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The fruK gene encoding fructose-1-phosphate kinase (FruK), located within the fructose (fru)-catabolic
operon of Rhodobacter capsulatus, was sequenced. FruK of R. capsulatus (316 amino acids; molecular weight
= 31,232) is the same size as and is homologous to FruK of Escherichia coli, phosphofructokinase B (PfkB) of
E. coli, phosphotagatokinase of Staphylococcus aureus, and ribokinase of E. coli. These proteins therefore
make up a family of homologous proteins, termed the PfkB family. A phylogenetic tree for this new family was
constructed. Sequence comparisons plus chemical inactivation studies suggested the lack of involvement of
specific residues in catalysis. Although the Rhodobacter FruK differed markedly from the other enzymes within
the PfkB family with respect to amino acid composition, these enzymes exhibited similar predicted secondary
structural features. A large internal segment of the Rhodobacter FruK was found to be similar in sequence to
the domain bearing the sugar bisphosphate-binding region of the large subunit of ribulese 1,5-bisphosphate
carboxylase/oxygenase of plants and bacteria. Proteins of the PfkB family did not exhibit statistically significant
sequence identity with PfkA of E. coli. PIkA, however, is homologous to other prokaryotic and eukaryotic
ATP- and PP;-dependent Pfks (the PfkA family). These eukaryotic, ATP-dependent enzymes each consist of a
homotetramer (mammalian) or a heterooctamer (yeasts), with each subunit containing an internal duplication
of the size of the entire PfKA protein of E. coli. In some of these enzymes, additional domains are present. A
phylogenetic tree was constructed for the PfkA family and revealed that the bacterial enzymes closely resemble
the N-terminal domains of the eukaryotic enzyme subunits whereas the C-terminal domains have diverged
more extensively. The PP;-dependent Pfk of potato is only distantly related to the ATP-dependent enzymes. On
the basis of their similar functions, sizes, predicted secondary structures, and sequences, we suggest that the
PfkA and PfkB families share a common evolutionary origin.

In earlier papers we presented the nucleotide sequences of
two of the three structural genes within the Rhodobacter
capsulatus fructose (fru) operon. These genes include
fruB(HI), encoding a multiphosphoryl transfer protein of the
phosphoenolpyruvate:fructose phosphotransferase system
(PTS) (46, 50, 61), and fruA, encoding the fructose per-
mease, i.e., the fructose-specific enzyme II of the PTS (60).
These studies revealed some unusual features of the
Rhodobacter PTS proteins, which together catalyze the
concomitant uptake and phosphorylation of fructose to yield
fructose-1-phosphate (fructose-1-P). The further metabolism
of fructose requires the ATP-dependent phosphorylation of
fructose-1-P catalyzed by fructose-1-P kinase (FruK; ATP:
D-fructose-1-phosphate-6-phosphotransferase, EC 2.7.1.56).
This enzyme has been purified from Escherichia coli (7), and
after this paper was submitted for publication, the nucleotide
sequence of its structural gene in E. coli was published and
the homology of the encoded protein with other carbohy-
drate kinases was noted (43). In this paper we report the
complete sequence of the fruK gene encoding FruK of R.
capsulatus.

Two phosphofructokinases (Pfks) have been identified in
E. coli. The major Pfk (PfkA) is a tetramer consisting of four
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identical subunits (subunit molecular weight = 35,000) (58).
The enzyme shows cooperative Kinetics with respect to its
substrate, fructose-6-phosphate, and is subject to allosteric
control by phosphoenolpyruvate (6). The crystal structures
of PfkA and of the Pfk from Bacillus stearothermophilus
have been determined (19, 26). These two enzymes, very
similar in sequence and structure, are homologous to two
internally repeated domains in both the a- and B-subunits of
the ATP-dependent octameric yeast Pfk, the two internally
repeated domains of the single type of subunit of the
mammalian ATP-dependent Pfks, and the two dissimilar
subunits (o« and B) of the potato PP,-dependent Pfk (8, 25,
45). The family of these homologous proteins is here desig-
nated the PfkA family. The minor Pfk of E. coli (PfkB) is a
homodimer (subunit molecular weight of about 33,000)
which can associate to a less active homotetramer. It does
not show cooperative kinetics or inhibition by phosphoenol-
pyruvate (4, 31). It lacks immunological cross-reactivity with
PfkA (30) and has not been noted to show sequence similar-
ity with members of the PfkA family (4, 25).

In this report, FruK of R. capsulatus is shown to be
homologous to FruK and PfkB of E. coli as well as other
bacterial kinases (the PfkB family). The predicted secondary
structures of FruK and PfkB are shown to be similar to the
known secondary structure of PfkA. Phylogenetic trees for
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both the PfkA and PfkB families are constructed. The
reported results lead us to suggest that the PfkA and the
PfkB families share a common origin but diverged from each
other long before the genes encoding the individual members
of either of these families diverged.

MATERIALS AND METHODS

Materials. Restriction endonucleases, T4 DNA ligase, and
T4 DNA polymerase were obtained from Bethesda Research
Laboratories, Gaithersburg, Md., or Boehringer Mannheim
Biochemicals, Inc. The T7 polymerase sequencing kit was
from Pharmacia. The deoxyadenosine 5’'-([a->*S]thio)tri-
phosphate (1,335 Ci/mmol) was purchased from the New
England Nuclear Corp., Boston, Mass. Isopropyl-B-D-thio-
galactopyranoside, 5-bromo-4-chloro-3-indolyl-B-p-galacto-
pyranoside (X-Gal), and lysozyme were purchased from
Boehringer Mannheim Biochemicals. Acrylamide, bisacry-
lamide, and N,N,N’,N’-tetramethylethylenediamine were
from Bio-Rad Laboratories, and agarose was from Bethesda
Research Laboratories. Deoxynucleotides and dideoxynu-
cleotides were obtained from Pharmacia and P-L Biochem-
icals, Inc. All other chemicals and enzymes used were of the
highest quality available commercially.

Bacterial strains, plasmids, and phage. E. coli TG1 was
provided by T. Gibson of the Laboratory of Molecular
Biology, Medical Research Council, Cambridge, United
Kingdom (9), and strain XL1-Blue was obtained from Strat-
agene. R. capsulatus 37b4 was as described previously (13).
The pBluescript SK(+) and KS(+) plasmids as well as
helper phage VCS-M13 were obtained from Stratagene.

Synthesis of oligodeoxynucleotides. Oligodeoxynucleotides
were synthesized from B-cyanoethyl phosphoramidite pre-
cursors on a model 380B Applied Biosystems DNA synthe-
sizer. The oligonucleotides were synthesized as trityl-on
derivatives which were deblocked at 58°C for 12 h in
concentrated ammonium hydroxide. These solutions were
then applied to Applied Biosystems OPC oligonucleotide
purification columns. The oligonucleotides were eluted as
described by the manufacturer. These solutions were dried
under vacuum.

Growth media and selection conditions. Transformants
were selected on Luria-Bertani (LB) plates (Difco Labora-
tories) (38) containing ampicillin (50 p.g/ml). For the subclon-
ing of fragments into pBluescript SK(+) or KS(+), LB plates
containing 1 mM isopropylthio-p-galactoside and 30 pg of
X-Gal per ml were used.

DNA procedures. E. coli XL1-Blue and TG1 carrying the
pBluescript plasmids were grown at 37°C in LB medium
containing ampicillin (50 png/ml). Single-stranded DNA from
the Bluescript plasmids was prepared with helper phage
VCS-M13 as described by the Stratagene manual. Small- and
large-scale preparation of plasmid DNAs was accomplished
by the method of Birnboim (5). Competent cells of E. coli
TG1 and XL1-Blue were prepared by the CaCl, method (37).

Nucleotide sequencing was conducted with the T7 se-
quencing kit of Pharmacia with Deaza 3*Sequencing Mixes
as described previously in order to overcome GC compres-
sion due to the high GC content of Rhodobacter DNA (66%
overall; 70% for the fru operon). We reported previously the
location of the fruK gene on an EcoRI-PstI fragment of 2.0
kb (61). This fragment was subcloned into plasmids Blue-
script SK(+) and KS(+). Universal and synthesized primers
were used for the sequencing. The entire fragment was
sequenced in both directions at least twice, and all se-
quences were overlapping in each direction.
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Computer analyses. The Staden programs were used for
statistical analyses and structural prediction studies (57). For
homology screening, the Fasta program (44) was used with
the combined NBRF (PIR protein sequence data base re-
lease 25.0 plus preliminary entries new release 43.0), a
translation of GenBank DNA libraries (release 65.0), and
EMBL sequence data base (release 19.0). Multialignment
was conducted by employing the Newat program (20). The
significance of homology was calculated by using the
ALIGN program (28) as well as the Los Alamos program
(28). The Genetics Computer Group Sequence Analysis
Software Package (GCG Package) was used for calculation
of codon usage and determination of open reading frames.
These programs are available through the University of
California, San Diego, Computer Center. Phylogenetic tree
construction was described by Doolittle and Feng (17, 20).

