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Abstract. The pyrophosphate-dependent phospho-were present in the derived sequences. The complete
fructokinase (PPPFK) of the amitochondriate protist ORF was highly similar to that of other PFKs, primarily
Trichomonas vaginalifas been purified. The enzyme is in its amino-terminal half. Th&. vaginalisenzyme was
a homotetramer of about 50 kDa subunits and is noinost similar to PRPFK of the mitochondriate heterolo-
subject to allosteric regulation. The protein was frag-boseanNaegleria fowleriMost of the residues shown or
mented and a number of peptides were sequenced. Basagdsumed to be involved in substrate binding in other
on this information a PCR product was obtained ffém PP-PFKs were conserved in thE. vaginalisenzyme.
vaginalis gDNA and used to isolate corresponding Direct comparison and phylogenetic reconstruction re-
cDNA and gDNA clones. Southern analysis indicated theyegled a significant divergence among4PFKs and re-
presence of five genes. One open reading frame (ORFjted enzymes, which can be assigned to at least four
was completely sequenced and for two others theelf gistantly related groups, three of which contain enzymes
of the gene was determined. The sequences were highly protists. The separation of these groups is supported
similar. The complete ORF corresponded to a polypepwith a high percentage of bootstrap proportions. The
tide of about 46 kDa. All the peptide sequences obtainednort T, vaginalis PFK shares a most recent common
ancestor with the enzyme froid. fowleri. This pair is
clearly separated from a group comprising the long (>60-
L o kDa) enzymes fronGiardia lamblia, Entamoeba histo-
*’Prgsent addre.ssSmlthKIme' Beecham Biologicals, 89 Rue de Ivtica pfk2. the spirochaete®orrelia buradorferi and
I'Institut, 1325 Rixensart, Belgium Yy p ! ) p 9 .
+ Present addressDepartment 464, Building AP10, Abbott Laborato- 1r€pomena pallidumgs well as thex- and-subunits of
ries, Abbott Park, IL 20009, USA plant PR-PFKs. The third group (“X”) containing pro-
¥ Present addressDepartment of Molecular Biology, Princeton Uni-  tist sequences includes the glycosomal ATP-PFRyf
versity, Princeton, NJ 08544, USA panosoma brucei, E. histolytica pfkand a second se-

§ Present addressl40-71 34th Avenue, Flushing, NY 11354, USA f B. b dorferi. The fourth wy
GeneBank database accession numbers of new nucleotide sequencgy.ence roms. burgdoriert. e fourth group ( )

Tvpfk1(combination of a gDNA sequence through residue E210 in thecomprise_S cyanobacterial and high-G .+ C, Gram-positive
putative translation and a cDNA sequence from residue G14 in theeubacterial sequences. The well-studiedPFK of Pro-
putative translation—through the’ 2nd), AF044973Tvpfk2and  pionibacterium freudenreichiis highly divergent and
Tvpfk3(partial 5 gDNA sequences through residue E210 in the puta- cannot be assigned to any of these groups. These four

tive translation), AF053370 and AF053371, respectively. Noncoding .
regions not discussed here are included in the entries. groups are well separated from typlcal ATP-PFKs, the
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edu established earlier. These findings indicate a complex
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history of a key step of glycolysis in protists with several ous protists, are homomeric, and are not affected by fruc-
early gene duplications and possible horizontal gend¢ose-2,6-bisphosphate. Type Il enzymes are present in
transfers. plants (Carlisle et al. 1990; Todd et al. 1995) and also in
the protist,Euglena gracilis(Miyatake et al. 1986), and
Key words: Amitochondriate protist — Enzyme evo- consist of catalytic and regulatory subunits. The latter
lution — Glycolysis — Parabasala — Phosphofructoki- probably arose through a duplication and subsequent
nase — PP— Trichomonas modification of the gene coding for the catalytic subunit
and are responsible for the allosteric effect of fructose-
2,6-bisphosphate on the enzyme (Poorman et al. 1984).
, PR-PFKs have recently been characterized from sev-
Introduction eral protists (Mertens et al. 1989, 1993; Mertens 1990;
Peng and Mansour 1992; Denton et al. 1994; Phillips and
Phosphofructokinase (fructose 6-phosphate 1-phosphad-{ 1995; Li and Phillips 1995; Deng et al. 1998; re-
transferase; PFK) phosphorylates fructose-6-phosphatéewed by Mertens 1993). These enzymes are not regu-
to fructose-1,6-bisphosphate and thus occupies a key pdated by fructose-2,6-bisphosphate and thus can be as-
sition in glycolysis (Fothergill-Gilmore and Michels signed to Type I. However, they show an unexpectedly
1993). The two major types of this enzyme differ in high level of divergence in their size and subunit struc-
phosphoryl donor specificity. The more widespreadture. Sequences determined recently from several protists
ATP-PFK (EC 2.7.1.11) utilizes ATP and catalyzes an(Rozario et al. 1995; Huang et al. 1995; Wessberg et al.
irreversible catabolic reaction. In a number of organisms;1995; Bruchhaus et al. 1996; Michels et al. 1997; Deng
however, the phosphoryl donor is inorganic pyrophos-et al. 1998) and compared with new data for several
phate (PP. PR-PFKs (EC 2.7.1.90) catalyze a reversible eubacteria confirm this high diversity and raise interest-
reaction of low-free energy change and can function ining questions concerning the evolutionary history of the
both glycolysis and gluconeogenesis. The use g¢firP  homomeric PFKs.
stead of ATP in the phosphorylation of fructose-6- The present paper describes the purification and pri-
phosphate probably increases the efficiency of glycolysisnary structure of the RFPFK (Mertens et al. 1989) of
and can be of importance to organisms which lack elecTrichomonas vaginalisan amitochondriate parabasalid
tron transport-linked phosphorylation and rely on glycol- protist. The enzyme was found to be related to other
ysis as a major source of energy (Wood 1977; Merten$FKs, with the closest relationship to the K of
1991, 1993). This is the case for most amitochondriateéNaegleria fowleri,a heterolobosean (Wessberg et al.
(Mdller 1988; Mertens 1993) and some mitochondriate1995), a relationship already apparent on earlier tentative
(Peng and Mansour 1992; Denton et al. 1994, 1996phylogenetic reconstruction based on a partial sequence
protists and probably for green plants under anaerobi¢Muller 1998). These two enzymes comprise a well-
conditions (Mertens 1991). defined PRPFK subfamily. Comparison of all available
Recent studies indicate that all PFKs belong to thePR-PFK sequences reveals the existence of at least four
same kinase superfamily and are probably descendangsibfamilies, three of which contain enzymes from pro-
of one ancestral protein (Wu et al. 1991). This superfamiists.
ily encompasses at least two families (PFK-A and PFK-
B). The PFK-A family contains most PFKs, both ATP-
and PRlinked enzymes. Its members are diverse in suby,aterials and Methods
unit size, number of subunits in the mature protein, and
susceptibility to various effectors, primarily adenine Organism. Trichomonas vaginal{strain NIH-CI; ATCC 30001) was
nucleotides and fructose-2,6-bisphosphate (Fothergillcultured in tryptose—yeast extract-maltose medium, pH 6.4, supple-
Gilmore and Michels 1993). The PFK-B family com- mented with 10% heat-inactivated horse serum (Diamond 1957). Cells
prises the minor PFK oEscherichia coliand a number from Iate-lqgarithmic phase cultures were collected with centrifugation,
of kinases that phosphorylate other sugar phosphate! 2?2;;"?%0@03‘3hate'b“ﬁemd saline, pH 6.4 (Doran 1957), and
(Wu et al. 1991). Sequence comparisons and phyloge- '
netic reconstruction indicate that all members of the c ourificationall ourification st ormed at 4°C
H : nzyme pPurifncations urification steps were perrormead al .
SFK_Ad faT”ydfzq_nP_laf E‘%noDhyletlc grou[]z' Tf(ljet PP A frozez pellet from alOIE) culture was hpomqgen?zed in 501 r‘ﬁ_ris
epe_n entan .In €d enzymes were tound to Sepabuffer, pH 7.5, containing fwg/ml leupeptin, with a Potter—Elvejhem
rate into two well-defined subgroups (Ladror et al. 1991;geyice. The homogenate (about 250 ml) was centrifuged for 10 min at
Alves et al. 1996), respectively, although some recently20,00@. To the supernatant, polyethyleneglycol flakes were added (to
explored enzymes defy a clear assignment. The PP10%, w/v). After dissolution and 30 min of standing, the solution was
dependent group has been classified into two types bas&gntrifuged as above and polyethylene glycol was again added to a 20%

