFGWERF IGPKG---KA [642]
Cpl10 ISDNSKDGE- KPEVILMGTG SELEIAARAG EELRKE-GKK VRVVSLVSWE LFGE-QSKEY KEMV--LPSE VTARVSVE-- AGSTFGWERF VGLKG---RA [645]
Cpl3 ISDNSSGN-- KPDVILIGTG SELEIAAKAG EVLRKE-GKG VRVVSFVSWE LFDE-QSKEY KESV--LPSS, VTARVSIE-- AGSTFGWGKI VGSKG---KA [485]
Stu VSDNSSGN-- KPDVILIGTG SELEIAVKAA EELKKE-GKT VRVVSFVCWE LYDE-QSAEY KESV--LPSS VTARVSIE-- AGSTFGWQKF VGDKG---KA [660]
Hpo LEDAEN---- -AEVQIIGVG AEMEFADKAA KILGRK--FR TRVLSIPCTR LFDE-QSIGY RRSV--LRKD GRQVPTVVVD GHVAFGWERY AT------ AS [648]
Scel LQDVAN---- -PDIILVATG SEVSLSVEAA KTLAAK-NIK ARVVSLPDFF TFDK-QPLEY RLSV--LPDN VPIMSVE--- VLATTCWGKY AH------ Qs [630]
Sce2 IHDVEN---- -PDIILVSTG SEVSISIDAA KKLYDTKKIK ARVVSLPDFY TFDR-QSEEY RFSV--LPDG VPIMSFE--- VLATSSWGKY AH------ QS [631]
Pst LVQQDK---- -ADIIIVATG SEVSLLSMTL KVLEGQ-GIK AGVVSLPDQL TFDK-QSEEY KLSV--LPDG VPILSVE--- VMSTFGWSKY SH------ 0 [627]
Ecol LKDCAG---- QPELIFIATG SEVELAVAAY EKLTAE-GVK ARVVSMSSTD AFDK-QDAAY RESV--LPKA VTARVAV--E AGIADYWYKY VGLNG---AI [630]
Eco2 LKDSGG---- KPDIILIATG SEMEITLQAA EKLAGE-GRN VRVVSLPSTD IFDA-QDEEY RESV--LPSN VAARVAV--E AGIADYWYKY VGLKG---AI [628]
Rsp LRD-PG---- ERQVTLIATG SELELALAAA DLLAAE-GIA AAVVSAPCFE LFAA-QPADY RATV--LGRA PRVGCEA--- -ALRQGWDLF LGPQD---GF [623]
Rca IAEAEG---- KRQATLMATG SEVEIALKAR ALLOQAE-AIG TRVVSMPCME LFAA-QDEAY RKRI--LPAG GVRVAVEAAI RQPWDRWLLG ERGMERKAGF [638]
X1 LRESEG---- LARAVLVATG SEVKLAAAAA DLLDTA-GIP TRIVSMPCRE RFEA-LTETE RAAL--FPKG VPVVAVE--- AGVTRGWRGL SGTRADGIIA [652]
Reu LRDVP----- APRVVLIATG SEVEIAARAA LDLADA-GIA ARVVSMPCVE LFYA-QDAAY RDSV--LPPG LPRISVE--- AGATWYWRGV VGEQG---LA [633]
Hin LKDCDG---- TPELIFIATG SEVELAVQAA EALSAE-GKK VRVVSMPSTN RFDK-QDAAY RESV--LPAA VTKRVAI--E AGIADFWYKY VGFNG---RV [632]
Mle LGDGGSSEAK EPDVILIATG SEVQLAVAAQ KLLADK-DII VRVVSMPCVE WFES-QPYEY RDSV--LPPS VSARVAV--E AGVAQCWHKL VGDTG---KI [663]
Mge LLDRK----~ QPDLIIAASG SEVQLAIEFE KVLTKQ-NVK VRILSVPNIT LLLK-QDEKY LKSL--FDAN SSLITIE-AS SSYE--WFCF KKYVKN-HAH [613]
Spn VYEMQRP--- TLIPSLIATG SEVNLAVSAA KELASQ-GEK SRVVSMPSTD VFDK-QDAAY KEEI--LPNA VRRRVAV--E MGASQNWYKY VGLDG---AV [625]
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p18 B19 022 p20 023 024 B21 p22
Hsa (ad) GIDRDAIAQA VRGLITKA [623]
Hsa (ft) GIDRDAIAQA VRGLITKA [623]
Rno GIDKDAIVQA VKGLVTKG [623]
Mmu GIDKDAIVQA VKGLVTKG [623]
Cpl7 GITVEAVVAA AKEIC [676]
Cpl10 GITVEAVVAA AKELC [679]
cp13 IGIDRFGAS- ------=--=-= APAGKIYEEF GITVEAVVAA AKELI [519]
Stu IGIDGFGAS- ------==== APADKIYKEF GITAEAVVAA AKQUS [694]
Hpo YCMNTYGKS- —--======= LPPEVIYEYF GYNPATIAKK VEAYVRACQR DPLLLHDFLD LKEKPNHDKV NKL [710]
Scel FGIDRFGAS- --------=- GKAPEVFKFF GFTPEGVAER AQKTIAFYKG DKLISPLKKA F [680]
Sce2 FGLDEFGRS- ---------- GKGPEIYKLF DFTADGVASR AEKTINYYKG KQLLSPMGRA F [681]
Pst FGLNRFGAPV KLOKSSSSSN SPQKVLLKEL PRLLPSTRAR MLCLHCVLPS ERLVMSLFYL VTFSYVKF [695]
Ecol VGMTTFGES- ---------- APAELLFEEF GFTVDNVVAK AKELL [664]
Eco2 VGMTGYGES- ---------- APADKLFPFF GFTAENIVAK AHKVLGVKGA [667]
Rsp VGMTGFGAS- ----=-=-== APAPALYQHF NITAEAIVKS AKERI [657]
Rca VGMEGFGAS- —--=--=--=~- APAERLYAEF GITPEATAAK VKSLL [672]
Xf£1 IGIDRFGES- ---------= APEKDLWPLF GFTPEAVADA VRRAVG [687]
Aeu LGIDSFGES- APAEALYQHF GLTPAHVAAA ARVLLEDA [670]
Hin IGMNSFGES- APADQLFKLF GFTVENVVAK AKEIL [665]
Mle VSIEHYGES- ADYQTLFREY GFTPEAVVAA AEQVLDN 16991
Mge LGAFSFGES- -------=-- DDGDKVYQQK GFNLERL-MK IFTSLRN [648]
Spn LGIDTFGAS- ------=--= APAPKVLAEY GFTVENLVKI VRNLK [659]

~
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Fig. 1. Continued.