Extract preparation and enzyme inactivation studies. Cells
of R. capsulatus were grown in complex medium, and
extracts were prepared as described previously (13). FruK
was assayed by using a spectrophotometric assay (13).
Treatment with N-ethylmaleimide, phenylmethylsulfonyl
fluoride (PMSF), and diethylpyrocarbonate (DEPC) was
conducted in 20 mM Tris-HCI buffer, pH 7.5, with the
reagent concentrations at 30 mM for N-ethylmaleimide and
at 2, 5, and 10 mM for PMSF and DEPC. Reagent solutions
were prepared fresh immediately before use. Exposure of
the enzyme of interest (R. capsulatus PTS or FruK) was
carried out at 37°C for 1 h (59). Subsequently, excess
dithiothreitol (for N-ethylmaleimide inactivation), serine (for
PMSF inactivation), or histidine (for DEPC inactivation)
was added, and incubation was continued for 30 min. The
fructose PTS of R. capsulatus was assayed as described
previously (13).

RESULTS

Nucleotide sequence of the fruK gene encoding FruK of R.
capsulatus. Figure 1 presents the nucleotide sequence of the
R. capsulatus fruK gene and flanking regions. Preceding the
start codon of the fruK gene is a potential Shine-Dalgarno
sequence, GGGGG, located 5 bp upstream of the ATG
initiation codon (+1), within the end of the fruB(HI) gene
which overlaps the fruK gene by 4 bp. Interestingly, in E.
coli and Salmonella typhimurium there is a 1-bp overlap
between the fruB(MH) and fruK genes. Such overlapping
genes suggest translational coupling between fruB and fruK.
The fruK open reading frame in R. capsulatus is 951 bp long,
corresponding to 317 codons (316 amino acids in the protein;
molecular weight = 31,232). The molecular weight is sub-
stantially smaller than that determined experimentally for
FruK of R. capsulatus (39 kDa [61]) but is essentially the
same as that estimated for the E. coli FruK by sodium
dodecyl sulfate (SDS) gel electrophoresis (molecular weight
= 30,000 [7]). The Rhodobacter fruK open reading frame is
present within the 1,020-bp chromosomal fragment, the
sequence of which is shown in Fig. 1.

Alignment of FruK from R. capsulatus with other bacterial
kinases: the PfkB family. Figure 2 shows alignment of the R.
capsulatus FruK protein with four bacterial kinases. These
enzymes include FruK of E. coli (43), PfkB of E. coli (EC
2.7.1.11) (12), phosphotagatokinase of Staphylococcus au-
reus (the lacC gene product) (48, 57a), and ribokinase of E.
coli (EC 2.7.1.15) (27). The consensus sequence is presented
below the aligned sequences, and residues conserved in four
or five of the proteins are indicated by asterisks or exclama-
tion marks, respectively, above the aligned sequences.
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R A LACTTA AA AEUVR RGTL K *
M T L R I A 6
CGCGCGCTGGCCTGCACGACCGCGGCCGAAGTGCGGGGGCTGAAATGACGCTGCGCATCG 2880
+1
T VvsS L NS A VD QTU VTV VZ®PGT FTATD 26
CCACGGTTTCGCTCAATTCCGCCGTCGATCAGACGGTGACCGTGCCGGGCTTCACCGCCG 2940

v R A A S R I DAGGIKGUV NV A 46
ATGCGGTGMCCGGGTGGCCGCCTCGCGCATCGATGCGGGCGGCAAGGGGGTCMTGTCG 3000

S F L AHV G HG V VT G L L G A E N 66
CCTCCTTCCTGGCCCATGTCGGCCACGGGGTCGCGGTGACCGGGTTGCTCGGCGCCGAGA 3060

L F ARHFAATG LV DACU QR RL 86
ATGCGGCGCTGTTCGCGCGCCATTTCGCGGCGACGGGGCTGGTCGATGCCTGTCAGCGTC 3120

A TR TNV K I VDUPILAQDIGQVTD 106
TGCCCGGCGCGACGCGGACGMTGTGMGATCGTCGATCCGCTGCAAGA‘!‘CAGGTCACCG 3180

L NF P GI AAGPADTULUDA AV AATL 126
ATCTGAACTTTCCGGGCATCGCCGCCGGGCCTGCCGATCTCGACGCCGTGGCCGCGACCC 3240

L A QG LD WUV ALUCG S L P A G 146
TGACCGAGCTTCTGGCGCAGGGCC‘X‘GGATTGGGTTGCGCTGTGCGGCAGCCTGCCCGCGG 3300

I G A E A Y A E A A L ARKGG A R V 166
GGATCGGCGCCGAGGCCTATGCCGAACTGGCGGCCCTTGCCCGCAAGGGCGGCGCGCGGG 3360

A L DT S GP AL GULATLA 186
TGGCGCTGGACAC‘!‘TCGGGGCCCGCGCTCGGTCTGGCGCTGGCGGCACGGCCCGACATCG 3420

K P NV AELGAHTLGRTTULTGLE S 206
TCAAGCCCAATGTCGCGGAACTGGGCGCGCATCTGGGCCGCACCCTGACCGGCCTTGAGA 3480

V R EAARUDTULAASGV G L V A V S M 226
GCGTGCGCGAGGCCGCGCGCGATCTGGCGGCCTCGGGCGTCGGGCTGGTCGCTGTCTCGA 3540

G A G GA VL VRGAEA AV LA ATIUPUP A 246

T GCGGTACTGGTGCGCGGCGCCGAGGCGGTGCTGGCGATCCCGCCCG 3600
T P I A S TV G A GDAMUV A G L I H & 266
CAACCCCCATCGCCTCGACCGT GGGCGACGCGATGGTSGCCGGGCTGATCCATG 3660

A T L G L D L A T A F S L G 286
CCGCCACCCTTGGTCTCGACCTGGCCGAGACCGCCCGTCTGGCCACCGCCTTTTCGCTGG 3720

AL G E I GP HLPUPUPEURTULAATLA AR 306
GCGCGCTGGGCGAGATCGGCCCGCATCTGCCGCCGCCGGAGCGCCTTGCCGCGCTGGCCC 3780
-

V T V XK T L P P V * M S K 316
GCACCGTCACCGTCAARACGCTGCCGCCCGTCTGAGCCGCAGGGGAGGAACCCATGTCGA 3840
FIG. 1. Nucleotide sequence of a 1,020-bp segment encompass-
ing the fruK gene of R. capsulatus and the deduced aminoacyl
sequence of the 316 residues of FruK. The nucleotide sequence
starts at bp 2821, numbered as described previously (61). Aminoacyl
numbering starts at the ATG codon (+1) which is believed to serve
as the initiation codon. Note the 4-bp overlap between the fruK gene
and the preceding fruB(HI) gene. The intercistronic region between
fruK and the following fruA gene (60) is 18 bp. The doubly
underlined residue (corresponding to bp 3725) represents the start of
the segment published previously (60).

The statistical analyses of the aligned sequences are
summarized in Table 1. The percent identities and the
comparison scores (expressed in standard deviations) are
sufficient to establish that these five proteins are homologous
(16). A phylogenetic tree for these proteins is shown in Fig.
3. We refer to these proteins as the PfkB family. It can be
seen that among these proteins, the two FruKs are most
similar, that the phosphotagatokinase and PfkB are more
distant from the two FruKs, and that ribokinase is more
distant from the other proteins than the latter proteins are
from each other.

