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Analysis of Sequence Homologies in Plant and Bacterial Pyruvate Phosphate
Dikinase, Enzyme I of the Bacterial Phosphoenolpyruvate: Sugar
Phosphotransferase System and Other PEP-Utilizing Enzymes. Identification of
Potential Catalytic and Regulatory Motifs*
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ABSTRACT: In this paper we report the amino acid sequence of pyruvate phosphate dikinase (PPDK) from
Bacteroides symbiosus as determined from the nucleotide sequence of the PPDK gene. Comparison of the
B. symbiosus PPDK amino acid sequence with that of the maize PPDK [Matsuoka, M., Ozeki, Y., Yam-
amoto, N., Hirano, H., Kamo-Murakami, Y., & Tanaka, Y. (1988) J. Biol. Chem. 263, 11080] revealed
long stretches of homologous sequence (>70% identity), which contributed to an overall sequence identity
of 53%. The circular dichrosim spectra, hydropathy profiles, and calculated secondary structural elements
of the two dikinases suggest that they may have very similar tertiary structures as well. A comparison made
between the amino acid sequence of the maize and B. symbiosus dikinase with other known protein sequences
revealed homology, concentrated in three stretches of sequences, to a mechanistically related enzyme, enzyme
I of the Escherichia coli PEP:sugar phosphotransferase system [Saffen, D. W., Presper, K. A., Doering,
T. L., Roseman, S. (1987) J. Biol. Chem. 262, 16241]. 1t is proposed that (i) these three stretches of sequence
constitute the site for PEP binding and catalysis and a possible site for the regulation of enzymatic activity

and (ii) the conserved sequences exist in a third mechanistically related enzyme, PEP synthase.

I)yruvate phosphate dikinase (PPDK)! catalyzes the rever-
sible phosphorylation of pyruvate and orthophosphate with the
- and vy-phosphoryl groups of a single molecule of ATP
(Reeves et al., 1968; Evans & Wood, 1968):

By Y 8
Ade PPP + P; + pyruvate = Ade P + PP, + PEP

The enzyme has been found in a variety of unicellular or-

*This work was supported by NIH Grants GM-36260 and GM-28688.

YThe nucleic acid sequence in this paper has been submitted to Gen-
Bank under Accession Number J05295.

* To whom correspondence should be addressed.
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ganisms and in C, and some Crassulacean acid metabolism
plants (Reeves, 1968; Reeves et al., 1968; Evans & Woods,
1968; Benzimam & Palgi, 1970; Hatch & Slack, 1968; Kluge
& Osmond, 1971). In Entamoeba histolytica and Bacteroides
symbiosus where pyruvate kinase is absent, PPDK functions
in the direction of ATP synthesis. In Propionibacterium
shermanii, Acetobacter xylinum, the photosynthetic bacterium,
Rhodospirillum rubrum, and the C, and Crassulacean acid

! Abbreviation ATP, adenosine 5'-triphosphate; PEP, phosphoenol-
pyruvate; PP;, inorganic pyrophosphate; P;, orthophosphate; EP, phos-
phoenzyme; EPP, pyrophosphoenzyme; ADP, adenosine 5'-diphosphate;
AMP, adenosine 5’-monophosphate; PPDK, pyruvate phosphate dikinase;
PTS, PEP:sugar phosphotransferase system; BRFP, bifunctional regu-
latory protein; HPLC, high-pressure liquid chromatography; CD, circular
dichroism.

© 1990 American Chemical Society
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Scheme I: Mechanism Proposed for the Bacterial PPDK? and for
the Plant PPDK?%¢

Bacterial PPDK Plant PPDK

By p Y
(1) E + ATP === EPP + AMP (1)E + ATP + P, == EP + AMP + PP;

By By I p
(2)EPP + P, === EP + PP, (2) EP + Pyruvate === E + PEP.

p B
(3) EP + Pyruvate == E + PEP

@ Milner et al, 1978; Milner & Wood, 1976. ®Sugiyama, 1973; An-
drews and Hatch, 1969; Jenkins and Hatch, 1985. “Where E repre-
sents the free enzyme, EPP represents the pyrophosphoryl enzyme in-
termediate and EP represents the phosphoryl enzyme intermediate.

metabolism plants PPDK is responsible for PEP production.