| | . d tibility to fruct 26 (w/v) final concentration. After 30 min of standing, the solution was
on molecular size and susceplibility 10 iructose-z, “centrifuged as before and the resulting pellet was resuspended in 25

bisphosphate (Mertens 1991, 1993; Li and Phillipsmm histidine buffer, pH 6.0, containing g/ml leupeptin (Buffer A).
1995). Type | enzymes are found in eubacteria and vari- The solution (about 100 ml) was loaded on a QAE-Sepharose
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(Pharmacia, Piscataway, NJ) column (150-ml bed volume) at a flowTable 1. Purification of Trichomonas vaginali®R-PFK
rate of 1 ml/min. The column was washed with 80 ml Buffer A and

subsequently eluted with a linear NaCl gradient (NaCl, 0-250Q 400 Specific  Purifi-

+ 100 ml) in Buffer A. The enzyme eluted as a single peak at about 100 Protein Activity activity cation Yield
mM NaCl. The most active fractions were pooled, ultrafiltrated, and Step (mg) V) (U/mg)  (-fold) (%)
diluted thrice in a Millipore CX-30 ultrafiltration device against 20/m

MOPS buffer, pH 7.5 (Buffer B), containing 2 Mhdithiothreitol, 2~ Crude extract 2378 599 0.25 1 100
pg/ml leupeptin, and 0.1 M EDTA. Polyethylene gly-

The ultrafiltrate (80 ml) was loaded on a Phospho-Ultrogel (Bio- €0l (10—-20%) 209 276 1.32 5.3 48
Rad Laboratories, Hercules, CA) column (50-ml bed volume), pre-QAE-Sepharose 74 171 2.3 9.2 29
equilibrated with Buffer B. After washing with 50 ml Buffer B, a linear P-Ultrogel 9.2 118 13 52 20
NaCl gradient (0-400 M; 100 + 100 ml) was applied. RPFK eluted ~ QAE-Sepharose 20 112 56 224 19

as a single peak at about 22%hiNaCl. The most active fractions were
pooled (8 ml) and diluted in about 20 ml Buffer C containing.d/ml

leupeptin, 2 m dithiothreitol, 0.02% Triton X-100, and 25 Tris, vaginalis (strain NIH-C1, ATCC 30001) provided by Dr. Patricia J.

pH 7.0. . . . - 4
The pooled material was loaded on a smaller QAE-Sepharose colﬂgzgs?rr;]éucnlljvﬁfﬁ}érc: Cs\:ggggg;z::’]ﬁﬁﬁéhlﬁIclieflileiczsgl)b\i’(\;ﬁi
umn (10-ml bed volume) previously equilibrated with Buffer C,-PP ) Y P

) labeled PCR . The ph i i ith th
PFK was eluted as a single peak and was apparently homogeneous, gsbe ed PCR product as a probe. The phagemid was excised with the

- . . : . uSe of R408 helper phage according to manufacturer’s instructions.
ltin:nlgated by a single band in SDS-PAGE analysis of the active frac- Since all the cDNA clones isolated lacked the amino-terminal end

of the ORF, a gDNA library was also screened. Screening this time was
done with a*?P-labeled PCR product representing most of the ORF.
Cleavage with Trypsin and Peptide SequenciAgproximately This was obtained with nondegenerate primers (sense, 5
250 pg of the purifiedT. vaginalisPR-PFK was dissolved in pl of AGGTTTCAAGTACCTTTGCAC-3, and antisense, '5
a solution consisting of 8 urea, 5 nM dithiothreitol, and 0.4M AGCGCAACGAAGTTCGTAACC-3, corresponding in the final se-
ammonium bicarbonate, pH 7.5, and incubated for 15 min at 50°C.quence to amino acids 43-50 and 306-312.
After the protein solution was cooled to room temperature, the sulfhy-

dryl groups were modified by reaction with 15Mnvinyl pyridine for DNA SequencingThe cloned PCR product and the excised

_Zl_rh at_;oci:n tfrzpe_rt ?ﬂ”e' IT f;]errlmlxtluLe :Nﬁls ?"rl:]tetc:‘t?ko'tz:ﬂ ‘;\:'trr'n\'\éater'phagemids carrying an insert were sequenced with the dideoxy chain
ypsin (treated with tosylphenylalanylchloromethylketone, from Coo- termination method using Sequenase Il DNA polymerase. In the latter

per—Worthington) was added at a ratio of 1:25 (w:w protease to en-  thi ; f he Protei
zyme) and incubated for 22 h at 30°C. The mixture was then Iyophi-part of this study automated sequencing was performed by the Protein

. : . . : ) ., Sequencing Facility at the Rockefeller University. Both strands of the
lized, and the dried material taken up in 0.06% trifluoroacetic acid. 4 9 y y

; ) . d by “pri Iking.”
Peptides were separated by Applied Biosystems reversed-phase HPL%Ones Wwere sequenced by “primer walking

equipped with an Alltech C-18 (150 x 2.1-mm) column. Elution was

carried out with a linear water/acetonitrile gradient containing 0.06%  Restriction Analysis. T. vaginaligDNA was digested with the

trifluoroacetic acid (0.75% acetonitrile/min) at a flow rate of 0.15 ml/ restriction enzymesccl, Hindlll, Ndel, andXbal, size fractionated in

min. Absorbance was measured at 214 nm. Over 30 distinct peaks werk 2% agarose gels, and blotted to a nitrocellulose membrane (Schlei-

detected, of which 13 were further purified by HPLC and sequencedcher & Schuell). The membrane was hybridized with the probe used in

Automated sequencing of peptides (0.1-1.5 nmol) was performed in athe screening of the gDNA library.