Comparative secondary structural analyses, hydropathy,
and amphiphilicity of R. capsulatus FruK and E. coli PfkB.
Comparisons of secondary structural predictions for FruK of
R. capsulatus and PfkB of E. coli are shown in Fig. 4. As can
be seen, the plots for these two proteins are very similar for
predicted random coil, turns, B-structure, and a-helix. Hy-
dropathy plots (32) of these proteins reveal that both are
strongly hydrophilic. They may both consist of alternating
stretches of a- and B-structure as does PfkA, as determined
from the X-ray crystallographic structure. Three extended
regions of striking amphiphilicity (18) are also revealed (Fig.
4). Corresponding plots of the other homologous sequences

SEQUENCE OF R. CAPSULATUS fruK 3119

* ! 1 - 1a1 law !
FruKRc 1 MTLRIATVSLNS.AVDQTVTVPGF . TADAVNRVAASRIDAGGKGVNVASFLAHVGHGVAV
FruKEc MSRRVATITLNP.AYDLVGFCPEI . ERGEVNLVKTTGLHAAGKGINVAKVLKDLGIDVTV
PfkBEc MVRIYTLTLAP.SLDSATITPQI.YPEE.NCAVPHRCSNPGGGINVARATAHLGGSATA
PtaKsa MILTLTLNP.SVDISYPLTAL.KLDDVNRVQEVSKTAGGKGLNVTRVLAQVGEPVLA
RibKEc MQNAGSLVVLGSINADHILNLQSFPTPGETVTGNHYQVAFGGKGANQAVAAGRSGANIAF

consens M RI T TLNP D P EVN V AGGKG NVA LA G V

] -
FrukKRc 59 TGLLGAEN.AALFARHFAATGLVDACQRLPGATRTNVKIVDPLQDQVTDLN FPG TAAGPA

FruKEc GGFLGKDN . QDGFQQLFSELGIANRFQVVQGRTRINVKLTEK . DGEVTDFNVSGFEVTPA
PfkBEcC IFPAGGAT.GEHLVSLLADENVPVATVEAKDWTRQNLHVHVEASGEQYRFVMPGAALNED
PtaKsa SGFIGGEL.GQFIAKKLDHADIKHAFYNIKGETRNCIAILH. . EGQQTEILEQGPEIDNQ
RibKEc IACTGDDSIGESVRQQLATDNIDITPVSVIKGESTGVALIFVNGEGENVIGIHAGANAAL
consens G G G LA I A G TR NV G T G A

I ]
FruKRc 118 DLDAVAATLTELLAQGLDWVALCGSLPAGIGAEAYAELAALARKGGARVALDTSGPALGL

FrukKEc DWERFVTDSLSWLGQ . FDMVCVSGSLPSGVSPEAFTDWMTRLRSQCPCIIFDSSREALVA
PfkBEC EFRQLEEQVLEIESG. .AILVISGSLPPGVKLEKLTQLISLRKNKGSAASSTVLGQGLSA
Ptaksa EAAGFIKHFEQLLEK.VEAVAISGSLPKGLNQDYYAQIIERCQNKGVPVILDCSGATLQT
RibKEc SPALVEAQRERIANASALLMQLESPLESVMAAAKIAH..... QNKTIVALNPAPARELPD
consens L V SGSLP G E A NKG DSG L
LY * . * as) 1w
FrukKRc 178 ALAA « - RPDIVKPNVAELGAHLGRTLTG. LESVREAARDLMSGVGLVAVSHGAGGAVLV
FruKEc GLKA. . APWLVKPNRRELEIWAGRKLPE . MKDVIEAAHALREQGIAHVVISLGAEGALWV
PfkBEc ALAIG.NIELVKPNQKELSALVNRELTQPDDVRKAAQEIVNSGKAKRVVVSLGPQGALGV
Ptaksa VLENPYKPTVIKPNISELYQLLNQPLDESLESLKQAVSQPLFEGIEWIIVSLGAQGAFAK
RibKEc ELLA. .LVDIITPNETEAEKLTGIRVENDEDAAK.AAQVLHEKGIRTVLITLGSRGVWAS
consens LA P VKPN EL LGRL KAA L GI V VSLGA GA V

* L2 2 2N * *
FruKRc 235 RGAEAVLAIPPATPIASTVGAGDAMVAGLIHAATLGLDLAETARLATAFSLGALGEIGPH
FruKEc NASGEWIAKPPSVDVVSTVGAGDSMVGGLIYGLLMRESSEHTLRLATA. . VAALAVSQSN
PfkBEc DSENCIQVVPPALKSQSTVGAGDRLVGAMTLKLAENASLEEMVR...... FGVAAGSAAT
PtaKsa

HNHTFYRVNIPTISVLNPVGSGDSTVAGITSAILNHENDHDLLKKANT. . LGMLNAQEAQ
RibKEc

VNGEGQRVPGFRVQAVDTIAAGDTFNGALITALLEEKPLPEAIRFAH. . . . AAAATAVTR

consens VvV PP STVGAGD VGGLI ALL LE RA GALA

FruKRc 295 LPPPERLAALARTVTVKTLPPV

FruKEc VGITDR.PQLAAMMARVDLQPFN

PfkBEc LNQGTRLCSHDDTQKIYAYLSR

PtakKsa ‘TGYVN.LNNYDDLFNQIEVLEV

RibKEc KGAQPSVPWREEIDAFLDRQR
consens G RL

FIG. 2. Multiple alignment of FruK of R. capsulatus (FruKRc)
with the same enzyme of E. coli (FruKEc), PfkB of E. coli
(PfkBEc), phosphotagatokinase of S. aureus (PtaKSa), and riboki-
nase of E. coli (RibKEc). An exclamation mark above the aligned
sequences indicates a residue conserved in all five sequences. An
asterisk indicates a residue conserved in four of the five sequences.
The consensus sequence (consens) is provided below the aligned
sequences. The statistical analyses of the alignments are summa-
rized in Table 1. The Fasta (44) and Bestfit (39) programs were used
to give optimal alignment.

depicted in Fig. 2 were similar (data not shown). The degrees
of sequence identity observed for members of this family
support the conclusion that they share essential structural
features throughout their lengths.

Comparison of the amino acid compositions of FruK of R.
capsulatus and homologous bacterial kinases. Table 2 presents
the amino acid composition of FruK of R. capsulatus and
compares it with those of FruK of E. coli, phosphotagatoki-
nase of S. aureus, ribokinase of E. coli, and the two Pfks of
E. coli (PfkB and PfkA). As described above, all of these
proteins except PfkA of E. coli are sufficiently similar in
sequence to establish that they are homologous, and as
noted in Table 2, they are all of a very similar size. Despite
these facts, the amino acid composition of FruK of R.
capsulatus differs drastically from those of the other pro-
teins. The amino acids are listed in Table 2 in the order of
their frequency in FruK of R. capsulatus. All of the predom-
inant amino acids in FruK of R. capsulatus (above the first
space in Table 2) show increased frequencies relative to the
other proteins, whereas almost all of the amino acids present
in FruK of R. capsulatus in smaller amounts (below the
second space in Table 2) show decreased frequencies rela-
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TABLE 1. Statistical analyses® of the aligned sequences which
compose the PfkB family

FruKEc PfkBEc PtaKSa RibKEc
%l Cs %1 CS %1 CS %1 CS
FruKRc 36 (316) 51 27 (299) 18 30(233) 34 53(15) 0.3

Protein

FruKEc 29 (283) 29 25(307) 33 33(127) 14
PfkBEc 24 (303) 25 21(292) 11
PtaKSa 20(243) 6

“ Abbreviations used for the different proteins are the same as those
described in the legend to Fig. 2. %I, percent identity; CS, comparison score
given in SD determined by using the RDF2 program and 50 shuffles (44).
Values in parentheses with the percent identities give the numbers of residues
in the segment compared.

tive to those in the homologous proteins. Thus, for example,
alanine, a predominant amino acid in all of these proteins, is
about twice as abundant in FruK of R. capsulatus as in the
other proteins. L, G, V, T, and P also show increased
frequencies in FruK of R. capsulatus relative to the other
proteins. By contrast, E, S, N, Q, K, C, and Y generally
show increased frequencies of occurrence in the homologous
proteins relative to FruK of R. capsulatus.

Nonessential residues in FruK. R. capsulatus FruK con-
tains only 2 cysteyl, 1 tyrosyl, and 1 tryptophanyl residues,
and none of these residues are conserved in E. coli FruK or
PfkB (Fig. 2). A high concentration of N-ethylmaleimide did
not inhibit R. capsulatus FruK activity, suggesting that no
essential cysteyl residue is present in this enzyme. By
contrast, the PTS activity of the same extract was com-
pletely abolished by this treatment. The PfkB family proteins
contain four to eight histidyl residues, but none of them are
conserved in R. capsulatus FruK and in E. coli FruK and
PfkB. FruK of R. capsulatus was treated with DEPC as
described in Materials and Methods. The enzyme was inac-
tivated to the extent of only 25% by 2 mM DEPC, although
it was largely inactivated by 10 mM DEPC.

FruK of E. coli has been shown to be inhibited by PMSF,
a reagent specific for activated seryl residues (7). Employing
the procedure outlined by Buschmeier et al. (7) (see Mate-
rials and Methods), we found that FruK in extracts of R.
capsulatus was only weakly inactivated by 2 mM PMSF but
was largely inactivated by 5 mM PMSF. FruK of R. capsu-

FIG. 3. Phylogenetic tree of homologous members of the PfkB
family. Relative evolutionary distances are provided next to the
branches. Abbreviations for the five enzymes are as indicated in the
legend to Fig. 2. The tree was constructed as described previously
(17, 20).