Studies of the structure, regulation, and mechanism of action
of PPDK have focused primarily on the sugar cane and maize
enzymes and on the dikinases isolated from the bacteria P.
shermanii and B. symbiosus. Emerging from these studies
are two fundamentally distinct profiles for plant PPDK versus
bacterial PPDK. Studies of the mechanism of action of the
two bacterial enzymes carried out by Wood and co-workers
(Milner et al., 1978; Milner & Wood, 1976) and of the su-
garcane and maize dikinases carried out by Sugiyama (1973)
and by Hatch and co-workers (Andrews & Hatch, 1969;
Jenkins & Hatch, 1985) have lead to the proposal of a
three-step, Tri Uni Uni mechanism for the bacterial dikinase
and a two-step, Bi Bi Uni Uni mechanism for the plant di-
kinase (see Scheme 1).

The plant PPDK has also been distinguished from the P.
shermanii and B. symbiosus dikinases on the basis of its in
vivo regulation. In C, plants, PEP serves as the site of CQO,
fixation during photosynthesis and, therefore, PEP formation
by PPDK is under strict light/dark control (Hague et al., 1983;
Ashton & Hatch, 1983; Ashton et al., 1984; Burnell & Hatch,
1983; Edwards et al., 1985; Sheen & Bogorad, 1987; Hudspeth
et al., 1986; Roeske et al., 1988). PPDK activity at the protein
level is regulated by a phosphorylation/dephosphorylation
mechanism that is mediated by a bifunctional regulatory
protein (BFRP). BFRP-catalyzed phosphorylation of the
regulatory threonine residue of PPDK with ADP leads to
inactivation and BFRP-catalyzed dephosphorylation of the
inactivated enzyme with P, restores catalytic activity. No such
activity control has been reported to exist for the dikinases of
P. shermanii or B. symbiosus.

Ongoing studies in our laboratory are examining the
structure and catalytic mechanism of PPDK. In this paper
we report the amino acid sequence of the B. symbiosus PPDK
as deduced from the sequence of the gene encoding this protein.
A comparison is made between the amino acid sequence of
the bacterial enzyme and the maize enzyme (Matsuoka et al.,
1988) and the high degree of similarity observed is examined
in relationship to the structure and catalytic functioning of
these two distinct enzymes. Emerging from this analysis are
interesting implications for PPDK catalysis and regulation that
provide the basis for the recognition of a possible catalytic and
regulatory motif in two other PEP-utilizing enzymes, Es-
cherichia coli PEP synthase and enzyme [ of the E. coli PEP:
sugar phosphotransfer system (PTS).

MATERIALS AND METHODS

Materials

Maize PPDK was a generous gift from Dr. Raymond
Chollet, Department of Biochemistry, University of Nebraska.
E. coli strain JM101 and vectors M13mp18 and M13mp19

Pocalyko et al.

were generous gifts from Dr. John Gerlt, Department of
Chemistry, University of Maryland. E. coli strain JM83 was
purchased from the American Type Culture Collection. Se-
quenase, trypsin, and buffers were obtained from United States
Biochemical Corp. Restriction enzymes were purchased from
Promega or Bethesda Research Laboratories. The preparation
of pUCI9 containing the 2.3-kbp HindIII fragment and
pACYCI184 containing the 3.6-kbp EcoRI fragment is de-
scribed by Pocalyko et al. (1990). Oligonucleotide primers
were prepared at the University of Maryland protein/DNA
center with a Biosearch DNA synthesizer (Model 8750).
Chemicals were purchased from Sigma Chemical Co. or
Aldrich Chemical Co.