Applied Biosystems 470A gas-phase protein sequencer. The liberated

amino acid derivatives were identified and quantified by an on-line  Eyaluation of the SequencBequences were assembled in the Eye-

Applied Biosystems 120A HPLC with a PTH C18 column. ball Sequence Editor (Cabot and Beckenbach 1989). The derived amino

acid sequences were compared with those of other PFKs assembled in

Other Biochemical Method®P-PFK activity was measured in the the program MUST (Philippe 1993). Database accession numbers are

glycolytic direction by a spectrophotometric assay as described elsdisted in the figure legends. The alignment was done by visual adjust-

where (Mertens et al. 1989). ment with the use of conserved sequence motifs present throughout the
Gel sizing was performed on a Sephadex G-200 (Pharmacia, Pisholecule. Phylogenetic trees were reconstructed with neighbor-joining

cataway, NJ) column (1.4-cm diameter, 60-ml bed volume) calibratedNJ) and maximum-likelihood (ML) methods (NJ and PROTML in the

with high and low molecular weight standards (Bio-Rad). The column MOLPHY package (Adachi and Hasegawa 1996) and with the maxi-

buffer was 25 v Tris, pH 8.0, with 2ug/ml leupeptin, 200 il NaCl; mum-parsimony (MP) method [PROTPARS in the PHYLIP package

the flow rate was 10 ml/h and the injected volume was 1.5 ml. Poly- (Felsenstein 1996)].

acrylamide gel electrophoresis (PAGE) and Coomassie blue staining

were performed by standard methods.

Results

Cloning ProceduresSome of the tryptic fragments revealed suffi-
cient similarities to PFKs of other organisms to permit the design of . L . . .
degenerate oligonucleotide primers for cloning purposes. With a primef?rotein Purification and Amino Acid Sequencing
pair (sense, 5TGG TTY CTY GTN GAR GC-3; antisense, 5GCN . )
ACN GGR TCN GCR CA-3) corresponding to amino acids 180-184 1Nhe procedure used to purify PPFK from the amito-
and 312-316 in the final sequence, an approximately 400-bp PCREhondriate ciliatelsotricha prostoma(Mertens et al.
product was obtained using cDNA prepared frdmvaginalis total 1989) was applied td. vaginalis(Table 1). The proce-
RNA as template. This product was cloned into pBluescript KS+ anddure yielded a product with an over 200-fold increased

sequenced. The sequence obtained showed an overall similarity to e .. .
PFKs from other organisms as well as the presence of sequences c0$peCIfIC activity. SDS-PAGE revealed one dominant

responding to two of the tryptic peptides. band_with a molecular mass of 50 kDa. Gel filtration on
A NZAP 1l cDNA library and a\ZAPIl EcaRl gDNA library of T. a calibrated column showed a molecular mass of 200
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Table 2. Tryptic peptides from the purified PHPFK of Trichomonas

vaginalisand their position in the ORF

Peptide/ Gene and

peak No. Sequence position

1/25, 26 SAGHLALGMAEASGAH 1-3, 189-204

2/23 ELGYGAIDAFKL 12325-335

3/14 VYMWR 12383-387

4/4 ITPK 12301-304

5/21 WFLVEAMGR 1-3, 180-188

6/16-4, 16-3 SLGMEIIR £,161-168

7/116-2 CADPVAFDAVYTR 12 312-324

8/18-1 LFGNREPPTDPH- 12261-279
GHILLDD

9/7-3, 7-4, 7-5 NLMVDSK 1-3, 169-175

10/7-4, 7-2 KSPELQENVR 1, 88-97

11/10 KIGYEL 12 305-310

12/19a TIDNDLPLRADQSTFG- 1 and 2, 140-160
FHTAR®

12/19b TIDNDLPLFSDQSTFG- 3, 140-160
FHTARP

13/22 YFLTIGGDDTASSAVSVA- 2 and 3, 107-131
QGMDXNEP

20nly pfklsequenced in this area.

b Residues in boldface italics differ in the different genes.

kDa for the native enzyme. Accordinglyl,. vaginalis

PR-PFK is a homotetramer.

A number of peptide fragments were obtained from

Southern blotting showed 5 hybridizing bands for
gDNA digested withAccl, Hindlll, and Ndel and 10
bands afteXbal digestion (results not shown). There is
an Xbd site in the ORF. These results indicate the pres-
ence of fivepfk genes in thel. vaginalisgenome.

Derived Amino Acid Sequence

The putative product (Fig. 1) of the complete ORF in
pfkl was of a molecular mass of 46,534 Da, in good
agreement with the 50-kDa value estimated from SDS-
PAGE. The complete and the two partial sequenpée(
andpfk3) differed at the amino acid level by 2—-3% from
each other (not shown). Sequences of all tryptic peptides
were accounted for in the conceptual translations of the
nucleotide sequences (residues in boldface italics in Fig.
1 and Table 2), adding up to 31% of the full ORF. With
the exception of peptide 13, all others are colinear with
the sequence gifkl. Peptide 12 resolved into two pep-
tides that differed at position 10, where either alanine
(pfk1 and ptk2) or serine pfk3 was found. This corre-
sponds to a difference betwepfk3 and the two others.
Peptide 13 corresponds pik2 and pfk3. These data in-
dicate that the purified protein contained the products of
more than ongfk gene of this organism.

the purified product and 13 of these were sequencedjignment of PFK Sequences from Various Organisms
(Table 2). Several of the longer sequences were suffi-

ciently similar to regions of various ATP-PFKs to estab- The amino acid sequence ®f vaginalisPP-PFK was

lish their position within theT. vaginalisprotein. Based aligned with all available PFPFK and PRPFK-related

on this information, we designed degenerate oligonuclesequences and selected ATP-PFK ones. A representative
otides to obtain a PCR product corresponding to a sigsubset of these is shown in Fig. 1. In view of the greater

nificant part of the coding sequence.

DNA Sequencing and Southern Analysis

similarity found with the catalytic amino-terminal half of

the metazoan ATP-linked enzymes, we did not include
the carboxy-terminal regulatory domains of these. Al-
though a global alignment was not easily achieved, con-

All of the cDNA clones isolated lacked the area corre-served areas provided a number of clear guideposts. The
sponding to the amino terminus of the protein, with thealignment proposed was robust in certain parts and less
longest one short by only 13 amino acid residues. Tcso in others. The data are in agreement with the notion
obtain the complete open reading frame (ORF), severalepeatedly stressed that the amino-terminal half of the
gDNA clones were also isolated and three of these werenolecule, through the MGR tripeptide (residues 194-196
sequenced. These contained the initiator codon and i T. vaginali9, is more conserved than the carboxy-
stretch of the 5portion of the gene (not discussed here)terminal half (Ladror et al. 1991; Rozario et al. 1995).
but all ended at aiEcdRl site corresponding to the con- The increasing number of related sequences available
served E211. The three sequences showed a low polynade the alignment of the carboxy-terminal half of the
morphism. One of the partial sequences was identical talivergent PFK sequences easier than in the past. The
the cDNA clone for the full 591-nt overlap and was alignment proposed here differs from earlier ones that
assumed to represent the same gene, designkdd
The complete ORF for th&. vaginalis pfklgene thus is
a composite of the longest cDNA clone and this gDNA enzymes (Ladror et al. 1991; Xu et al. 1994) but is close
EcdRl fragment. The ORF comprises 426 codons ando the one shown for th@rypanosoma bruceglyco-
has AAA as the termination codon. In the overlappingsomal enzyme (Michels et al. 1997). It is likely that
region the cDNA and gDNA clones were colinear, show-further adjustments will be possible in the carboxy-
ing the absence of introns, as noted also for other proteiterminal half of the molecule, primarily in the region of

coding genes of. vaginalis.