J. BACTERIOL.

L L T
100 200 300
FIG. 4. Comparison of secondary structural predictions for

FruK of R. capsulatus and PfkB of E. coli. C, coil; T, turn; E,
extended B-structure; H, a-helix; HY, hydropathy; AM, am-
phiphilicity. The Analysep program from the Staden package was
used to estimate secondary structure (57). Aminoacyl residue num-
ber is plotted on the x axis.

latus contains 11 seryl residues. Four of these are observed
in the consensus sequence (Fig. 2), but none are conserved
in all of the homologous kinases.

Multiple alignment of FruK with Rubisco large subunits
from plants and bacteria. Figure S shows the alignment of a
127-aminoacyl residue segment of FruK from R. capsulatus
with five different ribulose 1,5-bisphosphate carboxylase/
oxygenase (Rubisco) large subunits. Among the 21 totally

TABLE 2. Comparison of sizes and amino acid compositions
of proteins in this study®

No. of each amino acid composing:

Amino

acid FruKRc FruKEc PfkBEc PfkAEc PtaKSa RibKEc
A 66 30 37 27 22 49
L 42 30 34 24 37 26
G 36 29 27 38 24 27
\" 32 33 28 25 23 25
T 23 16 16 15 16 17
P 18 13 15 9 13 14
R 16 18 14 21 5 15
D 15 17 10 23 14 13
E 11 19 22 22 23 23
S 11 21 24 14 16 15
1 10 15 15 28 25 24
N 7 11 14 8 22 17
F 6 12 4 9 9 8
H 6 4 6 7 8 6
Q 5 11 15 5 20 14
K 5 12 13 13 17 9
M 3 8 4 13 2 3
C 2 4 4 7 3 1
Y 1 2 5 11 9 1
w 1 7 1 1 1 2

Total 316 312 308 320 310 309

MW 31,232 33,708 33,853 32,290 32,388 34,758

“ Abbreviations for the proteins are described in the legend to Fig. 2.
PfkAEc, PfkA of E. coli.
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e w . = " 1 ' * kWl 11w

FRUK 85 RLPGATRTNV KIVDPLQDQVTDLNFPGIAAGPADLDAVAATLTELLAQGLDWVALCGSL
ALFC 319 RMSGGDHIHAGTVVGKLEGE RDITLGFVDLLRDDFIEKDRSRGIFFTQ DWVSLPGVL
PEHC 319 RMSGGDHIHAGTVVGKLEGE REMTLGFVDLLRDDFIEKDRARGIFFTQ DWVSMPGVI
PEAC 326 RLSGGDHIHAGTVVGKLEGE REITLGEVDLLRDDYIKKDRSRGIYFTQ DWVSLPGVI
TOBC 319 RMSGGDHIHSGTVVGKLEGE RDITLGFVDLLRDDFVEQDRSRGIYFTQ DWVSLPGVL
AEUT 321 RLAGVDHMHTGTAVGKLEGD PLTVQGYYNVCRDAYTQTDLTRGLFFDQ DWASLRKVM

- -
* * 1w 0w * A [ e *

FRUK 144 PAGIGAEAYAELAALARKGGARVALDTSGPALGLALAARPDIVKPNVAELGAHLGRTLTG
ALFC 376 PVASGGIHVWHMPALTEIFGDDSVLQFGGGTLGHPWGNAPGAVANRVA LEA

PEHC 376 PVASGGIHVWHMPALTEIFGDDSVLQFGGGTLGHPWGNAPGAAANRVA LEA
PEAC 383 PVASGGIHVWHMPALTEIFGDDSVLQFGGGTLGHPWGNAPGAVANRVA LEA
TOBC 376 PEASGGIHVWHMPALTEIFGDDSVLQFGGGTLGHPWGNAPGAVANRVA LEA
AEUT 378 PV}\SGG I HAGQMHQL IHLFGDDVVLQFGGGTIGHPQGIQAGATANRVA LEA

* el ow

FRUK 204 LESVREAARDLAASG 218
ALFC 427 CVQARNEGRDLAREG 441
PEHC 427 CVQARNEGRDLAREG 441
PEAC 434 CVQARNEGRDLAREG 448
TOBC 427 CVKARNEGRDLAQEG 441
AEUT 429 MVLARNEGRDILNEG 443

FIG. 5. Multiple alignment of FruK of R. capsulatus (FruK
residues 85 to 318) with corresponding regions of five sequenced
Rubisco large subunits. The five sources of Rubisco are alfalfa
chloroplast (ALFC) (1), petunia hybrida chloroplast (PEHC) (2), pea
chloroplast (PEAC) (62), tobacco chloroplast (TOBC) (56), and
Alcaligenes eutrophus (AEUT) (3). Residue numbers within each
protein are indicated at the beginning of each line and at the end of
the segments. The following symbols indicate identity of the residue
in FruK with the five Rubisco proteins: *, all five depicted proteins;
!, four of the proteins; *, three of the proteins; ", two of the proteins;
and ', just one of the proteins. Double underlines indicate residues
in FruK of R. capsulatus which align with all residues in the Rubisco
large subunits as well as with those in PfkB of E. coli (Fig. 2).

conserved residues, L335 and G464 of alfalfa Rubisco
aligned with L100 and G172 of FruK. In the former enzyme,
these residues are involved in ribulose-1,5-bisphosphate
binding (29). As revealed by the statistical analyses reported
in Table 3, the degrees of sequence similarity suggest that
these proteins may be homologous. For example, FruK is
27% identical with Rubisco from alfalfa throughout a seg-
ment encompassing residues 319 to 441 of the latter enzyme.
The Los Alamos comparison score (28) for this segment was
8.5 standard deviations (SD) higher than that obtained with
100 comparisons of randomized sequences of these proteins.
The probability of obtaining such a score by chance is less
than 1076, The corresponding value with the ALIGN pro-
gram was 7.4 SD higher than that obtained with 1,000
comparisons of these randomized sequences. Thus, the
results suggest but do not prove that a domain in FruK is
homologous to a domain in alfalfa Rubisco. Other Rubisco
proteins were also similar to FruK, although the comparison
scores were somewhat lower. The sequence of Rubisco from
Rhodospirillum rubrum was most divergent from that of
FruK, but sequence comparisons among the different
Rubisco large subunits revealed that all of these proteins are
homologous (Table 3). The residues doubly underlined in
Fig. 5 are those which are also aligned with PfkB in Fig. 2.
The results show that FruK, PfkB, and the various Rubisco
large subunits all possess domains which exhibit sequence
similarity. These domains might be involved in sugar
bisphosphate binding, as demonstrated in Rubisco by X-ray
crystallography (29).

Codon preference for the fru operon of R. capsulatus.
Figure 6 shows the codon preference plots for the three
reading frames within the fru operon, based on the codon
usage for Rhodobacter spp. (60a). It can be seen that the first
gene, fruB(HI), is in the A reading frame, whereas both frukK

SEQUENCE OF R. CAPSULATUS fruK

3121

TABLE 3. Statistical analyses of comparisons between the

aligned sequence FruK of R. capsulatus and those of

Rubisco large subunits

First enzyme and Second enzyme and % sD® No. of
region compared region compared Identity gaps
FruK, 85-218 AIfC, 319441 27.1 8.5 4
FruK, 85-218 PehC, 319441 23.8 6.7 4
FruK, 85-218 PeaC, 326448 26.2 7.5 4
FruK, 85-218 TobC, 319441 27.1 6.6 4
FrukK, 85-218 AeuT, 321443 18.7 5.0 4
FrukK, 85-218 RspR, 313-430 13.8 1.5 9
AIfC, 319441 PehC, 319441 95.1 63.5 0
AIfC, 319-441 PeaC, 326441 95.1 56.6 0
AIfC, 319-441 TobC, 319-441 94.3 65.8 0
AlfC, 319441 AeuT, 321443 61.0 37.7 0
PehC, 319441 PeaC, 326441 93.5 53.1 0
PehC, 319441 TobC, 319441 89.4 59.2 0
PehC, 319-441 AeuT, 321443 60.2 39.0 0
PeaC, 326448 TobC, 319441 91.1 60.2 0
PeaC, 326448 AeuT, 321443 61.0 41.2 0
TobC, 319441 AeuT, 321443 60.2 37.3 0
RspR, 313430 AIfC, 319441 31.7 14.8 4
RspR, 313430 PehC, 319441 31.7 11.4 4
RspR, 313430 PeaC, 326-448 32.5 11.7 4
RspR, 313-430 TobC, 319441 31.7 11.7 4
RspR, 313-430 AeuT, 321443 32.5 11.9 4