Table 2A. Residues that are totally invariant among 21 transketolase

There is a distinct lack of sequence homology in the
sequences and one putative transket8lase

C-terminal domain (residues 539-680), although this do-
main is well conserved within kingdoms. This might re-

Gly29 Glys2 Glu162 His263 His469 . ) . .
His30 His103 Gly163 Arg359 clya7s  flect some functional differences that evolved in a king-
Asp61 Pro104 Glu167 Asp382 clyars dom-dependent manner (e.g., substrate specificity,
Arg62 Gly116 Leul77 Ser386 Pro479 subunit interactions).
Egegg Ié'leullllgs A—:Uj:: S"::z}f £f9540911 At only 623 residues in length, the mammalian se-

u y. p e ro
Ser66 G120 ASn187 Glya2s Aspsoz duences are.the smallgst of the observed transketolase
Gly68 Gly121 Ala234 Thra4l Args28 €nzymes, being 87 residues shorter than the largest se-
His69 Gly127 Pro241 Phe445 clys63 quence fromH. polymorphaThis is a considerable size
Tyr7s Aspl57 Thr248 Arg454 Leus573 difference and might be related to the more specific sub-

strate utilization found in mammalian transketolases
(Waltham 1990). It is interesting to note that a compari-
diversification of this motif through evolution are re- son of the fetal human (Jung et al. 1993; GenBank) and
flected by comparing crystallographic data (Lindqvist etour own human transketolase sequences reveals several
al. 1992; Nikkola et al. 1994), biochemical studies on thebase differences, resulting in three putative amino acid
regulation of the nonoxidative branch of the pentose-substitutions (Lys585 to Thr, Thr586 to His, and Met587
phosphate pathway (Hosomi et al. 1989), and the veryo Leu, with residues numbered according to the human
high level of sequence conservation through all foursequences) (Fig. 1). It is not clear why there should be
compared phyla. any difference between the two sequences, and all three
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Table 2B. Residues that differ only between the mammalian sequences and all others (note that the listed amino acids are invariant within e
group of sequences—nonmammalian and mammalian)

Nonmammalian Mammalian Nonmammalian Mammalian Nonmammalian Mammalian
Leul8 Ser Gly415 Tyr His481 Gin

Gly32 Thr Arg417 Ala Arg500 Tyr

Arg60 Asn Tyrd48 Arg Gly545 Ala

Glul05 Val Leu458 lle Tyr547 Ala

Pro117 Ser Thr468 Ser Glu565 Thr

Ala131 Thr Asp470 Cys Ser587 Asp

1le260 Lys Ser471 Gly Trp623 Ser

Ala381 Gly Thr480 Ser Gly637 Pro

substitutions occur in noncritical residues, suggestingmplicitly assume stationarity and homogeneous base
that there would be little if any effect on enzyme activity. and amino acid compositions, these assumptions are of-
Since all of these substitutions occur in a single block,ten invalid in practice. Compositional biases may lead to
we wonder whether compounded sequencing errors magrroneous tree topologies (Saccone et al. 1989). Some
provide a simple explanation for the discrepancy. How-sites in the data set may be determined by processes of
ever, consideration must also be given to the fact thabias that may interfere with the true phylogenetic history
several organisms have more than one transketolase genécompared sequences (Lockhart et al. 1992). It is there-
(e.g.,E. coli (Sprenger 1993; lida et al. 1993, cerevi- fore necessary to check a given data set for homogeneity
siae (Schaaf-Gerstensclgar and Zimmermann 1993; and stationarity prior to phylogenetic analysis.

Sundstio et al. 1993), andC. plantagineum(Bernac- The data of Tables 4A and 4B were subjected to con-
chia et al. 1995), and the possibility of two transketolasetingency tests to determine whether the compositions are
genes in humans has not been ruled out. homogenous. For the DNA sequences we considered

Comparisons of the aligned amino acid sequenceboth the nucleotide and the GC/AT composition. The
with the secondary structure (Fig. 1) derived from theresults are summarized in Table 5. The heterogeneity in
crystal structure of yeast transketolase (Scel) (Nikkola ethe DNA sequences is very significant whereas the het-
al. 1994) allowed us to introduce gaps without interrup-erogeneity in the protein sequences is not so strong.
tion of secondary-structure elements; all but one of théSome of the amino acids are heterogeneously distributed
deletions lie within loop regions. Secondary-structureand some homogeneously (Table 4A). To chech the data
prediction programs were applied to the remaining sesets for stationarityx® values were calculated in pair-
guences. Though the accuracy of such predictions is limwise comparisons assuming a multinomial distribution
ited, all sequences have a similar predicted secondar{Preparata and Saccone 1987; Saccone et al. 199¢). A
structure, except for the apparent deletiomefielix 11 < 1.5 between two sequences was considered a satisfac-
from mammalian transketolases (Fig. 1). tory criterion to fulfill stationarity. For the DNA se-

The compositions of amino acids and nucleotides inquences we considered both the entire sequences and
all sequences are shown in Table 4. While the amino aciévery codon position individually. Most of the bacterial
compositions are similar, the DNA sequences vary consequences are nonstationary in all five comparisons (data
siderably in their base compositions. The gram-positivenot shown). The plant and yeast sequences do not meet
bacteria 8. pneumoniae, M. lepraesplit into low and  the stationarity requirement, either, but the rejection of
high G + C,respectivelyM. genitaliumexpectedly has a the null hypothesis (}) is in general less significant than
very low G + C level (Fraser et al. 1995). The- and  in the bacterial sequences. Interestingly, for all eukary-
B-subdivisions of the gram-negative proteobacteria havetic sequences except fBr stipitis,stationarity seems to
a very strog G + Chias (070%).E. coli has a medium be fulfilled at the second codon position (Fig. 5).
and H. influenzaeRd a low G + Ccontent. Plant and Phylogenies derived from heterogeneous, nonstation-
mammalian sequences display a bias talvéx + C  ary data sets must be evaluated with caution (Bull et al.
((60%) with the exception 08. tuberosun{(¥#5%).S. 1993). We elected to apply a number of algorithms and
cerevisiaeandP. stipitishave a fairly lav G + Ccontent, compare the results. For distance-matrix-based methods,
whereasH. polymorphahas a bias similar to that of evolutionary distances were estimated in pairwise se-
mammalian sequences. guence comparisons using various distance measures

(see above). Two of these approaches—method of

Galtier and Gouy (1995) and the Log Det transformation
Phylogenetic Analysis (Lockhart et al. 1994)—take compositional biases into

account. Additionally, we calculated the Euclidean dis-
Phylogenetic inference from sequence data is dependetdnces between nucleotide and amino acid frequencies
on the model that is used. While various approaches$or each sequence pair in order to obtain phylogenies
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Fig. 2. Structure of the “transketolase motif” compared with the andp-sheet, respectivelyd shows the fold of the sequence spanned by
nucleotide-binding motifA is adapted from Wierenga et al. (1985). the “transketolase motif” (see text). The conserved residues of the
The interaction between protein and the cofactor NADH is illustrated motif reminiscent of the NADH-binding motif of various dehydroge-
(in particular the hydrogen bond between the invariant aspartate and theases are labeled.