searched for homologous stretches betw@eopioni-
bacterium freudenreichiPR-PFK and the ATP-linked

a long indel.
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Trichomonas vaginalis MSTEAPVL GILCGGGPAP GLNGVIAGAT LYALRL GW KVIGFMEGFK 46
Naegleria fowleri MLSSSHLPTT IVTPKNV-T- -V-V------ -I----GAV- IE-INN -Y R-L--L---Q 58
Entamoeba histolytica 1 (+53 aa) KNHGIERDSG EVELAGPMEK IFYNP-TTKV A-VTC--LC- ---N--R-LV -NLYNAYHVN NIF-LRW-YE 123
Entamoeba histolytica 2 (+52 aa) GLPICNIVAG KNADIHRV IRC -FILS----A -GHN-V--LF DGLMKGNKEN -LY--RC-AG 113
Giardia lamblia (+49 aa) HLPLLDIQPD TGAPKLLEP KRV -VIFS--Q-- -GHN-LC-LY DKLQQIAPKS VLL--QN-P- 111
Trypanosoma brucei glycosome (+70 aa) SENPVSVSPL LCELAAARSR IHFNPTETTI --VTC--IC- ---D--RSI- -TGINVYNVK R----RF-YW 140
Propionibacterium freudenreichii MVKKV AL-TA--F-- C-SSA--ELI KRYTEVSPET TL--YRY-YE 45
Amycolatopsis methanolica MRV -V-T---DC- ---A--RAVV RKGIEAH -- EIV--RS-WR 42
Escherichia coli MIKKI -V-TS--D-- -M-AA-R-VV RS--TE -L E-M-IYD-YL 43
Mus musculus liver N-terminal part MATVDLEK LR--GAGKAI -V-TS--D-Q -M-AAVRAV- RMGIYV -A --FLIY--YE 56
o o
T. vaginalis YLCTGDVDVV KAHTIDLTYD IVSRIHFQGG T IIQTSRAN PRKS PELQ ENVRKCLRAL KVRYFLTIGG DDTASSAVSV 123
N. fowleri N-ILQ D DSKIVE--I- S------ E-- S -LK----- -T-K Q-DL QK-V-Q-QKF N-SLLV---- ----F-SM-- 131
E. histolytica 1 G-VPE LSEVQR--PE ---D--QK-- S -LG---G AQSP -VMAQF-IDN -LNAMVVV-- --SNTN-ALL 190
E. histolytica 2 GILSN DY-EI-AE L-DKHRNT-- FDLVGSG-TK IET E-QF ATAF-HIT-- NFNILF-L-- -G-LRG-NAI 183
G. lamblia G-M-N KYVE--EK FLEPFRNM-- FHA-GSG-DK IA- --DF DAAA-TAKDN NLDIICI--- --SNTN-CLL 181
T. brucei G-SKK G SQTA-E-HRG R-TN--HY-- - -LGS--G -QDP KEMVDT-ER- G-NILF-V-- -G-QRG--IS 208
p. freudenreichii G-LK- D SLEFSPAVRA HYD-LFSF-- S P-GN--VK LTNVKDLVAR GLVASGDDPL KVAADQ-I-D G-DVLH---- ---NTT-ADL 130
A. methanolica GPL-- DSRP-GL- D-EE-LIR-- - -LGS--T- -Y-E EGGV -KI-AV-ADG Q-DALIA--- E--LGV-KKL 112
E. coli G-YED RMVQ-DRY S--DMINR-- - FLGSA-FP EFRD ENIR AVAIEN-KKR GIDALVV--- -GSYMG-MRL 113
M. musculus G-VE- GENIKPANWL S--N-IQL-- - --GSA-CK AFTT R-GR LAAAYN-LQH GITNLCV--- -GSLTG-NIF 128
o 0O [eee]
T. vaginalis ASGMN GNEISV ISCPKTIDND LPL PADQST FGFHTARSLG MEIIRNLMVD SKSA PRWFL VEAMGRSAGH 192
N. fowleri -KAA- ---H- --- -YGIP- --YE---EF- ANVV----T- AST- S-Y-I -V----Q--- 199
E. histolytica 1 -EYFAA H-SDCVF -KN QYIETS ---D--CKTY S-L-G-IQR- AI-SRKY-HF 255
E. histolytica 2 NKELRR RKVP-T- ICY TD-- --- Q--VG-S Q-A-NAVHSE A---KNGIGI -RL---D--F 260
G. lamblia -EDFLK R-LKTA- -YSTKGIECS ---DSSTKVY A-L-G-ICY- CL--KKY-HF IRL----- S- 254
T. brucei QEAKR R-VD--- -SF SHR- ---Q--VEKA VQA--AAYAE AV--NYGVGV -KL---DS-F 277
p. freudenreichii -AYLAQ HDYPLT- vp IRQS L-AW--ADE- ARFAA-VIAE HNA-PRELII H-I---NC-Y 200
A. methanolica YDDG -G- -AA TDY- ---D--VHIA T-A-DR-RTT AE-H Y-AMV --V---H--W 175
E. coli TEMGF PC IKG TDY- I--F--L-TV V-A-DR-RDT -S-H Q-ISV --V---YC-D 176
M. musculus RNEWGSLLEE LVKEGKISES TAQNYAHLTI AGLVGS---- FCG TDM- I-TDS-LHRI --V-DAITTT AQ-H Q-T-V L-V---HC-Y 215
T. vaginalis LALGMAEAS GAHLCLIP EEFKQDEIEF EDVVELVEAT ILK RLAYG KNYG VCVLAEGLVS 251
N. fowleri ----IGKSA -S--T--- ---LPTTDST -PE-TFSRIC DMIEAS -I- --YTSK-DH- 265
E. histolytica 1 I--EA-LET QPTY-I-S --VEDKKMTV SQIASEIADI VIE -HKK- L-F- FIP VIALIK ELNNLLAHKK 333
E. histolytica 2 I--YASL-N GD-N-V--- -IDIPITQIC -F VG- -IMS -GHV 311
G. lamblia IT-ECGLQT H-NI--VG --ILSKKMTS RQLF-YLADC VT- -ADS- ---- -- FIPENNELFA YLNNTLLP 331
T. brucei I-AQA-V-- AQ-NI--V- -NPISEQEVM SL LER -FCH SRSC -IIV---FGQ 328
P. freudenreichii --AETSRRYV AWLDAQQOWL- -AGLDRRGWD IHALYVP--- IDLDAEAERL -TVMDEVGSV NIFIS--AGV 270
A. methanolica I--HAGL-G --NVI-V- -RPFSV-QVV -W-ERRF-KM YAP II-V---A-P 225
E. coli -T-AA-I-G -CEFVVV- -VEFSR-DLV NEIKAGIAKG -KHA IVAIT-HMCD 227
M. musculus ---VS-L-- --DWLF-- -APPE-GW-N FMCER-G-TR SR- SRLN IIII---AID 268
? ??
T. vaginalis KMSKKAL YKLFG NREPPTDPHG HILLDDAELA RSLSEELLKR LGNLGI RITPKKI 306
N. fowleri Y--TDE- KQA-- SSLKY-A-D --M-AELDFG -LVRD-MRE- MNRR-L K-AFTEKNL 321
E. histolytica 1 EEYSKITEFS AQKAFVCENI SESCAATFKN LPDNIR K QLLLDR---- NVNVSAI-TE SFV-GIVKAE IVKR--KV PF--VHHFF 417
E. histolytica 2 NQKPK DLDLG--KS- N--HW-SINY LRD-ITKYLK SIGI EEH-I-FVDP 360
G. lamblia HWTGE LTADAVAAKL PDPLRTTFMA IPASIR T QLLLDR---- N-AISQI-TE KF-GAGVQQV -RER-SKT KF--LYHFF 410
T. brucei DWG RGSGGY-AS- NKK-I-IGVI LTEKVKAFLK ANKSRY PDS-V-Y-DP 377
P. freudenreichii PDI VAQMQATGQE VPTDAFGHVQ L DKINPGAW FAKQFAE RIGAG-TMVQ 218
A. methanolica EGGAEVLRT GEKDAFGHVQ L ' GGVGTW -ADEIAE R TGKESRAVVL 269
E. coli VDE -AHFIEK E TGRETRATVL 248
M. musculus RHGKPISSS YVKDLVV QR LGFDTRVTVL 296
o