4 Los Alamos comparison scores are reported. ALIGN comparison scores
were similar. For example, values for the ALIGN comparison of FruK with
AIfC, PehC, and PeaC were 7.4, 6.8, and 7.2 SD, respectively, higher than
those obtained with 1,000 comparisons of these randomized sequences.
Abbreviations are the same as those described in the legend to Fig. 5. RspR,
Rubisco from R. rubrum.

and fruA are in the C reading frame. Rare codons are utilized
very infrequently in all three genes, suggesting (i) that the
open reading frames fruB(HI), fruK, and fruA are correctly
determined and (ii) that the entire operon can be expressed
at a high level. Preceding the fruB(HI) gene, a partial open
reading frame (orfX) which shows a diminished frequency of
rare codon usage relative to extragenic DNA, but an in-
creased frequency of rare codon usage relative to the three
recognized open reading frames of the fru operon is re-
vealed. This 387-bp stretch encodes the C-terminal 128
amino acids of a putative protein which terminates within the
fruB(HI) gene with an overlap of 4 bp. This is the same
degree of overlap observed between the fruB(HI) and frukK
genes (Fig. 1). Since no predominant protein bands were
observed following expression of the 7.4-kb fragment, which
starts 1 kb upstream from the beginning of the sequenced
part of orfX in the T7 promoter/RNA polymerase system
(61), we presume, in agreement with the increased frequency
of rare codons within this open reading frame, that the
product of this gene either is not expressed at a high level or
is not expressed at all. A computer search of the data base
for homology with the encoded C-terminal 128 residues of
the putative protein did not yield significant positive results.

Alignment of Pfks of prokaryotes and eukaryotes: the PfkA
family. Figure 7 shows alignment of three bacterial Pfks
(from E. coli [25], B. stearothermophilus [21], and Spiro-
plasma citri [10]) with homologous domains of a number of
eukaryotic Pfks. The statistical analyses of the sequences
aligned in Fig. 7 are summarized in Table 4. The percent
identities and the comparison scores (in SD) are sufficient to
establish that all of these protein segments are homologous.
We refer to these proteins and homologous protein segments
as the PfkA family. The four sequenced mammalian en-
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FIG. 6. Codon preference plots of the fru operon of R. capsulatus generated employing the program of Gribskov et al. (23) but based on
Rhodobacter codon usage. The program identifies efficiently translated genes as peaks above open reading frames (open boxes below peaks)
that contain few rare codons (vertical lines below the open reading frames). The window size and rare codon thresholds were set at 50 and
0.1, respectively. The number of the base pairs in the DNA fragment analyzed is indicated on the x axis.

zymes (from human muscle [55], human liver [34], rabbit
muscle [33], and mouse liver [22]) are homotetramers of
polypeptide chains about twice the size of the bacterial
enzymes (each 780 residues). They consist of two adjacent
segments which are homologous to each other and the
bacterial Pfks, and they probably arose by tandem intragenic
duplication (Table 5). The larger yeast enzyme is a heterooc-
tamer consisting of two large, dissimilar polypeptide chains,
o and B (987 and 959 residues, respectively), each of which,
like the mammalian enzyme, contains an internal repeat of
the bacterial Pfk equivalent and is present in four copies per
enzyme (Fig. 7 and Table 5) (24). Examination of the aligned
sequences (Fig. 7) reveals that the N-terminal segments are
much more similar to the bacterial enzymes than are the
homologous C-terminal segments, which, however, are
closely related to the other C-terminal segments. This ob-
servation suggests that the duplication event, giving rise to
the eukaryotic Pfk subunit from a prokaryotic Pfk-like
protein, occurred before the divergence of the yeasts from
mammals.

A phylogenetic tree for these ATP-dependent bacterial
Pfks and the eukaryotic Pfk segments as well as the potato
PP;-dependent Pfk is shown in Fig. 8. It can be seen that all
of the N-terminal sequences of the eukaryotic, ATP-depen-
dent Pfks cluster together with the bacterial proteins,
whereas the C-terminal sequences form a cluster which is
quite distant (in relative, apparent, evolutionary time) from
the N-terminal segments. Even more distant from the bac-
terial sequences are homologous segments in each of the two
subunits of the potato PP;-dependent Pfk (Fig. 8). These two
subunits (e and B) exhibited 42% overall identity with each
other throughout most of their regions of overlap (8). The
percent identities observed between the a- and B-subunits of
the PP;-dependent plant enzyme and E. coli PfkA were 25%
in a 148-residue overlap and 29% in a 222-residue overlap,
respectively (comparison scores of 11 and 12 SD, respec-

tively). Corresponding values when these two subunits (a
and B) were compared with the B. stearothermophilus Pfk
were 27% identity in 202 overlapping residues (comparison
score of 14 SD) and 30% identity in 208 overlapping residues
(comparison score of 16 SD), respectively. Thus, the plant
enzyme is clearly homologous to members of the PfkA
family. It more closely resembled the gram-positive bacterial
enzyme than the gram-negative bacterial enzyme. The po-
tato PP;-dependent Pfk exhibited greater sequence similarity
to the bacterial enzymes than to the other eukaryotic en-
zymes (data not shown).

Sequence similarity between the R. capsulatus FruK and the
two yeast Pk subunits. Members of the PfkA family exhib-
ited regions of sequence similarity with members of the PfkB
family. For example, FruK of R. capsulatus exhibited 17.2%
identity with the yeast Pfk B-subunit. The regions of overlap
included residues 4 to 302 in FruK of R. capsulatus and
residues 668 to 959 in the yeast Pfk B-subunit. Three gaps
were introduced to achieve this degree of identity. The
percent similarity for this alignment, taking into account
both identities and semiconservative substitutions, was
37.1%. The comparison score for this alignment was 3.9 SD.
The probability of getting this comparison score by chance is
less than 5 x 107>. These values, while insufficient to
establish homology, demonstrate a degree of sequence sim-
ilarity which is not likely to have arisen by chance. Diver-
gent evolution from a common ancestor would provide a
reasonable explanation for this sequence similarity, but the
possibility of convergent evolution cannot be ruled out.