Methods

Preparation and Sequence Analysis of Tryptic Peptides.
B. symbiosus PPDK (4 mg), purified according to Wang et
al. (1988), was denatured in a 1-mL solution of 6 M urea and
0.4 M Tris-HCI (pH 8.0) at 37 °C over a period of 5 h. The
protein solution was diluted with 3 mL of 0.4 M Tris-HCI (pH
8.0) and then made 2% (w/w) in trypsin. Subsequent addi-
tions of trypsin, each corresponding to a level of 2% (w/w),
were made every 12 h over a 36-h period. The crude tryptic
digest was fractionated by using three different chromato-
graphic procedures. Peptides 1 and 2 were first separated on
a C-18 reverse-phase HPLC (Alltech; 250 X 4.6 mm) using
a linear gradient of 0.05% phosphoric acid in H,O (A) and
0.05% phosphoric acid in CH,CN (B) (0% B to 60% B in 60
min; column flow rate of 1 mL/min). All elution profiles were
monitored at 220 nm with a UV detector. A mixture of
peptides eluting between 36 and 38.2 mL was collected and
then rechromatographed on a C-8 reverse-phase HPLC col-
umn (Alltech; 150 X 4 mm) using a linear gradient of 0.05%
TFA in H,0 (A) and 0.05% TFA in CH;CN (B) (0% B to
60% B in 60 min; column flow rate of 1 mL/min). Peptide
1 eluted at 19.0 mL and peptide 2 eluted at 19.6 mL. Peptides
3-6 were obtained by first chromatographing the crude tryptic
digest on a C-8 reverse-phase HPLC column (Alltech; 150 X
4.6 mm) with a linear gradient of 0.05% TFA in H,O (A) and
0.05% TFA in CH,CN (B) (0% B to 60% B in 60 min; column
flow rate of 1 mL/min). Peptides 3, 4, 5, and 6 eluted at 23.0,
30.8, 33.2, and 35.6 mL, respectively. The peptides were
further purified by chromatographing them separately on the
C-8 reverse-phase column with a more shallow gradient (0%
B to 60% B in 120 min; column flow rate | mL/min). Peptide
3,4, 5, and 6 eluted at 24.2% B, 30.4% B, 31.5% B, and 32.5%
B, respectively. Peptide 7 was separated from the crude tryptic
digest by using a C-18 reverse-phase HPLC column (Vydac;
250 X 4.6 mm) and a linear gradient of 0.05% TFA in H,0
(A) and 0.05% TFA in CH,CN (B) (0% B to 60% B in 60
min; column flow rate of | mL/min). Peptide 7 eluted at 47
mL. The purified peptides and the N-terminal region of PPDK
were sequenced by Edman’s degradation with an Applied
Biosystems 470A gas-phase protein sequencer. The sequences
determined for the peptides are as follows: peptide 1, Val-
Tyr-Phe-Thr-Ala-Asp-Glu-Ala-Lys; peptide 2, Phe-Ala-Tyr-
Asp-Ser-Tyr-Arg; peptide 3, Val-Asp-Glu-Leu-His-Glu-Phe-
Asn-Pro-Met-Met-Gly-His; peptide 4, Ser-Leu-Asp-Gln-
Leu-Leu-His-Pro-Thr-Phe-Asn-Pro-Ala-Ala-Leu; peptide 5,
Met-Asn-Asp-lle-Pro-Gly-Asp-Trp-Gly-Thr-Ala-Val-Asn-
Val-Gln-Thr-Met-Val; peptide 6, Glu-Glu-Thr-Gly-Ile-Asp-
Ile-Val-Pro-Glu; peptide 7, Gln-Ile-Thr-Gln-Glu-Ile-Gln-
Asp-Gln-lle-Phe-Glu-Ala-Ile-Thr; N-terminal, Ala-Lys-Trp-
Val-Tyr-Lys-Phe-Glu-Glu-Gly. In Table I (supplementary
material) the quantities of the amino acids obtained during
each cycle of the peptide sequencer are summarized.
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DNA Sequencing. A single strand of a 2.3-kbp HindIII
fragment containing ca. 1 kbp of the C-terminal region of the
gene was sequenced first, followed by sequence analysis of both
strands of the 3.6-kbp EcoRI fragment containing the entire
PPDK coding region. The 2.3-kbp HindIII insert was excised
from the cloning plasmid, pUC19, and cut into 1.3- and 1.0-
kbp fragments with PstI. The PstI restriction fragments were
subcloned into the cloning vectors M13mp18 and M13mp19.
Nucleotide sequence was determined by the dideoxy chain
termination method (Sanger et al,, 1977) using a modified
form of T7 DNA polymerase (Tabor & Richardson, 1987)
and M13 universal and custom made primers. The 3.6-kbp
EcoRI fragment was sequenced in the double-stranded plasmid
pACYC184 by using the supercoil sequencing method (Chen
& Seeburg, 1985; Hattori & Sakaki, 1986).