T. vaginalis GYELRCAD PVAFDAVYTR ELGYGAIDAF LNGHS AA LIVRENGQVK PVQFKDLLDP ATGRVRTRL VDVTSQSFK VARVYMWRMS 385
N. fowleri = ------- P -N---RE--- D--N--VRYL ---GN G- --TVQGVKMV -LS-D--K-- R--KT---Q ---S$-EG-Q --KR--I-LE 404
E. histolytica 1 ~--G---F -SN--ST-CY A---T-FILL ALKKT GQ ICCISGL-KP AEEWICGGV- L-IMMNMEQ RNGEMKPVI- K-L-EIEGKP 501
E. histolytica 2 S-MI-S-P CS-A--HFCM C-ANA-VHVA MA-KT GL V-CHHHNN FVSV- IDRTSYYIK R-NTDGPLYT MNTAIEKPK 436
G. lamblia ---G---A -SD--CSLCY S--AV-AILG C--KT GY MASLR-LVRP -ADWSPIGL- L-CLMNMEM RHGHKTPVIM KQMTDLNGNP 494
T. brucei S-MI-ACP -S-N--LFCA T-ATL-VHEA MA-AT GC I-AMRHNN YI-V- IKVATSV-R VL-LRG-LWR QV-EITVDLG 464
P. freudenreichii KS--FS-S-K SN-Q-LELIA ATATM-V--A -A-TP GV VGQDEEA GDKLS VIDFK-IAGH KPFDITLDWY TQLLARIGQP 39€
A. methanolica -HTQ-GGT -T-Y-R-LAT RF-LH-V--V AD-DF GT MVALRGTD IVRVK LAEATAELK T-PPERYEEA EVFG 34C
E. coli -HIQ-GGS --PY-RILAS RM-AY---LL -A-YG GR CVGIQ-E- LVHHD IIDAIENMK RPFKGDWLDC AKKL- 32C
M. musculus -HVQ-GGT -S---RILSS KM-ME-VM-L -EATPDTP-C VVSLSGN- SVRL- LMEC-QVTK D-QKAMDEER FDEAIQL-GR 37€
T. vaginalis KKDYENKDLV ARVAAAGKMT PEAFTEKFAH LTDVVVE 426

N. fowleri ---F-KEETL KGL--TA-CS V-D-IKQ-KY -VQ 437

E. histolytica 2 F-F-QS-RAQ WAS-EDFVFP GAIQYFGPSE VC-QPTKTLL LEQN 545

G. lamblia Y-LLARNRDT WLMNDDYQNP GPIQQIATES AEGTA-CARP TITLIEEARK 544

T. brucei SDVRLARK-E I-RELEAINR NRDRLHEELA KL 486

P. freudenreichii APIAAA 404

M. musculus SFENNW-IYK LLAHQKVSKE K 397

Fig. 1. Alignment of Trichomonas vaginalisPR-phospho- logue of a catalytically important residue in other PFKs. In fhe

fructokinase Tvpfk) sequence with selected phosphofructokinase se-vaginalis sequence residues in boldface italics represent the peptides
quences from other organisms. Long amino-terminal extensions of cerebtained from the purified protein (Table 2). Database accession num-
tain sequences were omitteDashesrepresent residues identical to bers: Amicolatopsis methanolicaJ31277; Entamoeba histolytica
those in theT. vaginalissequenceempty spacesepresent positions  (pfkl), X82173; E. histolytica (pfk2), AF013986; Escherichia coli,

with a gap.Open circlesabove the alignment indicate putative cata- X02519; Giardia lamblia, U12337; Mus musculudiver, L27699;
lytically important residues discussed in the text, wijleestion marks ~ Naegleria fowleri, U11733; Propionibacterium freudenreichii,
indicate the three basic residues, one of which is the putative homoA41169; Trypanosoma brucejlycosome, AF088186.

A number of clearly defined blocks are apparent in all of the extensively explored RPFK of P. freudenreichii
sequences analyzed. These parts can be aligned withadror et al. 1991; Green et al. 1992, 1993) (Fig. 1).
those parts of the well-studied enzyme frdf coli, These relatively conserved areas were separated from
which exhibit a well-defined secondary structure (Shi-each other by highly divergent stretches, where some
rakihara and Evans 1988) and also to homologous partsequences often had deletions or insertions.
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Fig. 2. Unrooted phylogenetic
reconstruction of PRiependent and
selected ATP-dependent

s Trichomonas vaginalis short phosphofructokinases. Two hundred
Naegleria fowleri _ forty-seven shared residues were
Giardia lamblia n analyzed after exclusion of all indels
a3 sl «eo~ Solanum tuberosum f3 and the carboxy-termiqal parts of the
L‘—L_ Ricinus communis 8 seguences beyonq amino agld residue
£ 351 of Tvpfk1l.Maximum-likelihood
___ﬂ{_— Solanum tuberosum a long (PROTML) method. The tree was
Ricinus communis € obtained with the local rearrangement
- Entamoeba histolytica 2 g option (-r) from a neighbor-joining
Treponema pallidum 2 (?) - free. The JTT model of amino acid
Borrelia burgdorferi 2 (?) i S substitution was usedNumbers at the
. . ] 2 nodesrepresent bootstrap proportions.
o4 Entamoeba histolytica 1 (?) £ ATP, ATP-specific enzymes; ?,
e Borrelia burgdorferi 1 (7) X '&I' unknown donor specificity. Database
L& Trypanosoma brucei G (ATP) . accession numbers for sequences not
Propionibacterium freudenreichii included in the figureBacillus
Amycolatopsis methanolica . | stearothermophiIusPOOSlZ;BorreIia
Streptomyces coelicolor (ATP) I burgdorferisequences 1 and 2,
Mycobacterium leprae (?) "y I AE00783;Haemonchus coptortus,
yeo P M59805; Lactobacillus lactis Q07636;
Synechocystis sp. 1 (?) I Mycobacterium lepraez99263;
Synechocystis sp. 2 (?) = - Ricinus comunise- and B-subunits,
Haemonchus contortus N Metazoa ] 732850 and Z232849Solanum
Mus musculus N _ tuberosumx- and 3-subunits, M55190
: : = © and M55191;Spiroplasma citri,
Eschenc.h 72 col - % P20275;Strept§my€:es coelicolor,
Spiroplasma citri A = ' .
100 ) . . |4 U51728;Synechocystisp. sequences 1
Bacillus stearothermophilus Eubacteria E  and 2. D64005 and DI090Thermus
Lactobacillus lactis thermophilusP21777. TheTreponema
Thermus thermophilus _ _ pallidum sequence was obtained from

- the Institute of Genomic Research,
0.1 substitutions/site Bethesda, MD.