2'-hydroxyl group of the adenosine ribose).and indicatea-helix

Table 3. Residues predicted from the structure to be important for@nd amino acid sequences were in most cases larger than
substrate binding (Lindqvisat al. 1992; Nikkolaet al. 1994) to theS. 0.4 substitutions per site. For illustrative purposes one

cerevisiag(Sce 1) enzyne tree derived from the protein alignment (NJ, p-distance)
His30" Arg359° Glud7e ahd three tre_es from the DNA allgnr.nel?t (ME [KlmuEa
His69 Leu3a® AspATP d|stance—K|mura 1980], NJ [Galtier's and Gouy;
Argo4® Ser386 His48 T method—Galtier and Gouy 1995], and ML [Felsenstein
His103* Phe442 Asp50¥  1981]) are presented (Figs. 6-9). Phylogenies not illus-
lle191* Phe448§ Ag528>  trated generally agreed with those presented. In all trees
His263* His469

the mammals, plants, and yeasts (with one exception,
aAn additional residue (Asp503), implicated by the findings of this HPO, which will be discussed later) form separate clades.
paper, is listed. The character in superscript indicates the subunit td he bacterial sequences appear to be polyphyletic.
which the respective residues belong As expected from the analysis of the alignment, the
mammalian sequences differ distinctively from the re-

based entirely on the compositions (Lockhart et al.Maining taxa. A lack of sequences from any animals

1994). All distance matrices were used as input files forother than mammals is the reason for the long internal
the NJ and the ME programs. In addition, we used thePranch. Nevertheless, it appears that the rate of evolution
ML method (Felsenstein 1981), which has been shown td this branch is slightly higher than that in most other
be robust in cases where there is compositional heterd2ranches. Except for the third codon position the mam-
geneity (Galtier and Gouy 1995). We also derived MpMalian sequences are significantly stationary, including
phylogenies (Fitch 1971) using a heuristic search. Excepihe protein sequences. (Values for second codon posi-
for the trees based on Euclidean distances we obtaingéPns are shown in Fig. 5.) Although only data from three
very similar results from each approach, indicative of amammalian species were available we estimated evolu-
clear distinction between the phylogenetic and the comtionary rates and compared the results with those from
positional signals. other studies. First we considered the rates from mouse
Figure 1 shows the occurrence of several large gapgMmu) and rat (Rno) transketolase. A method for com-
particularly in the aligned mammalian sequences. How+{aring evolutionary rates in homologous genes is a rela-
ever, tree topologies were basically unaltered, regardledéve rate test that does not require the knowledge of di-
of whether gaps were excluded in pairwise comparisonyergence times (Sarich and Wilson 1973; Wu and Li
or globally removed. Furthermore, the subset of sequent985). Using the human gene Hsa(ad) as a reference
tial residues listed in the Methods section, which ex-sequence we calculated the differences in synonymous
cludes all regions of major gaps, resulted in the sameand nonsynonymous substitutions and obtained 4.5 +
topology. 10.62 and —-0.12 + 0.97 substitutions per 100 sites, re-
Distances calculated in pairwise comparisons of DNAspectively, the negative sign indicating a higher rate in
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Fig. 3. Predicted substrate channel, based on the structure of yeatelonging to the ‘transketolase motif” (except the ones involved in
transketolase in absence of substrate. Residues in the two identicaubstrate binding) are indicatedbfack. Two of the conserved glycines
subunits A and B are showdark and light, respectively. Residues of the motif reminiscent of the NADH-binding motif of various dehy-
predicted to be involved in substrate binding (Table 3) are shown aglrogenases are indicated. Only a major conformational change could
space-filling sphereand line a funnel: half are from each subunit. The bring the invariant D503 into proximity with the active site.

C2 atom blacK of ThDP forms the bottom of the funnel. Residues

the rat gene. This result suggests a nearly equal rate for

mouse and rat, in accordance with previous studies (Li et

al. 1987; O’hUigin and Li 1992). Second, we analyzed .sapiens (ad)  GSHCGVSIGEDGPSQMALEDLAMFRSVPTSTVEYPSD

the actual rate of the rodent genes by assuming a mousg/ sapiens (ft) giﬁggﬁg;ﬁﬁmmiﬁizzii:xx Zz

. .norvegicus

rat q|ChOt0my Of 44_50 Myr (Ea'SteaI et a'l' 1995) We M.musculus GSHCGVSIGEDGPSOMALEDLAMFRSVPMSTVF YPSD

obtained a rate estimate of 3.37 + 0.41 synonymous Sube.plantagineum 7 MTHDSIGLGEDGPTHQPVEHLASFRAMPNILTLRPAD

stitutions per site per £0/ears. This value is consistent C-plantagineum 10 MTHDSIGLGEDGPTHQPYEHLASE RAMPNILVLRPAD
. h th r It fr m Ll t I 1987 Wh bt in d r t C.plantagineum 3 MTHDSIGLGEDGPTHQPIEHLASFRAMPNILMLRPAD

Wlt eresu 0 € a'( _)’ A 0 obtained a aeS.tuberosum MTHDSIGLGEDGPTHQPIEHLASFRAMPNILMFRPAD

of 3.9-11.8 synonymous substitutions per’ Mears  &.poiymorpha GTHDSINEGENGPTHQPVESPALFRAYANIYYMREVD

based on an assumed divergence time of 15 Myr. Third$.cerevisiae 1 ATHDSIGVGEDGPTHQPIETLAHFRSLPNIQVWRPAD

: iS1 2 'HDSIGLGEDGPTHQ PIETLAHLRATIPNMHVWRPAD
actual rates based on the comparison between the adujt®::°7>5* AT Ho

) stipitis ATHDSIGLGEDGPTHQPIETLAHFRATPNISVWRPAD
human gene and the rodents were estimated. We usedsco1; 1 Y THDST GLGEDGPTHQAV EQLASLRLTPNFSTWRPCD
divergence time of 115-129 Myr (Easteal et al. 1995).&.coli 2 Y THDSTGLGEDGPTHQ PVEQVASLRVTPNMSTWRFCD
The rates of substitutions per site pe J@ars for syn- = oo oo ety s TCrToNTTE Ao
onymous and nonsynonymous substitutions are 2.65 % fr1avus L THDSIGLGEDGPTHQ PV EHVESLRLIPNLDVWRPAD
0.28 and 0.12 + 0.02, respectively. Li and Graur (1991)A. eutrophus LTHDSIGLGEDGPTHQFVEHAASLRLI PNNQVWRPCD
estimated average numbers for synonymous and nonsyr: 12f1uenzaeRd - YTHDSLGLGEDGPTHO PVEQTASLRLIPNLETWRECD