DISCUSSION

In early reports (49, 54), a fructose-specific PTS was
detected and characterized in the photosynthetic bacteria
Rhodospirillum rubrum and Rhodobacter spheroides. The
system was shown to consist of two membrane proteins, one
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E. coli 1 MIKKIGVLTSGGDAPGMNAAIRGVVRSALTEGLEVMGIYDGYLGLYED. . . RAVQLDRYSVSDMINRGGTFLGSARCPEFRDENIRAVAIENLKKRGIDALVVIGDGGSYMGAMRL .
B. Stear. 1 MKRIGVLTSGGDSPGMNAAIRSVVRKAIYHGVEVYGVYHGYAGLIAG. . . NIKKLEVGDVGDIIHRGGTILY TARCPEFKTEEGQKKGIEQLKKHGIEGLVVIGGDGSYQGAKKL
S. citri 1 MLKKIGILTSGGDSQGMNAAIAGVIKTAHAKGLETYIIRDGYLGLINN. . .WIEVVDNNFADSIMLLGGTVIGSARLPEFKDPEVQKKAVDILKKQEIAALVVIGGDGSYQGAQRL. .. .
Human M-N 14 IGKAIAVLTSGGDAQGMNAAVRAVVRVG IFTGARVFFVHEGYQGLVDGG . DHIKEATWESVSMMLOLGGTVIGSARCKDFREREGRLRAAYNLVKRGITNLCVIGGDGSLTGADTFRS!
Rabbit M-N 14 VGKAIAVLT: VRVG IFTGARVFFVHEGYQGLVDGG . DHIREATWESVSMMLQLGGTVIGSARCKDFREREGRLRAAHNLVKRGITNLCVIGGDGSLTGADTFRSEW
Mouse L-N 14 AGKAIGVLTSGGDAQGMNAAVRAVTRMGIYVGAKVFLIYEGYEGLVEGG . ENIKPANWLSVSNIIQLGGTIIGSARCKAFTTREGRLAAAYNLLQHGITNLCVIGGDGSLTGANIFRNEW
Human L-N 13 GAKAIGVLTSGGDRQGMNAAVRAVTRMGIYVGAKVFLIYEGYEGLVEGG . ENIKQANWLSVSNIIQLGATIIGTARSKAFTTREGRRAAANNLVQHGITNLCVIGGDGSLTGANIFRSEW
Yeast B-N 195 PQKAIAVMT IVRSAIFKGCRAFVVMEGYEGLVRGGPEY IKEFHWEDVRGWSAEGGTNIGTARCMEFKKREGRLLGAQHLIEAGVDALIVCGGDGSLTGADLFRSEW
Yeast A-N 204 KKKKIAVMTSGGDSPGMNAAVRAVVRTG IHFGCDVFAVYEGYEGLLRGG . KYL EGGTLIGT: 'RKREGRRQAAGNLISQGIDALVVCGGDGSLTGADLFRHEW
Human M-C 399 GSHTVAVMNVGAPAAGMNAAVRSTVRIGLIQGNRVLVVHDGFEGLAK.G. .QI VGGW LGTKR. . TLPKK. SFEQISANITKFNIQGLVIIGGFEAYTGGLELMEGR
Rabbit M-C 399 GSYTVAVMNVGAPAAGMNAAVRSTVRIGLIQGNRVLVVHDGFEGPAK.G. . QIEEAGWSYVGGWTGQGGSKLGSKR. . TLPKK. SFEQISANITKFNIQGLVIIGGFEAYTGGLELMEGR
Mouse L-C 398 SNFSLAILNVGAPAAGMNAAVPSAVRTGISEGHTVY IVHDGFEGLAK.G. . QVQEVGWHDVAGWLGRGGSMLGTKR. . TLPKP.HLEAIVENLRTYNIHALLVIGGFEAYEGVLQLVEAR
Human L-C 402 SNFSLAILNVGAPAAGMNAAVRSAVRTGISHGHTVYVVHDGFEGLAK.G. . QVQEVGWHDVAGWLGRGGSMLGTKR. . TLPKG.QLESIVENIRIYGIHALLVVGGFEAYEGVLQLVEAR
Yeast B-C 585 KRLKIAIVNVGAPAGGINSAVYSMATYCMSQGHRPYAIYNGWSGLARHE. . SVRSL GW( IGTNR. .VTPEEADLGMIAYYFQKYEFDGLIIVGGFEAFESLHQLERAR
Yeast A-C 592 DRLN IGlVHVGAPSMLNMTRAATLYCLSHGHKPYAIHNGFSGLIQTG BVKELSHI DVENHHNLGGSE IGTNR. SVASE. DWTIAYYFQKNKLDGLI IIEGFBGFRSLKQLRDGR
wpew . feww
Consensus K IAVLTSGGDA GMNAAVR VVR GI G v v GYEGL G IE H v H GGT IGTAR F E A NL K GI L VIGGDGS TGA L
. awge . eey .. ' *  ae . wwny ] * ]
E. coli 114 ce e TEMeciieennennns GFPCIGLPGTIDNDIKGTDYTIGFFTALSTVVEAIDRLR.DTSSSHQPISVVEVMGRYCGDLTLAAAIAGGCEFVVVPEVEFS. .. ....REDLVNEI
B. Stear. 113 - TEH <« .GFPCVGVPGTIDNDIPGTDFTIGFDTALNTVIDAIDKIR. DTATSHERTYVIEVMGRHAGDIALWSGLAGGAETILIPEADYD....... MNDVIARL
S. citri 114 S ¢ ) 2 GINCIALPGTIDNDITSSDYTIGFDTAINIVVEAIDRLR.DTMQSHNRCSIVEVMGHACGDIALYAGIAGGADIISINEIALS....... ETEIADRV
Human M-N 133 SDLLSDLQKAGKITDEEATKSSYLNIVGLVGSIDNDFCGTDMTIGTDSALHRIMEIVDAIT. TTAQSHQRTFVLEVMGRHCGYLALVTSLSCGADWVFIPECPPD. . . . DDWEEHLCRRL
Rabbit M-N 133 SDLLSDLQKAGKITAEEATRSSYLNIVGLVGSIDNDFCGTDMTIGTDSALHRITEIVDAIT. TTAQSHQRTFVL! >GYLALVTSLSC VFIPECPPD. . ..DNWEDHLCRRL
Mouse L-N 133 GSLLEELVKEGKISESTAQNYAHLTIAGLVGSIDNDFCGTDMTIGTDSALHRIMEVIDAIT. TTAQSHQRTFVLEVMGRHCGYLALVSALASGADWLFIPEAPPE. . . . DGWENFMCERL
Human L-N 133 GSLLEELVAEGKISETTARTYSHLNIAGLVGSIDNDFCGTDMTIGTDSALHRIMEVIDAIT. TTAQSHQRTFVLEVMGRHCGYLALVSALASGADWLFIPEAPPEAPPEDGWENFMCERL
Yeast B-N 315 PSLIEELLKTNRISNEQYERMKHLNICGTVGSIDNDMSTTDATIGAYSALDRICKAIDYVE . ATANSHSRAFVVEVMGRNCGWLALLAGIATSADY IFIPEKPAT. . . SSEWQDQMCDIV
Yeast A-N 323 PSLVDELVAEGRFTKEEVAPYKNLS IVGLVGSIDNDMSGTDSTIGAYSALERICEMVDYID . ATAKSHSRAFVVEVMGRHCGWLALMAGIATGADY IFIPERAVP. . . HGKWQDELKEVC
Human M-C 513 KQF.DEL....cccvvvennns CIPFVVIPATVSNNVPGSDFSVGADTALNTICTTCDRIKQSAAGTKRRVFIIETMGGYCGYLATMAGLAAGADAAY IFEEPFTIRDLOANVEHLVQKM
Rabbit M-C 513 KQF.DEL. . <+ .CIPFVVIPATVSNNVPGSDFSVGADTALNT ICTTCDRIKQSAAGTKRRVFIIETMGGYCGYLATMAGLAAGADAAY IFEEPFTIRDLQANVEHLVQKM
Mouse L-C 512 GRY.EEL.. <+« .CIVMCVIPATISNNVPGTDFSLGSDTAVNAAMESCDRIKQSASGTKRRVFIVETMGGYCGYLATVTGIAVGADAAYVFEDPFNIHDLKANVEHMTEKM
Human L-C 516 GRY.EEL.. «+«.CIVMCVIPATISNNVPGTDFSLGSDTAVNAAMESCDRIKQSASGTKRRVFIVETMGGYCGYLATVTGIAVGADAAYVFEDPFNIHDLKVNVEHMTEKM
Yeast B-C 701 ESY.PAF.. <+ - RIPMVLIPATLSNNVPGTEYSLGSDTALNALMEYCDVVKQSASSTRGRAFVVDCQGGNSGYLATYASLAVGAQVSYVPEEGISLEQLSEDIEYLAQSF
Yeast A-C 706 TQH.PIF.....cceveennns Nl PHCLIPATVSNNVPGTEYSLGVDTCLNALVNYTDDIKQSASATRRRVFVCEVQGGHSGY IASFTGLITGAVSVYTFEKKIDLASIREDITLLKENF
seae agenan CEN T Y [T T 1 e oW . *
Consensus EL G PGTIDND GTD TIG DTALN I E D I TA SH R FV EVMGR CGYLAL GLA GAD IPE P L
* w w owpy o gery ¥
E. coli 207 KAG!AKGKKHAIVAITEHHCDV DE..LAHFIEK... .ENRETRATV!A‘.HXQRGGSPVPYDRXMSRHGAYAIDLLLA. <GYGGRCVGIQN......cc0t EQLVHHDIIDAIE...NM
B. Stear. 206 K KHSIII -VD..FGRQIQE. .. .ATGFETRVTVLGHV( TAFDRVLASRL LLE.. VGIQN. . .NQLVDHDIAEALA...N.
S. citri 207 AMLHQAQKRSVIVVVSEMIYPDVHK. . LAKLVES. . . . KSGY ITRATVLGHTQRGGNPTAMDRYRAFQMAQFAVGQIIA. .GVGGLAIGNQG. . .. v vt DQIIARPIMEALSIPRSS
Human M-N 248 SETRTRGSRLNIIIVAEGAIDKNGKPITSEDIKNLVVKRLGYDTRVTVLGHVQRGGTPSAFDRILGSRMGVEAVMALLE. .GTPDTPACVVS. .. .LS...GNQAVRLPLMECVQVTKDV
Rabbit M-N 248 SETRTRGSRLNIIIVAEGAIDRNGKPITSEGVKDLVVRRLGYDTRVTVLGHVQRGGTPSAFDRILGSRMGVEAVMALLE. .GTPDTPACVVS. . . .LS. . .GNQAVRLPLMECVQVTKDV
Mouse L-N 248 GETRSRGSRLNIIIIAEGAIDRHGKPISSSYVKDLVVQRLGFDTRVTVLGHVQRGGTPSAFDRILSSKMGMEAVMALLE. . ATPDTPACVVS. . ..LS...GNQSVRLPLMECVQVTKDV
Human L-N 252 GETRSRGSRLNIIIIAEGAIDRNGKPISSSYVKDLVVQRLGFDTRVTVLGHVQRGGTPSAFDRILSSKMGMEAVMALLE. . ATPDTPACVVT. . ..LS...GNQSVRLPLMECVQMTKEV
Yeast B-N 431 SKHRSRGKRTTIVVVAEGAIAADLTPISPSDVHKVLVDRLGLDTRITTLGHVQRGGTAVAYDRILATLQGLEAVNAVLE. . STPDTPSPLIA. . . .VN. . .ENKIVRKPLMESVKLTKAV
Yeast A-N 439 QRHRSKGRRNNTII DDQLNPVT LIE.LGLDTKVTIL T ATLOGVDAVKAVLE. . FTPETPSPLIG. . ..IL...ENKIIRMPLVESVKLTKSV
Human M-C 617 KTTVKRG. . . . LVLRNEKCNENYTTDFIFNLYSE. . EGKGIFDSRKNVLGHMQQGGSPTPFDRNFATKMGAKAMNWMSG . . KIKESYRNGRI. . . .FA. . . . NTPDSGCVLGMRKRALVF
Rabbit M-C 619 KTTVKRG. . . . LVLRNEKCNENYTTDFIFNLYSE. . EGKGIFDSRKNVLGHMQQGGSPTPFDRNFATKMGAKAMNWMAG . . KIKESYRNGRI. . . . FA. . . . NTPDSGCVLGMRKRALVF
Mouse L-C 616 KTDIQRG. . . . LVLRNEKCHEHYTTEFLYNLYSS. . EGRGVFDCRTNVLGHLQOGGAPTPFDRNYGTKLGVKAMLWVSE . . KLRDVYRKGRV. . . .FA. .. . NAPDSACVIGLRKKVVAF
Human L-C 620 KTDIQRG. . ..LVLRNEKCHDYYTTEFLYNLYSS. . EGKGVFDCRTNVLGHLQQGGAPTPFDRNYGTKLGVKAMLWLSE . . KLREVYRKGRV. . . . FA. .. .NAPDSACVIGLKKKAVAF
Yeast B-C 805 EKAEGRGRFGKLILKSTNASKALSATKLAEVITA. . EADGRFDAKPAYPGHVQOGGLPSPIDRTRATRMAIKAVGFIED. . . NQAAIAEARAAEENFNADDKTISDTAAVVGVKGSHVVY
Yeast A-C 811 RHDKG!NRNGKLLVRNEQASSW STQLLADIISE. .ASKGKFGVRTAI PGHVQGGVPSSKDRVTASRPAVKCI KFIEQWNKKNEASPNTDAKVLRFKFDTHGEKVPTVEHEDDSAAVIC
e @ 1] ey w 1" -
Consensus RG l EA GFDTR TVLGHVQRGG P AFDR LA MG AV LE NV E
E. coli 305 KRPFKGDWLDCAEKMY
B. Stear. 303 KHTIDQRMYALSKELSI
S. citri 309 RKEIWAKFDQLNQONIYQKS
Human M-N 359 TKAMDEKKFDEALKLRGRS. . . FUNNWEVY . K.LLAH
Rabbit M-N 359 ‘TKAMDEKRFDEAMKLRGRS . . . FUNNWEVY . KL
Mouse L-N 359 QKAMDEERFDEAIQLRGRS. . . FENNWKI1Y. K.LLAHQKVSKEK
Human L-N 363 QKAMDDKRFDEATQLRGGS . . . FENNWNIY.R
Yeast B-N 542 AEAIQAKDFKRAMSLRDTE. . . FIEHLNNF . MAINSADHNEPKL
Yeast A-N 549 ATAIENKDFDKAISLRDTE. . . FIELYENF.LSTTV
Human M-C 721 QPVAEL . KDQTDFEHRIPREQWWLKLRPIL . KILAK
Rabbit M-C 721 QPVTEL . OQNQTDFEHRIPREQWWLKLRPIL . KILAK
Mouse L-C 720 SPVTEL. FEI « KMLAHYRISMAD
Human L-C 724 SPVTEL . KKDTDFEHRMPREQWWLSLRLML . KMLAQYRI
Yeast B-C 920 NSIRQLYDYETEVSMRMPKVIHWOATRLIADHLVGRKRVD
Yeast A-C 929 VNGSHV.SFKPIANLWE. . ... .NETNVELRKGFEVHWAE
Consensus LR K