Amino Acid Residues Involved in Catalysis sent. These include the ATP-specific enzymélobru-

cei (Michels et al. 1997) and the shoB. histolytica
The significant overall differences between individual PR-PFK, an enzyme with very low catalytic activity
PFK molecules notwithstanding, a remarkable conserva(Bruchhaus et al. 1996). The sequence MGR (positions
tion was seen of residues that may be important for catat94—196) is found in all BHPFKs and also in most ATP-
lytic activity (Fig. 1). In the amino-terminal half of the. ~ PFKs. Furthermore, the arginine of this tripeptide has
vaginalis PR-PFK, these could be readily identified. been recently found by mutagenesis to be important for
Site-directed mutagenesis studies of fhdéreudenreichii  the activity of N. fowleri PR-PFK (Hinds et al. 1998).
enzyme (Green et al. 1993; Xu et al. 1994) have identi-Another basic residue that has been showN.ifiowleri
fied a number of these residues, most of which can bd&R-PFK to be critical is at the position corresponding to
seen in all PPPFKs. The two catalytically important R83 inT. vaginalisand is occupied by a basic residue in
aspartate residues recognized Rnfreudenreichii PP all PFKs (Hinds et al. 1998) with the exception of the
PFK, and present in all PAPFKs, are found within the two Synechocystisp. sequences, where it is displaced by
motif TIDND (residues 140 to 144) of th€. vaginalis  one residue downstream.
enzyme. Immediately preceding this sequence is K139 Alignments of the carboxy-terminal half of the en-
residue, which has also been shown to be important iryme with those of other PFKs require many more in-
catalysis (Xu et al. 1994) in thB. freudenreichiiPFK  sertions and deletions, particularly when making the
and to be present in other PPFKs. Another motif of alignmentto ATP-PFKSs (Fig. 1). This makes some of the
interest is the sequence GGDD (positions 112-115). Theomparisons less obvious. Nonetheless, one can identify
corresponding region irE. coli ATP-PFK is GGDG, homologues of several of the basic residues that have
which is in close proximity to the substrate binding site been shown by mutagenesis to be important for substrate
(Shirakihara and Evans 1988). The GGDD sequence doinding byP. freudenreichii(Xu et al. 1994) and. coli
its variation GGED is found in most members of the (Berger and Evans 1990; Zheng and Kemp 1995). R311
PR-PFK enzyme family, but in some enzymes belongingof T. vaginaliscan be aligned in all PFKs, and its ho-
to the PRPFK-related group, the GGDG motif is pre- mologues irP. freudenreichi(R326) anck. coli (R252)
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have been found to be crucial to the binding of fructose- The first subgroup (short) consisted of two sequences,
6-phosphate (Xu et al. 1994; Zheng and Kemp 1995)the T. vaginalissequence reported here and thatN\of
The alignment ofP. freudenreichiiK315, which has fowleri. Both enzymes are of known RBpecificity
been shown to be important for fructose-6-phosphat€Mertens et al. 1989, 1993b). The two sequences were
binding (Green et al. 1992), with a basic residueTlin  colinear throughout their entire length, with only a few
vaginalisis more difficult. TheT. vaginalisandN. fowl-  short indels (Fig. 1), and showed over 50% amino acid
eri sequences show significant deletions in this area, sugdentity. In phylogenetic reconstructions they shared a
gesting that their secondary structure will be differentnearest common ancestor. The corresponding node had
from the other enzymes. This position is occupied bystrong support (98% BP).
either arginine, histidine, or lysine in all PFKs. Th The second group (long) comprised a number of
vaginalis,it could be aligned with R300, K304, or K305, longer sequences. In addition to the protiGtslamblia
depending on the placement of a deletion (questior{Rozario et al. 1995) an. histolytica(pfk?) (Deng et al.
marks in Fig. 1). Without functional studies on the  1998), it included sequences from two spirochaete spe-
vaginalisenzyme, it cannot be predicted, which will turn cies [Treponema pallidurandBorrelia burgdorferi pfk2
out to play a role in the binding of the substrate. (Fraser et al. 1997)] as well as genes for the catalytic
B-subunits and the regulatory-subunits of plant PP
PFKs (Carlisle et al. 1990; Todd et al. 1995). The two
Classification and Phylogenetic Reconstruction protist sequences correspond to;-Rikked PFKs with
of PP-PFKs glycolytic function (Li and Phillips 1995; Deng et al.
1998). The products of plant genes have also been char-

- acterized functionally, while the products of the spiro-
Several PFK sequences related tq-§ifecific enzymes chaete genes are as yet unknown. Disregarding their

have been determined recently and prompted us to reex- . . . .
: . . . ; . amino-terminal extensions of different lengths, members
amine their relationships by direct comparison and phy- . .
. . .~ of this group were also colinear to each other. They
logenetic reconstruction. We analyzed a complete align-