. . M. leprae WTHDSVGLGEDGPTHQPIEFHLAALRAIPRLSVVRPAD
onymous substitutions to be 4.61 + 1.44 and 0.85 + 0.73 gepitaiium Y THDSY QVGGDGPTHQ PY DOLPMLRATENVCVERECD
respectively, per site per 1Gears. Although they as- s.pneumoniae F THDSTAVGEDGPTHE PV FHLAGLRAMPNLNVFRPSD
sumed a different rodent—primate divergence time (80

Consensus THDS G GEDGPTH P E R RP D
Myr), our results show that transketolase belongs to the SCeS GN SO AD v
more evolutionary conservative proteins. This result is N
not surprising considering that transketolase is catalyzing i
a reaction in a metabolic pathway found in most if not all
living organisms. A slow rate of evolution might in this blléiﬁ-birtl@fing GXGXXG---------- X24========--- D
1Ke motl

case simply reflect functional constraints.

It is interesting to note that the comparison betweerfig- 4. Transketolase motif. Residues belonging to the NADH-
binding like motif are inbold. Positions that are invariant, conserved,

the rodent genes led to & S|Ight|y hlgher evolutlonary rateor allow for only two different amino acids areiialics. The consensus

than the comparison bEtW_een the rgdent a_nd the humasﬂwd the motif reminiscent of the NADH-binding motif of various de-
genes. Whether such an increase is consistent with th&drogenases (“NADH-binding like motif) are shown below.
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Table 4A. The amino acid compositions (in % values) of the 22 sequences compared are listed

A C D E F G H | K L M N P Q R S T v W Y Total

Hsa(ad) 11.7 19 56 56 39 72 27 75 67 74 21 32 45 42 47 6.7 51 58 06 27 623
Hsa(ft) 11.7 19 56 56 39 72 26 75 69 72 22 32 45 42 47 67 51 58 06 27 623
Rat 116 21 58 56 40 79 26 67 72 71 24 27 48 40 42 58 51 71 06 27 623
Mus 116 19 59 55 40 77 26 71 71 71 22 26 48 40 43 64 53 66 06 27 623
Cpl7 102 13 47 72 38 99 30 50 59 83 21 38 58 18 47 61 53 65 16 28 676
Cpl10 108 06 41 78 37 105 29 40 62 85 24 38 53 15 41 65 54 75 15 29 679

Cpl3 98 12 46 77 31 98 25 66 67 75 17 42 48 23 37 75 48 6.6 17 31 519
Stu 110 10 46 75 39 94 29 58 63 73 20 40 48 23 36 68 55 66 16 32 694
Hpo 106 23 46 63 41 76 27 58 56 82 24 51 46 38 48 55 35 65 08 52 710
Scel 100 03 50 51 41 85 25 53 63 93 16 46 56 34 32 84 54 62 13 38 680
Sce2 78 04 60 60 44 90 26 51 59 84 18 38 50 40 41 87 50 65 13 43 681
Pst 104 07 49 52 37 81 24 53 60 98 14 36 53 39 32 81 63 69 13 35 695

Ecol 133 08 53 72 39 87 27 48 53 77 33 33 45 35 42 59 50 57 17 33 664
Eco2 114 06 49 73 34 94 39 54 57 85 24 37 52 34 40 46 52 54 18 33 667

Rsp 175 09 56 56 27 100 33 52 20 85 35 18 58 21 65 46 53 52 12 24 657
Rca 155 09 48 68 28 91 28 46 54 86 36 25 43 22 67 39 54 61 21 19 672
Xfl 164 09 54 6.3 36 95 31 44 22 90 23 19 66 17 71 42 58 60 19 17 687
Aeu 166 16 58 58 28 94 39 31 13 104 25 27 61 24 66 37 40 69 18 24 670
Hin 128 08 50 7.2 42 89 30 57 51 78 23 38 42 36 45 6.0 47 53 18 35 665
Mip 113 04 64 69 26 93 30 56 24 90 11 20 53 33 57 64 72 69 20 31 699
Mge 59 11 65 46 6.0 62 34 66 80 102 20 6.8 32 52 29 62 46 54 09 42 648
Spn 122 03 63 59 39 85 25 45 46 83 20 48 46 29 40 6.2 6.0 80 09 3.7 649
- - + + + + + - - + + - + - - - + + + -

Average 118 11 53 63 38 87 29 55 54 84 22 35 50 32 46 61 52 63 14 32

2The ten frame shifts denoted by an X in the alignment in Fig. 1 (Sufmisttaal. 1993) are not listed. The last column indicates the total number
of amino acids per sequence. Homogeneous and heterogeneous distribution are indicated by + and —, respectively

finding of a higher rate in rodents than in humans, asThe branching order that suggests a gene duplication in
reported elsewhere (Wu and Li 1985), cannot be ascerS. cerevisiaeafter divergence fronP. stipitis is sup-
tained from this limited data set. However, accumulationported by all trees (Figs. 6-9). Unusual was the branch-
of other mammalian sequences (e.g., artiodactyls, lagang of Hpo, which consistently clustered with the mam-
morphs, marsupials) will shed light on the uniformity of malian sequences. However, pairwise comparisons of the
the mammalian rate. The ubiquity and the slow evolutiondistances between amino acid and nucleotide sequences
might make transketolase a suitable model for a molecuboth indicated that Hpo is slightly more distant from
lar clock, particularly in the case of mammals in which mammalian sequences than from the other yeasts. The G
the amino acid and nucleotide distributions are station-+ C content in Hpo, however, is elevated, similar to the
ary. mammalian sequences (Table 4B). In an attempt to