FIG. 7. Multiple alignment of the PfkA family of ATP-dependent Pfks of bacteria, yeasts, and mammals. The species are as indicated. M
and L, muscle and liver enzymes of mammals, respectively; B and A, B- and a-subunit of the yeast enzyme, respectively; N and C, N-terminal
and the C-terminal domains, respectively, of the eukaryotic protein subunits. An exclamation mark above and below the aligned sequences
indicates a residue conserved in all sequences. An asterisk above the aligned sequences indicates a residue conserved in the bacterial enzymes
and the eukaryotic N-terminal segments. An asterisk below the aligned sequences indicates a residue conserved among the eukaryotic
C-terminal segments. The consensus sequence (Consensus) is provided below the aligned sequences. The statistical analyses of the
alignments are summarized in Table 4. The Fasta (44) and Bestfit (39) programs were used to give the optimal alignment.

which could be released from the membrane as a high-
molecular-weight soluble protein, the other which was an
integral constituent of the membrane. The biochemistry of
the former protein has been examined (35, 36). As shown in
our previous reports (60, 61), these two proteins are a
multiphosphoryl transfer protein and a fructose-specific en-
zyme II of the PTS. They act in concert to produce cyto-
plasmic fructose-1-P from extracellular fructose. This sugar
phosphate ester is then further phosphorylated in the reac-
tion catalyzed by FruK to give the common intermediate of
glycolysis, fructose-1,6-bisphosphate. In species of Rhodo-

spirillum, Rhodobacter, Thiocapsa, Thiocystis, Pseudomo-
nas, Alcaligenes, and Fusobacterium, all of which possess a
fructose-specific PTS (15), fructose is probably the only
sugar metabolized via the PTS and glycolysis, because 6-Pfk
is lacking.

Biochemical experiments have shown that in R. rubrum,
R. spheroides, and R. capsulatus, a multiphosphoryl trans-
fer protein, a fructose-specific enzyme II, and FruK are
coordinately induced 3-, 10-, and >100-fold, respectively, by
inclusion of fructose in the growth medium (13, 49, 54).
These observations led to the prediction that the three
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TABLE 4. Statistical analyses of the aligned sequences which compose the ATP-dependent Pfk members of the PfkA family”

Yeast

Rabbit Mouse Human

Human

B. stearo-
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Enzyme

mophilus

B. stearother-
Human

S. citri
E. coli

17 74 (376) 156 43(72) 21 53 (371) 125 25(192) 16 52 (372) 8229 (171) 21

35(121) 24 98 (356) 263 26 (244) 26 66 (352) 204 32 (178) 19 66 (353) 133 37 (108) 18 37 (290) 57 36 (110) 19 35 (364) 82

35(121) 22 96 (377) 168 35 (119) 20 77 (376) 290 42 (72)

M-C
Rabbit

M-N

15 54 (371) 120 24 (192) 13 52(372) 8728 (171) 27

26 65 (355) 156 35(108) 19 36 (290) 69 34 (110) 20 35 (364) 56

11 75 (376) 157 43 (12)

25 (244) 30 65 (355) 110 32 (178)

35(119) 14 77 (376) 131 42 (72)

M-C
Mouse

M-N

19 38 (366) 78

13 94 (357) 195 41 (101) 26 38 (294) 58 34 (103)

11 92 (377) 227 32(124) 11 52 (371) 139 30 (115) 13 50 (384) 87 22 (266) 24
24 (177)

32 (123)

L-N
L-C
Human

L-N

23 (177) 19 52 (374) 154 30 (115) 15 51 (375) 107 26 (184) 21

L-C

Yeast

41(101) 14 39 (296) 116 36 (103) 21 38 (368) 67

10 48 (368) 146
22 (256) 13

9 65 (375) 132 26 (179) 22
31 (74)

24 (159)

A-N
A-C

B-N

“ The abbreviations used are those described in the legend to Fig. 7. %I, percent identity (values in parentheses give the number of residues in the segment compared); comparison score in SD calculated by

using the RDF2 program and 50 shuffles (44).
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TABLE 5. Size, subunit, and domain compositions of Pfks and
selected related enzymes®

Approximate No. of idenified
no. ol tide
Enzyme aminoacyl chaing/  homelogous
residues/chain enzyme enzyme
R. capsulatus, FruK 316 1 1
E. coli PfkB 308 2 2
E. coli PfkA 320 4 4
B. stearothermophilus 319 4 4
Ptk

S. citri Ptk 327 4 4
Mammalian Pfks 780 (N and C) 4 8
Yeast Pfk, a 987 (N and C) 4

]8 16
Yeast Pfk, B 959 (N and C) 4
Potato P, Pfk, o 616 2

]4 4
Potato P, Pfk, B8 513 2

“ Mammalian Pfk, the four mammalian Pfks for which sequence data are
available (human muscle, human liver, rabbit muscle, and mouse liver); Yeast
Pfk, Saccharomyces cerevisiae Pfk; Potato P, Pfk, potato PP;-dependent Pfk;
a and B, a- and B-subunits, respectively, of the yeast and potato enzymes; N
and C, N-terminal and C-terminal homologous domains, respectively, of the
mammalian enzymes and of the two subunits of the yeast enzyme.

fructose enzymes are encoded within a single operon in each
of these organisms, a conclusion established for R. capsula-
tus by the sequence analyses reported here. The fru operon
of R. capsulatus may possess a compact structure with a
4-nucleotide overlap between the fruB(HI) and fruK genes
and an 18-nucleotide intercistronic region between fruK and
frud. These structural features resemble those in the fru
operons of E. coli in which a 1-nucleotide overlap charac-
terizes the chain terminating codon of fruB(MH) and the
initiation codon of fruK and a 16-nucleotide intercistronic
region separates fruK from frud (43).