ment of all 19 sequences available for;pecific and differed, howeyer, frgm other sequences In having a_long
related enzymes. A number of these are derived frorr%abOUt 8Q-re5|due) msgonn l|n.the|r. carboxy-terminal
gene sequences, thus neither their donor specificity no alf. The mtragroup amino acid |dent.|ty ranged from' 39
their physiological function is known. For comparison, to 58%, with the pairs of plant subunits even more simi-
seven eubacterial and metazoan ATP-linked enzymel' t0 €ach other. This group also forms a well-supported
were included. Visual inspection of the alignment sug-(100% BP) clade, connected to the rest of the tree by a
gested the existence of at least four separate groups 6fther long internal node. The internal relationships
PP-PFK related enzymes, a conclusion borne out by furWithin this group are not robust. _
ther analysis. These groups are described in some detail 1"e third group (provisionally designated group
below. “X”) consisted of three seemingly unrelated sequences,
The pairwise amino acid identity between various sethe ATP-linked glycosomal enzyme @t brucei(Mich-
quences of the whole set (considering 247 shared resgls et al. 1997), a second enzymetotistolytica(pfk1),
dues) ranged from 20 to 90% (Table 3). IntergroupWhich possibly does not have a glycolytic function
amino acid identity values were, with few exceptions, (Deng et al. 1998), and a second protein of unknown
below 35% for this dataset, which was restricted to thefunction fromT. burgdorferi(pfk1) (Fraser et al. 1997).
most conserved parts of the sequences. The number dhe robustness of this group is indicated by the relatively
clearly homologous positions within each of the four high intragroup amino acid identity of about 40% and
groups significantly exceeded the number of those rechigh (89% BP) support in phylogenetic reconstructions.
ognizable in the alignment of the full set. Amino acid These sequences also have an insertion, though shorter,
identity scores determined for each of these groups sepan the area where the long sequences have one. Similari-
rately (Table 3) confirmed the conclusions drawn fromties between the insertions of the two groups are mini-
fewer shared positions. Phylogenetic reconstructiongnal.
with ML (Fig. 2) and PM methods (not shown) also  The fourth group (provisionally designated group
recovered the four subgroups of Rifked and related *Y”) contained two closely related sequences from the
enzymes. These were clearly separated from the bacterialyanobacteriun8ynechocystisp. (Kaneko et al. 1996),
and animal ATP-linked enzyme group by a well- and sequences from high-G + C, Gram-positive eubacte-
supported [100% bootstrap proportion (BP)] node, indi-ria, two actinomycetes (Alves et al. 1996, 1997), and
cating their sharing a most recent common ancestor, welMycobacterium lepraeDonor specificity is known only
documented in the literature (Alves et al. 1996). Thefor the closely related actinomycete pair. Interestingly
latter group was used as an outgroup in the phylogenetione is ATP- and the other Rihked. The intragroup
reconstructions, but the trees obtained are unrooted. amino acid identities for this group are 33 to 70%, with
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Table 3. Percentage pairwise amino acid identities between phosphofructokinases of various species: below diagonal, data for all sequer
studied (247 shared residues); above diagonal, data for the individual enzyme groups

Short Long “X

Enzyme group (shared residues) T.v. N.f. G.1. E.h2 Bb2 Tp2 SAE. RcB Sita R.ca E.h.1 B.b.1 T.h.
Short (416)

Trichomonas vaginalis 52.2

Naegleria fowleri 54.3
Long (461)

Giardia lamblia 344 316 456 492 477 512 488 39.0 390

Entamoeba histolytic& 340 279| 555 534 573 505 503 575 575

Borrelia burgdorferi2 35.6 320/ 61.1 64.4 542 49.7 503 369 373

Treponema pallidun2 33.2 283| 57.1 684 632 52.3 523 385 401

Solanum tuberosurp 352 328 611 576 575 59.9 86.6 423 432

Ricinus communig 348 31.2| 579 587 583 59.1 887 419 425

Solanum tuberosum 375 30.0| 486 449 466 482 502 50.2 8613

Ricinus communis 26.7 29.6| 482 445 470 498 514 506 90.3
Group “X" (431)

Entamoeba histolytica 356 344 291 271 287 295 295 283 259 2§47 39.0 38

Borrelia burgdorferil 30.8 30.8 27.1 291 30.0 300 300 29.1 243 23951.0 39.4

Trypanosoma bruces 264 332 291 275 308 315 287 287 239 243514 526

Propionibacterium freudenreichii 275 279 235 247 239 263 251 243 215 221 324 308 30.0
Group “Y” (336)

Amycolatopsis methanolica 36.8 344 287 275 304 304 291 275 255 247 38.1 344 377
Synechococystisp. 1 28.3 28.7 239 239 267 247 271 271 227 215 304 285 275
Synechococystisp. 2 300 275 275 275 300 271 271 267 239 223 316 312 328
Streptomyces coelicolor 352 344 275 292 304 300 304 283 255 247 36.8 344 37.2
Mycobacterium leprae 344 316 275 239 267 275 275 283 259 259 36.8 36.0 34.8
ATP-linked (317)
Escherichia coli 304 287 255 265 275 267 304 287 231 227 28.7 29.1 287
Thermus thermophilus 33.2 33.6 283 291 283 300 304 301 271 251 348 324 357
Bacillus stearothermophilus 316 348 275 279 275 287 316 304 279 267 332 332 340
Lactobacillus lactis 308 336 251 259 239 255 295 279 239 227 31.2 316 291
Spiroplasma citri 27.1 26.3 243 239 267 243 275 267 194 19.0 29.1 251 312
Haemonchus contortus 271 287 226 231 235 235 239 231 19.0 202 320 271 295
Mus musculus 304 29.1 239 243 255 243 255 247 215 219 30.0 26.7 30.0

one of theSynechocystisp. sequences being the most mains unresolved. The fourth group (“Y”) presents a
divergent. Support for two subgroups in phylogeneticsomewhat different situation. Although it is consistently
reconstructions is strong, but not for their sharing a mostecovered in phylogenetic reconstructions, the node con-
recent common ancestor. necting it to the other lineages has low bootstrap support.

The extensively studied RPPFK from the eubacte- The intragroup amino acid identity for this group does
rium P. freudenreichii(Ladror et al. 1991; Green et al. not exceed the similarity values between its members
1992, 1993) is so divergent as to resist all attempts t@nd members of the ATP-PFK group. Since of the five
assign it to any subgroup. Outside of the highly con-members of this group, three have not been character-
served blocks, its alignment is uncertain. It has insertionszed, one is ATP-specific, and only one is;Riependent,
at regions where none of the other sequences have onié.seems prudent to withhold the decision whether this
Its long branch on phylogenetic reconstructions indicategroup is a genuine member of the;HiRked family or
an accelerated rate of evolution and a high level of munot. The reconstructions are unrooted, leaving open the
tational saturation. Its changing position in the trees (nonhature of the ancestral enzyme for this enzyme family.
shown) suggests that it was subject to a long branch
attraction artifact.

The relationships of the four groups to each other areDiscussion
less clearly defined. Although some of the internal nodes
have high bootstrap support, most are short and probabl@ur results show that the amitochondriate flagellated
mutationally saturated. Nonetheless, the data indicate protist, Trichomonas vaginaligontains a tetrameric RP
close sister-group relationship between the long and th€FK. Its PR specificity and unresponsiveness to fruc-
short PRPFK groups and a similar relationship betweentose-2,6-bisphosphate (Mertens et al. 1989) places it in
the common ancestor of these two and group “X.” As the Type 1 group of PRPFK enzymes. It is simpler in its
mentioned above, the position & freudenreichiire-  structure than the allosterically regulated ATP-linked
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Table 3. Extended