Although transketolase genes from only two differentclarify the branching of Hpo an ML tree was constructed,
plants have been sequenced so far (Bernacchia et alsing only the mammalian and yeast sequences (Fig. 10).
1995; Teige et al. 1995: GenBank) the branching order offhe resulting phylogeny is trifurcated; although the Hpo
the three Cpl genes is ambiguous. While NJ (p-distancefransketolase gene sequence seemed to cluster closer to
and ME trees suggest that the constitutively expressethe yeast than to the mammalian genes, no clear branch-
Cpl3 is more closely related to the geneSftuberosum ing pattern was obvious. Implications of these results for
(Stu) than to the stress-induced Cpl7 and Cpl10 genethe molecular evolution of the Hpo gene are discussed
(Figs. 6 and 7), the ML and the NJ (Galtier-Gouy dis- below.
tance) trees suggest the opposite (Figs. 8 and 9). Al- The branching topology of the bacterial sequences is
though the differences in base composition in the threeomplex. In all phylogenetic trees (Figs. 6-9) the gram-
Cpl genes are not very large, Cpl3 shows clearly thenegative bacteria form three distinct groups: Aeu and Xfl
highest degree of similarity to Stu (Table 4B). Addition- share the same ancestral gene. The same is true for Rca
ally, a slight bias in the transition/transversion ratio be-and Rsp.E. coli contains two different transketolase
tween Cpl3 and Cpl7/Cpl10 was observed. (The resultgienes, one of which is responsible for the major activity
for pairwise comparisons were 0.977, 0.959, and 0.771Ecol). Eco2, in contrast, is responsible for only minor
for Cpl3 vs Cpl7, Cpl3 vs Cpl10, and Cpl7 vs Cpll0, activity (lida et al. 1993) but appears to be the ancestral
respectively.) Consistently, in all inferred phylogeniesgene. Tle G + Ccontent for both genes i5% (Table
the plants form a monophyletic group. 4B). The entire genome dfl. influenzaeRd has been

In contrast the yeast group dooes not form a clustersequenced recently (Fleischmann et al. 1995) and only
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Table 4B. Base compositions (in % valuesp + C contents, and  reported for the class Il FBP aldolase (Van Den Bergh et
length of sequences (in bp) al. 1996).

The closest relative fdvl. genitaliumwas expected to

A T C G G+C Total e .
be a low G + Cgram-positive bacterium (Fraser et al.

Hsa(ad) 232 181 304 283 587 1869 1995). The only representative of this group in our analy-
:S?(ﬂ) gig i;;’ ggg gg-g gg-g iggg sis isS. pneumoniaeyhich contains the putative trans-
M?Js 240 189 203 278 571 1860 Ketolase recP. In all trees shown they share a common
Ccpl7 221 180 283 317 600 2028 gncgstor; howgver, the bootstrap support in the NJ trees
Cpl10 218 186 274 321 595 2037 is fairly low (Figs. 6 and 9).
Cpl3 241 200 267 293  56.0 1557 NJ (p-distance) and ME trees (Figs. 6 and 7) suggest
it“ gg-g 53-8 ;?-2 gg-f gg-g’ ;22(2) that M. leprae might share an ancestral gene with the
5521 275 280 230 215 445 2040 plant and yeast groups, whereas ML and NJ (Galtier-
Sce? 279 271 208 242 450 2043 Gouy_method) t_rees. cluster this sequence with the gram-
Pst 245 272 256 227 483 2085 hegative bacteria (Figs. 8 and 9). Although the paucity of
Ecol 227 214 279 280 559 1992 data makes it impossible to resolve the phylogenetic re-
ECOZ ijé iéi gi-g gg-g %Z iggi lationship between bacterial sequences, it seems that the

sp . . . . . . .
Rea 178 153 320 349  66.9 5016 bacteria form a polyphyletic group.
Xil 145 147 387 322 709 2061
Aeu 145 147 359 350 709 2010 ~: :
Hin 293 276 207 224 431 1995 Discussion
Mip 208 184 310 297  60.7 2097 _
Mge 34.6 324 15.1 17.9 33.0 1944 Sequence Comparison and Secondary Structure
Spn 28.0 276 217 227  44.4 1948 . .

P _ _ _ _ _ Alignment of the 22 transketolase sequences derived
Average 234 214 272 280 555 from four different phyla (Fig. 1) illustrates the high

level of conservation that has been maintained in this
enzyme throughout evolution. For the purpose of the
Table 5. Analysis of compositiorfs studies reported here we have used our own human trans-
ketolase sequence, since it differs from the sequence pre-
viously available in the GenBank database. McCool et al.
have published the sequences encoding human trans-

Degrees of X2 X
Data set freedom a (P = 5%) (calc.) H

GCIAT 21 0.05 32.67 1698.68 Rejected ketolase from five individuals (McCool et al. 1993).
Nucleotides 63 0.05 8253 1821.62  Rejected \With the exception of a single conservative polymor-
Amino acids 399 0.05 446.29 634.37 Rejected

phism, four of these sequences were identical and could
2 Contingency tests for homogeneity of the 22 sequences were appliepe termed the consensus sequence. The fifth sequence
to the nucleotide pair GC (or AT), all four nucleotides, and all 20 amino differed at nine bases; hence, it is perhaps unfortunate
acids. The null hypothesis gthomogeneity) was rejected at the 5% that this sequence is the one deposited in the database.
level (). x* values expec_ted for a homogeneous distribut@{_? = We have independently cloned and sequenced the cDNA
5%)]) and the values obtained from our data séf¢alc.]) are indicated encoding human transketolase, and it is entirely in agree-
ment with the consensus sequence mentioned above.
one gene coding for transketolase was discovered. The Gince this sequence appears to be the common one, we
+ C content is low [(¥3%). ConsistentlyH. influenzae have deposited this, also, into the database.
Rd transketolase branches with Ecol. The crystal structure of transketolase fr@ncerevi-

The branching order between these three groups of theiae (Scel in Fig. 1) has allowed the identification of
gram-negative bacteria was incongruent in the differentritical residues required for cofactor and substrate bind-
topologies. ME and ML trees (Figs. 7 and 8) suggest dng, plus subunit interactions (Lindqvist et al. 1992;
common ancestor foA. eutrophus, X. flavus, R. sphae- Nikkola et al. 1994). The alignment presented in Fig. 1
roides,andR. capsulatusAll four organisms belong to enables a comparison to be made between these residues
thea andp subdivisions of the proteobacteria. The sameand the corresponding residues in the transketolases from
result has been reported using the sequences of the clagther sources, identifying those that are totally invariant
Il fructosebisphosphate (FBP) aldolase (Van Den Berghacross species (see Table 2). Totally conserved residues
et al. 1996). In contrast, the two NJ trees (Figs. 6 and 9nhumber 50 and include, among others, His30 and His69
suggest a common ancestor for eutrophus, X. flavus, which, along with His103 and His263, form part of a
and the ancestor @&. coli andH. influenzaeRd. While  cluster of conserved histidines predicted to be involved
the ML and the two NJ trees (Figs. 6, 8, and 9) suggesin substrate binding (Lindqvist et al. 1992; Nikkola et al.
an ancestor common to all gram-negative bacteria in thid4994). Although His481 has also been included in this
comparison, the ME tree (Fig. 7) clustered theubdi-  group, our alignment shows that there is a substitution
vision with the plants and yeasts. A similar result wasHis481GlIn in all of the studied mammalian sequences
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Hsa(ad) | Hsa(ft) Rno Mmu Cpl7 Cpll0 Cpl3 Stu Hpo Scel Sce2
Hsa(ft) 0.00 *
Rno 0.02 0.03 *
Mmu 0.01 0.02 0.02 *
Cpl7 0.35 0.34 0.51 0.32 *
Cpl10 0.31 0.31 0.42 0.26 0.17 *
Cpl3 0.14 0.11 0.26 0.20 0.29 0.36 *
Stu 0.23 0.20 0.32 0.25 0.48 0.20 0.15 *
Hpo 0.62 0.60 0.54 0.75 1.95 1.80 0.67 1.05 *
Scel 1.50 1.49 1.46 1.47 2.42 1.36 1.43 0.91 2.20 *
Sce2 0.65 0.62 0.63 0.74 1.72 1.16 0.60 0.45 0.50 0.65 *
Pst 2.39 2.41 2.32 2.29 3.36 2.01 2.32 1.76 3.60 0.21 1.55