Determination of the R. capsulatus fruK nucleotide se-
quence, deduction of the aminoacyl sequence of FruK, and
sequence comparisons with proteins in the data base re-
vealed that FruK is homologous to several bacterial kinases,
including PfkB of E. coli. A phylogenetic tree relating these
proteins is shown in Fig. 3. Surprisingly, we also found that
an extended segment of the large subunit of Rubisco exhib-
ited a significant degree of sequence similarity (27.1% iden-
tity over a 122-residue stretch with four gaps and a compar-
ison score of 8.5 SD) with FruK of R. capsulatus (Fig. 5;
Table 3). Since this region encompasses the sugar bisphos-
phate-binding site of Rubisco, it is possible, although un-
likely, that this sequence similarity arose by convergent
evolution.

The sequence similarities between FruK of R. capsulatus
and the homologous kinases from other bacteria were not
reflected in the amino acid compositions of these proteins.
The R. capsulatus protein showed a markedly different
composition, with the predominant amino acids (Table 2,
shown above the spaces; particularly A, L, and G) showing
increased occurrence in the R. capsulatus FruK relative to
the other proteins and the minor amino acids (Table 2, below
the spaces; particularly E, S, N, Q, K, C, and Y) showing
decreased occurrence in R. capsulatus FruK relative to that
of the other kinases. Surprisingly, none of the C, S, Y, W, or
H residues were fully conserved among the homologous
proteins, suggesting that none of these residues play an
essential catalytic role in the mechanism of action of these
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FIG. 8. Phylogenetic tree of homologous members of the PfkA family. Relative evolutionary distances are provided adjacent to the
branches. Abbreviations are the same as indicated in the legend to Fig. 7, except that the PP;-dependent Pfk subunits o and g of the potato
are designated Potato, P,-A, and P,-B, respectively. The tree was constructed as described by Doolittle and Feng (17, 20).

functionally related enzymes. In fact, FruK was not sensi-
tive to inhibition by the cysteyl-specific reagent, N-ethylma-
leimide, and was inhibited only at high concentrations of the
histidyl-specific reagent, DEPC, and the activated serine
reagent, PMSF. Since the monomeric Rhodobacter protein
(60a) contains just one W and one Y, this protein may be
good material for fluorescence studies.

Secondary structural predictions (Fig. 4) led to the sug-
gestion that members of the PfkB family of homologous
proteins are all structurally similar. Predicted secondary
structural elements (coil, B-turns, B-strands, and a-helix) as
well as hydropathy and amphiphilicity analyses were nearly
superimposable for FruK of R. capsulatus and PfkB of E.
coli despite their considerable compositional differences.
Both proteins appear to consist of alternate B- and a-struc-
tures, as has been demonstrated for PfkA (25). On the basis
of their primary structural similarities, the tertiary structures
of the homologous PfkB family proteins are probably nearly
superimposable (16, 52, 53).

It is interesting to note that PfkA, the predominant Pfk in
E. coli, is a nondissociable tetramer, whereas PfkB is a
dimer which can associate to a less-active tetramer (see
reference 51 for a review). Their subunits are of about the
same size, and their genes are located at opposite positions
on the circular E. coli chromosome (at 87 and 38 min,
respectively). Despite these facts, PfkA does not exhibit
significant sequence identity with PfkB, but PfkA is homol-
ogous to sequenced Pfks from other bacteria and eukaryotes
(8, 25, 45). It has been proposed that the primordial bacterial
chromosome was once one-half of its present size, and a
chromosomal duplication event occurred, giving rise to a
genome with genes of similar structure and function on

opposite sides of the chromosome (47). If this hypothesis is
correct, then this chromosomal duplication must have oc-
curred before the divergence of prokaryotes from eukary-
otes, and the subunits of the currently recognized eukaryotic
Pfks (which presumably arose by intragenic duplication)
must have been derived from the precursor of the present-
day prokaryotic PfkA. This hypothesis presupposes also that
divergence within the PfkB family occurred after this dupli-
cation. It is interesting to note that PfkA and PfkB of E. coli
differ not only with respect to their sequences and subunit
association properties but also with respect to their regula-
tory properties. Moreover, while the synthesis of PfkA is
induced in the presence of glucose, that of PfkB has been
reported to be constitutive (11). Thus, PfkA may function
primarily in anaerobic glycolysis, whereas PfkB may func-
tion under conditions of aerobic metabolism. In view of the
structural similarity of PfkB and FruK (Fig. 4), it is interest-
ing to note that the pfkB gene in E. coli and the fru operon in
S. typhimurium share the same unusual putative —10 region
(CAGACT) and have similar —35 regions (40-42a). The
functional and evolutionary significance of these observa-
tions has yet to be established.

The PfkA family is large and diverse, with representatives
from gram-positive and gram-negative prokaryotes as well as
lower and higher eukaryotes. The Pfk subunits of eukaryotes
are minimally twice the size of the prokaryotic enzymes, and
as documented here, they may have arisen by intragenic
duplication. The N-terminal domains of these eukaryotic
enzymes exhibit a higher degree of similarity to the prokary-
otic enzymes than do the homologous C-terminal domains. It
is therefore reasonable to propose that the N-terminal do-
mains retained their original, primary function, namely,
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catalysis, while the C-terminal domains evolved more rap-
idly, giving rise to allosteric regulatory domains. In this
regard it is interesting to note that substrates and products of
the Pfk-catalyzed reactions also serve as allosteric effectors.
Thus, the substrate-binding residues have been largely re-
tained in the N- and C-terminal domains of the eukaryotic
enzymes (26, 46a). The eukaryotic enzymes have also ac-
quired sensitivity to regulation by other metabolites, such as
Krebs cycle intermediates (51). This fact is consistent with
their increased degree of structural complexity relative to
that of the prokaryotic enzymes. The property of cooper-
ativity, characteristic of all members of the PfkA family, is
consistent with their tetrameric structures, and these struc-
tures differ from those of the PfkB family members which do
not exhibit the property of cooperativity and which can be
monomeric or dimeric.

Although PfkA and PfkB of E. coli were not found to
exhibit a statistically significant degree of sequence identity,
we nevertheless propose that these proteins, and therefore
all members of the PfkA and PfkB families, shared a com-
mon origin. The evidence is as follows. (i) PfkA and PfkB
catalyze the same reaction, and all members of both families
catalyze essentially the same reaction with various carbohy-
drate substrates. (ii) PfkA and PfkB are essentially the same
size, a size that is common to all PfkB family members,
prokaryotic PfkA family members, and homologous domains
of eukaryotic Pfks (Table 2) (46a). (iii) The predicted sec-
ondary structures of PfkB and FruK (Fig. 4) correspond to
the known secondary structures of PfkA and of the B.
stearothermophilus Pfk (19, 26), and the degrees of sequence
similarity within either the PfkA or the PfkB family imply
conservation of secondary and tertiary structural features
(16). (iv) FruK of R. capsulatus, a member of the PfkB
family, exhibited regions of sequence similarity both with
the PP;-dependent Pfk of potatoes (8; unpublished data),
which is clearly homologous to members of the PfkA family,
and with the yeast Pfk (see Results). While the extent of
similarity was insufficient to establish homology, the results
are suggestive of a common origin. (v) As noted above, the
pfkA and pfkB genes map to opposite sides of the E. coli
chromosome, which is consistent with an origin resulting
from a chromosomal duplication event (47). These observa-
tions, while compelling, must nevertheless be considered
preliminary. Substantiation for the proposed common origin
for the PfkA and PfkB families may be forthcoming when
sequences of additional homologous proteins or the X-ray
crystallographic structure of a member of the PfkB family
becomes available.
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