“yr ATP-linked
P.f. A.m. S S.2 S.c. M.1. E.c. T.t. B.s. L.1. S.c. H.c. M.m.
26.7 34.0 42.3 70.3 55.1
23.9 42.9 26.9 33.9 32.4
22.7 47.4 52.2 43.2 40.8
27.9 74.1 43.0 38.6 45.7
27.5 57.9 40.1 47.4 60.7
25.5 45.0 38.9 43.3 54.3 42.1 47.0 54.9 54.6 47.6 37.5 30.4
26.3 55.1 35.6 42.5 53.4 48.6 53.0 57.4 49.8 41.6 41.0 42,9
25.1 50.6 39.7 45.3 49.4 47.0 57.9 64.4 61.5 46.7 41.6 454
25.5 47.8 41.3 42.9 47.0 42.5 60.3 56.7 68.8 43.2 40.0 40.0
26.3 40.9 40.5 40.5 41.3 38.5 52.6 47.0 51.4 48.6 35.6 35.3
23.9 39.3 31.6 36.0 39.3 39.3 45.5 47.0 49.8 47.4 40.9 64.4
27.5 40.5 35.6 37.2 42.5 42.1 47.0 a7.7 52.6 47.4 40.5 70.0

and PRlinked enzymes of fungi, animals, and plants the simplest types of PFKs known. The active oligomers
(Fothergill-Gilmore and Michels 1993). probably are also composed of identical or almost-
Southern hybridization and sequencing results reidentical subunits. The catalytic and regulatory parts or
vealed the presence of at least five very similar copies ofubunits of the complex enzymes of fungi, multicellular
the pfk gene in theT. vaginalisgenome. Divergence of animals, and plants (Fothergill-Gilmore and Michels
the upstream noncoding areas suggests that these repf93) probably arose through early gene duplications
sent separate loci and not an allelic polymorphism (not{Poorman et al. 1984; Kruger and Hammond 1988; Car-
shown). The peptide data suggest that more than one dile et al. 1990; Todd et al. 1995).
these genes is expressed. The subunit composition of the The high sequence similarity of the PFKs from the
active tetramer, however, remains to be established. Mulhydrogenosome-containing. vaginalisand the mito-
tiple copies, often more than two, have been reported fochondriateN. fowleriis clearly reflected in their sister-
a number of genes of. vaginalisand other tricho- group relationship. Interesting the enzyme is unregulated
monads (e.g., Lahti et al. 1992, 1994; Hrdgd Muler  in T. vaginalis(Mertens et al. 1989) and regulated by
1995a, 1995b; Bui and Johnson 1996; Viscogliosi et alAMP in N. fowleri (Mertens et al. 1993b). Only one
1996; Viscogliosi and Miler 1998). The origin and sig- additional glycolytic enzyme has been sequenced from
nificance of this phenomenon remain to be elucidated. both groups, glyceraldehyde-3-phosphate dehydrogenase
The few PFKs characterized from protists, whether(Markoset al. 1993; Roger et al. 1996). This is, however,
PR-linked (Reeves 1968; Mertens et al. 1989, 1993;highly divergent in the two species and reveals separate
Mertens 1990; Peng and Mansour 1992; Denton et alevolutionary histories. These two species belong to two
1994) or ATP-linked (Cronin and Tipton 1985), have unrelated protist lineages, the parabasalids and the het-
subunit sizes ranging from 42 to 67 kDa. Although largererolobosea (Cavalier-Smith 1996), and the close relation-
than the 35-kDa eubacterial subunit, this size still canship of their PRPFKSs is probably due only to the small
accommodate only one substrate binding site and onsample size.
phosphoryl-donor binding site and thus corresponds to Adding the sequence of thE vaginalisPR-PFK to
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recent data on the enzymes of other protists (Deng et atain genes for the typical long enzyme. While the spiro-
1998; Rozario et al. 1995; Wessberg et al. 1995; HuanghaeteB. burgdorferi pfklproduct has not been charac-
et al. 1995; Bruchhaus et al. 1996; Michels et al. 1997)erized, the expressed productf histolytica pfklhad
and new sequence information emerging from genomenly negligible PRPFK activity (Bruchhaus et al. 1996),
projects provided an opportunity to define tentatively thethus its functional role remains to be elucidated. These
overall relationships within the RIPFK enzyme family  findings again point to another early gene duplication
and establish the position of protist sequences within itwith the arising paralogous genes inherited together by
At present four subgroups can be delimited, which acsome lineages, with the long one retaining its original
commodate in monophyletic groups all known sequencesole and the short one probably undergoing a functional
with the exception of that oP. freudenreichii.Three of  change. The third member of this group, the glycosomal
these are well supported by bootstrap values: short emMATP-PFK of Trypanosoma bruceailoes function in gly-
zymes, long enzymes, and group “X,” which contains a colysis (Cronin and Tipton 1985) and is assumed to have
set of enzymes with unusual or not-well-defined func-acquired its ATP specificity secondarily (Michels et al.
tions. The fourth one (group “Y”), of cyanobacterial 1997). Biochemical characterization of all members of
and high-G + C, Gram-positive eubacterial sequenceggroup “X” will be needed to gain a clearer view of the
shares a last common ancestor with the first three, but itfunctional significance of this peculiar group.
monophyly is less well supported. The database is very It remains to be seen whether coexisting long and
limited and it is likely that further sequences will in- group “X” genes will also be found irG. lamblia.Ear-
crease the membership of various subfamilies and podier studies by one of us (E.M.) (Mertens 1990), and
sibly also lead to the recognition of further ones. unpublished data quoted by Mertens (1991) indicated
The enlarged data set challenges earlier suggestionthat its enzyme is a dimer of 43 kDa subunits, while the
for a linear evolutionary history of RPFK, which re-  product of the sequenced putative gene is 63 kDa
gardedA. methanolicahe ancestral eubacterial form and (Rozario et al. 1995). These findings left open the pos-
depicted a progression through several steps of increasibility that the active enzyme of this organism is not the
ing structural and regulatory complexity to culminate in one coded by the gene sequenced. Recently a purified
the plant enzymes (Alves et al. 1996). The subfamilyactive enzyme was found to be a monomer of 63—67 kDa
containingA. methanolicais indeed the first branch on (Li and Phillips 1995), probably corresponding to the
the PR-PFK tree, but the subsequently emerging sub-putative translation product. The discrepancy in these
families do not reveal such a progression. Most impor-results remains unexplained. Proteolytic degradation
tantly, the glycolytically active PFPFKs of protists be- could account for the smaller size of the enzyme purified
long to two separate monophyletic clades (short and longarlier, but one cannot dismiss the possibility tiaat
enzymes), which are in sister-group relationship to eacfigmbliaalso has two expressed genes and that, in the two
other. It can be anticipated that the short enzyme substudies, one or the other was purified and studied.
family will accommodate also the RPFKs of several In conclusion, even in the few sequences from pro-
alveolates as indicated by the subunit size of the enzyméiists, PRPFK presents a bewildering diversity, which
from the apicomplexansfoxoplasma gondi{Peng and  Points to interesting directions, but does not permit us to
Mansour 1992) an&imeria tenellaDenton et al. 1994), Paint a consistent picture of their evolutionary history
and from the ciliate]sotricha prostomaMertens et al. @nd, perhaps more significantly, of the extent of their
1989). functional diversity and the number of occasions when
The presence of eubacterial and eukaryotic sequenc&&ianges in phosphoryl donor or substrate specificity oc-
in two of the four subfamilies suggests that an early gen&urred. It remains to be elucidated how much of this
duplication, possibly antedating the emergence of euglversny is due to selective retention of paralpgous gene
karyotes, produced two paralogous lineages, the shoff1€2des as documented for other glycolytic enzymes
and long PRPFKs. In various lineages descendants of(MarkOS et al. 1993; Henze et al. 1995; Martin and
either the short or the long ancestor assumed a key rol chnarrenberger, 1997) or are due to lateral gene trans-

in catabolism. IFE. histolyticajust as inG. lambliaand ers occurring later in evolution (Doolittle et al. 1990;

the plants, descendants of the long form became the maS—mlth et al. 1992; Rosenthal et al. 1997).

jor type, while in other protist lineages, parabasalifls (
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