Fig. 5. Stationarity check of eukaryotic sequences at the second codon pogftivalues were calculated according to the method of Saccone
et al. (1990). Values that do not fulfill the adopted criterion for stationasfy<t 1.5) are inbold.
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Fig. 6. Unrooted neighbor-joining tree based on the amino acid alignment in Fig. 1. Percentage confidence levels from 1,000 replicates are indice
at the nodes of the branches. Evolutionary distance (p-distance) is indicateschjeebarbelow the tree.

(Figs. 1 and 4). From the alignment we were able toremains open. Interestingly, a further 24 residues are
identify another invariant residue, Asp503, which could completely invariant in all but the mammalian enzymes
possibly interact with the substrate (Fig. 2A,B). Al- (see Table 2B), indicating that these residues may be
though analysis of the structure of Scel transketolas@volved in some aspect of transketolase function. For
free of substrate showed that this residue is not in thexample, it is known that transketolases from plants and
immediate proximity of the substrate channel (Fig. 3), ityeasts display a wide range of substrate specificity (Ko-
is possible that conformational changes during bindingchetov 1986; Villafranca and Axelrod 1971). Dihydroxy-
of the substrate might close the gap between Asp503 analcetone synthase seems to have the largest spectrum of
the substrate. Until knowledge of the crystallographicpossible substrates (Kato et al. 1982), whereas mamma-
structure, with substrate bound to enzyme, and sitelian transketolases are more selective (Paoletti 1983;
directed mutagenesis studies become available, this issiMasri et al. 1988; Waltham 1990). Recently transketo-
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Fig. 7. Unrooted minimum evolution tree based on the DNA alignment. Percentage confidence levels from 1,000 replicates are indicated at
nodes of the branches. Evolutionary distance (estimated according to the method of Kimura, 1980) is indicatealdyparbelow the tree.

lase fromE. coli has been shown to display a similar known to participate in closure of the cofactor binding
substrate specificity to yeast and plant transketolas@ocket at the subunit interface and that vary between
(Sprenger et al. 1995). Table 3 lists residues identified asmammalian and nonmammalian transketolases, such as
possibly being involved in substrate binding (Lindqvist Tyr448Arg and Ala381Gly. Additionally, the substitu-
et al. 1992; Nikkola et al. 1994]. Although those residuestions Tyr448Arg, together with Arg417Ala, might be re-
are highly conserved among all species in our comparisponsible for different subunit interactions observed be-
son (Fig. 1), there are a few distinct differences betweeriween the two groups. The highly conserved ThDP-
the mammalian and the remaining transketolase$inding motif first identified by Hawkins et al. (1989) is
(le191GIn, Leu383Thr, and His481GlIn, respectively), presentin the N-terminal domain, but, surprisingly, is not
as well as between the remainder and that of Hpdhe most highly conserved stretch of sequence. Crystal-
(Arg94His, 11e191Cys, and Asp477Asn, respectively).lographic studies have shown that the ThDP-binding site
Table 2B lists sequence variations between mammaliais accessible from the solvent through a deep cleft be-
and other transketolases and, as mentioned above, sonween the two subunits. The cleft is lined with conserved
of these variations may reflect variations in functions.residues located on loop regions (Lindgvist et al. 1992;
His481GlIn falls into this category as it may reflect dif- Nikkola et al. 1994), among which is one of the longest
ferent substrates specificities between the two groupsstretches and most highly conserved regions of sequence
Currently only a small number of transketolase enzymesn the whole polypeptide chain (Figs. 2B and 4). This
have been well characterized in respect to turnover numregion has been identified as reminiscent of a nucleotide-
ber. Calculations based on studies of transketolases frofinding motif (Abedinia et al. 1992). It has been sug-
E. coli(Sprenger et al. 1995%. cerevisiagSundstion et  gested that other invariant residues within this motif are
al. 1993), and human (Waltham 1990) resulted ig, k involved in subunit dimerization and substrate binding
values of 60s', 455, and 205!, respectively. These (Nikkola et al. 1994). Part of the subunit dimerization
modest turnover numbers are consistent with the asinterface forms the site for binding of the thiazolium and
sumption that transketolase is adapted better for breadtbyrimidine rings of the cofactor, and since the substrate
of substrate than for efficiency. has to react with the C2 of the thiazolium ring, some of
Release of cofactor from holoenzyme requires comthese residues could be involved in both substrate bind-
pletely different conditions for the two groups, and thising and subunit interactions. It seems that this highly
property may depend on interactions involving residuesconserved stretch between Thr468 and Asp503 (Figs. 2B
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and 4) cannot be assigned to one specific function in th@&s gene duplication, horizontal gene transfer, and endo-
protein, such as binding of cofactors or substrates. Howsymbiosis are normally considered responsible for such
ever, residues crucial for structure and function of thediscrepancies. Nonetheless, homologous sequences have
enzyme are conserved in this segment. Through coma natural tendency to diverge over time. It is believed that
parison with the nucleotide-dependent dehydrogenas@ith a large data set comprising many different se-
enzymes, particularlp-lactate dehydrogenase (Bernard quences, discrepancies are cancelled so that the evolu-
et al. 1995) and formate dehydrogenase (Lamzin et akionary process behaves stochastically (e.g., Doolittle et
1992), we have shown that this region has a structure thai]. 1996).

is reminiscent of the nucleotide-binding region of vari-  We used amino acid and the corresponding DNA se-
ous dehydrogenases. The term “transketolase motif'quences for the enzyme transketolase from two of the
seems therefore an appropriate description because thisr-kingdoms, Eukarya and Bacteria (Woese et al. 1990).
motif is conserved in all transketolases so far sequencegl|| 19 phylogenetic trees generated by various methods
and is found in no other sequence in the various data(e_g_, Figs. 6-9) indicate that the branching order ob-

bases. tained from transketolase sequences is, in general, con-
ventional, as has been reported elsewhere (Van Den
Phylogenetic Inference Bergh et al. 1996). There is a distinct subdivision into

four groups representing mammals, yeasts, bacteria, and
Phylogenies derived from species that are very divergenplants, as would be expected from their taxonomic rela-
often result in trees with deep branches. Such trees mayonship. However, since we have no outgroup, all trees
be unreliable because of stochastic errors due to randoshown are unrooted. Hence, it is not possible to deter-
substitutions and compositional biases (e.g., Hashimotmine with any accuracy the position of the ancestral gene
et al. 1995). Phylogenetic trees constructed from a singlén the trees.
gene or protein may differ from species phylogeny. It is clear that mammalian and plant enzymes form
Analysis of different sequences led to different rootingsmonophyletic groups, but the branching order of the
for the “tree of life” (Saccone et al. 1995). Events such three Cpl sequences within the plant phyla is ambiguous.
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M it is [(b6% and in Stu#5% (Table 4B). In cases of
I[ Rno compositional biases the method of Galtier and Gouy
|_{ Hsa(ad) and the ML algorithm have been shown to perform more

Hsa (£t) reliably than methods that implicitly assume homoge-
——————— Pst neous and stationary compositions (Galtier and Gouy
Sce2 1995). Therefore, a speciation &f tuberosunmand C.
—L——_; plantagineumprior to gene duplications irC. plan-
Hipo tagineumis more likely. This is in agreement with the
observation that Cpl7 and Cpl10 are expressed only after
relief of dessication, while Cpl3 is constitutively ex-
pressed. The occurrence of the two inducible genes

Fig. 10. Unrooted maximum likelihood tree based on the DNA se- _ . . . .
quences of mammalian and yeast sequences. Evolutionary distance rirs"ght S|mply reflect an adaptatlon to alteration of the

indicated by ascale barbelow the tree. environment. . .
An unexpected observation was the groupingHof

polymorphawith the mammalian sequences rather than
While the NJ (based on p-distance) and ME (Kimurawith those of the other yeasts. This is in contrast to
distance) trees suggest a duplication event prior to theatalase ofH. polymorpha,which has been shown to
split of C. plantagineumandS. tuberosungFigs. 6 and  group with the other yeasts (Von Ossowski et al. 1993).
7), the ML and the Galtier and Gouy distance NJ treeObviously, the topology is not simply due to composi-
suggest a duplication after the divergence (Figs. 8 and 9}ional bias, because all applied algorithms (including Log
Analysis of base compositions showed that Cpl7 andet) show the same branching order. The bootstrap,
Cpl10 have a fairly hig G + Ccontent (50%). In Cpl3  where applied, varies between 51% and almost 100%

0.1 substitutions per site
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(Log Det: 80%). Using only the yeast and mammalianthe selectivity for substrates was increased, reflecting a
sequences did not clarify the phylogeny (Fig. 10). more complex organization of the evolving organisms.

The phylogenetic trees in our analysis reveal that thelhese results suggest that the ancestral genés pbly-
internal branches are relatively short in comparison withmorpha and the other yeasts in our comparison were
the branches leading to extant species (Figs. 6—10). Thigaralogous and that the mammalian &hdpolymorpha
increases the probability of obtaining an erroneous tregenes are orthologous.
topology due to stochastic errors caused by random sub- Eubacterial radiation is reported to be bush-like (e.qg.,
stitutions of bases or amino acids (Nei 1987). LongGaltier and Gouy 1994). Expectedly, we were unable to
branches signify a large number of changes. In accorresolve the bacterial phylogeny unambiguously. All trees
dance with increasing numbers of total change the numexcept the ME tree (Fig. 7) suggest monophyly fordhe
ber of homoplastic changes may increase, which can leafd, and-y subdivisions of the proteobacteria, as expected
to an underestimation of evolutionary distances and thuge.g., Galtier and Gouy 1994). The discrepancy in the
a sequence convergence that does not reflect the tridE tree may be due to compositional biases. This tree
phylogenetic relationship. In general, small data sets aravas generated with a distance matrix based on Kimura’'s
more sensitive to errors caused by stochastic and homdwo-parameter model (Kimura 1980), which does not
plastic processes. Often, addition of more taxa (ingroupgccount for compositonal heterogeneities. Table 4B
and outgroups) leads to discovery of such processeshows, however, that thesubdivision has a much lower
(Sanderson 1990). We attempted to resolve the effect d& + C content than the- and B-subdivisions. In con-
homoplasy by use of the bacterial sequences as an oufrast, the NJ tree in Fig. 6 has been inferred by estimating
group butH. polymorphastill branched with the mam- the p-distance between the protein sequences and, al-
mals. We argue that sequence convergence due to hthough this measure does not account for heterogeneities
moplastic changes does not account for the unusuaither, the expected tree topology was obtained, in agree-
branching ofH. polymorphabut, without knowledge of ment with the observation that the heterogeneity within
the root of the tree or a proper outgroup, we cannot valithe protein sequences is less significant than that within
date this assumption. the DNA sequences (Table 5).

Unexpected branching of one member of a tree which  The represented gram-positive bacteria belong to the
otherwise displays conventional topology might be evi-high G + C M. leprag and the low G + C $. pneu-
dence for a horizontal gene transfer (Smith et al. 1992)moniaeandM. genitaliun) subdivisions, respectively.
especially when sequences of other molecules from theneumoniaeis closest toM. genitalium,a result that
same member result in conventional phylogenies. How<¢ould be expected. It has been reported that 50% of all
ever, such a transfer is in general very difficult to prove.identified translation products iM. genitalium have
An argument against a horizontal gene transfer betweegreat similarity with lav G + C gram-positive bacteria
H. polymorphaand the ancestor of the mammalian cladesuch asBacillus subtilisand other mycoplasma species
is that the evolutionary distance between the transketofFraser et al. 1995).
lases ofH. polymorphaand mammals is rather large; in  The monophyly of gram-positive bacteria is contro-
fact the number of substitutions per site is smaller beversial (Galtier and Gouy 1994). Nonetheless, many
tweenH. polymorphaand the other yeasts than betweenstudies report monphyly for gram-positive and gram-
H. polymorphaand the mammalian sequences. negative bacteria (e.g., Doolittle et al. 1996). Further-

Assuming a gene duplication prior to the split of more, the gram-positive bacteria seem to be divided into
yeasts and animals, the unusual branching pattet. of two subdivisions, the hiyG + C and low G + GGaltier
polymorphacan be rationalized. While the majority of and Gouy 1994). While the W G + C sequences
the yeasts retained one of the paralogous gdiiegoly-  branched together in our analysis, the relative position of
morphakept the other one, as did the mammals. Selecthe gram-positive sequences varied strongly between the
tive pressure or advantage may be the reakbmoly-  different trees (Figs. 6—9). Bootstrap support was often
morphacan utilize methanol as a carbon source, and itdow. However, the ML tree and the NJ tree based on the
transketolase displays a very wide range of substratalgorithm of Galtier and Gouy (1995) suggest an ances-
specificity (Kato et al. 1982). However, the mammaliantral gene common to both the ancestor of the gram-
enzymes have a very different and limited substratenegative bacteria antl. leprae. This could suggest a
specificity, as mentioned above. Therefore, selectivgolyphyly for the gram-positive sequences in our com-
pressure related to the enzymatic properties does not eyarison. Addition of more sequences to the phylogeny in
plain why H. polymorphaand mammals retained the the future will probably clarify the branching of the bac-
same ancestral gene, and a more likely reason is thaérial clade.
environmental influences favored one gene over another. At least three organisms have more than one gene
In the course of evolution the mammalian sequences magoding for a transketolase. For example, there are two
have lost parts of their DNA through deletions of exonsgenes irE. coli (Sprenger 1993; lida et al. 1993), two in
and/or alternative splicing. Though all these deletionsS. cerevisiae(Sundstifon et al. 1993; Schaaf-
occurred in functionally less significant regions (Fig. 1) Gerstensclilger and Zimmerman 1993), and threeGn
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plantagineunm(Bernacchia et al. 1995). This observation have evolved from a common ancestor. Detailed exami-
suggests yet other events of gene duplication. nation of the secondary structure argues against this
In E. coli Eco2 is responsible for minor activity, ap- proposition. The ThDP-binding motif begins immedi-
parently as a backup for Ecol (lida et al. 1993). Phylo-ately after2 of the N-terminal domain and extends
genetic analysis shows that Eco2 is the ancestral gen¢hrougha7, a8, andB3; the equivalent secondary struc-
Transketolase froml. influenzaeRd is more closely re- tures in the middle domain afl3, «l17,«18, andp14,
lated to Ecol than to Eco2. The whole genomeHof but the transketolase motif begins only affr4. Thus,
influenzaeRd has been sequenced with high reliability it appears that the two motifs have arisen independently.
(Fleischmann et al. 1995) and no second transketolas&nalysis of the ThDP and transketolase motif showed
gene has been found. This suggests that an initial duplithat the number of nonsynonymous substitutions in both
cation of Eco2 occurred prior to the speciatiorEofcoli  motifs is only about half as many as in the entire se-
andH. influenzaeRd. After speciationE. coliretained quence. The number of synonymous substitutions, how-
the ancestral gene whild. influenzaeRd excluded it. An  ever, seems to be slightly higher than in the whole gene
alternative explanation involves a gene transfer fidm (data not shown). This result is consistent with the im-
influenzaeRd toE. coli. Such a transfer is not unusual for position of functional constraints upon these two con-
E. coli. One of the few firm cases of horizontal gene served motifs.
transfer is the transfer of a second gene coding for glyc- We have tried to analyze evolutionary rates as far as
eraldehyde 3-phosphate dehydrogenase from a eukaryopessible within this small set of data. Such calculations
to E. coli (Smith et al. 1992). The relatively short dis- are always limited by the accuracy of the divergence
tance between Ecol and Hin favors such a hypothesidgimes assumed. One of the major controversies of mo-
However, analysis of the base compositions (Table 4B)ecular evolution is the regularity of the molecular clock.
shows that Ecol and Eco2 have a similar but muchKimura predicted a uniform rate of evolution (Kimura
highe G + C contents than Hin. Therefore, a horizontal 1968, 1983). Generation time and uncertainty about di-
gene transfer is not very likely in this case. vergence times were some of the factors used to explain
In our comparisons the phylogeny depicted in Fig. 9deviations from this uniformity. Recently, it has been
best reflects the expected “tree of life” (Doolittle et al. suggested that a mutation rate of 2—2.25 x%1€ubsti-
1996). Even though bootstrap support is far from con-tutions per site per year blends molecular and fossil data
vincing, Fig. 9 suggests that yeasts and mammals arbest, at least for mammals (Easteal et al. 1995). Our
more closely related to each other than to plants, irresult for the human rate is comparable (see Results).
agreement with recent reports (Baldauf and Palmer 19934owever, the rate obtained for the rodents is faster and is
Wainright et al. 1993). in agreement with previous studies (Li et al. 1987).
Applications of methods that are known to be robust Although the evolutionary rate appears to have in-
in cases of compositional heterogeneities (Log Defcreased in some branches of the phylogenetic trees, the
[Lockhart et al. 1994] and Galtier's and Gouy’s method variation seems to be rather small. The fairly constant
[1995]) assisted in resolving some of the ambiguities inand conserved evolution of transketolase, together with
the phylogeny of transketolase sequences, but in generats position in an ancient metabolic pathway whose func-
variations between the trees (including the ones inferredion has remained conserved throughout evolution, leads
by algorithms that assume homogeneous compositions)s to suggest that transketolase might be a good model
were small. This is in agreement with the proposition thatfor a molecular clock, in particular for mammals.
the phylogenetic signal is significantly stronger than the Factors such as gene duplication (both in eukaryotes
compositional signal. As mentioned above, phylogeniesind prokaryotes), exon shuffling, transposition, nucleo-
constructed from a single gene or protein may differtide mutations, random genetic drift, and others
from the actual species phylogeny. However, with the(Langridge 1991) are all thought to be responsible for
exception of the anomalous behaviour of Hpo, the promost present-day molecular diversities. Transketolase
posal that transketolase sequences seem to reflect “trueHas evolved through the combined effects of at least
phylogenies is quite reasonable. three of these mechanisms, i.e., gene duplication, inser-
The ThDP-binding motif shares some sequence simitions/deletions, and accumulated point mutations, and
larities with the transketolase motif, and it has been notegnaybe horizontal gene transfer. It has been postulated
previously (Lindqvist et al. 1992) that the N-terminal and (Keese and Gibbs 1992) that two classes of genes might
middle domains have similar topologies. It is possibleexist; those representing “ancient” housekeeping genes,
that these two domains are related, having arisen by paend “younger” genes encoding proteins with specialized
tial gene duplication, and it is of interest that the two functions acquired through environmental pressure.
motifs occupy similar sequence positions within their Transketolase undoubtedly ranks with the “ancient”
respective domain, each commencing approximately 15@ousekeeping gene classification since it is common to
residues from the beginning of the domain. We thereforeall cellular organisms, as is the pentose-phosphate meta-
considered the possibility that these two motifs mightbolic pathway.
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