Primary and Secondary Structure Analysis. Hydropathy
plot analysis of the PPDK protein sequence was conducted
according to Hopp and Woods (1981) using the computer
program MicroGenie (Beckman Instruments). The secondary
structure was predicted by the method of Chou and Fasman
(1978) using the computer program MicroGenie. The PPDK
sequence was compared with protein sequences contained in
the NBRF data base (release no. 23) by using the programs
in the EuGene sequence package (Lawrence & Goldman,
1988; Pearson & Lipman, 1988). The alignments of the
PPDK sequences and enzyme I of the bacterial PEP:sugar
phosphotransferase system were generated by using the al-
gorithm of Smith and Smith (1990). Statistical analysis of
the alignment was performed by serially randomizing the
enzyme I sequence 25 times and aligning these sequences with
the PPDK sequences by using the same conditions as those
used to generate the authentic alignment. CD spectra of the
buffered solutions of B. symbiosus and maize PPDK (0.15 uM
enzyme in 5 mM potassium phosphate, pH 6.9) were recorded
at ambient temperature with a JASCO 500-C spectropolar-
imeter equipped with a microcell.

RESULTS AND DISCUSSION

DNA and Protein Sequence Determination. Our first at-
tempt to clone and express the B. symbiosus PPDK gene in
E. coli resulted in the cloning of a 2.3-kbp HindIII fragment
(in the plasmid, pUC19) but did not lead to expression. The
2.3-kbp fragment was cut into 1.3- and 1.0-kbp pieces with
the restriction enzyme PstI and these were subcloned into M13
vectors for sequencing. The 1.3-kbp piece was found to contain
~1 kbp of the C-terminal region of the PPDK gene. From
this sequence a probe was designed that ultimately led us to
target a 3.6-kbp fragment generated in an EcoRI DNA digest
for cloning. By using the low copy number plasmid
pACYC184 as the vector we successfully cloned and expressed
the PPDK gene in E. coli. However, because the level of
expression of the PPDK gene, off its own promoter, turned
out to be phenomenally high (>50% of the cell protein is
PPDK)? standard (high-copy) sequencing vectors could not
be cloned and therefore could not be used in sequencing the
remainder of the PPDK gene. We instead elected to use the
primer extension approach directly on the pACYC184 plasmid
containing the 3.6-kbp EcoRI insert. The sequencing strategy
used is illustrated in Figure 1. The sequences of the primers
used and their location along the template strand are provided
in Table 1T of the supplementary material.

The sequence of the EcoRI fragment shown in Figure 2
includes an open reading frame of 2520 nucleotides starting

2 Studies that are designed to test the basis for this high level of
expression are in progress. The results from these investigations will be
reported at a later date.
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FIGURE 1: DNA sequencing scheme for the 1.3-kbp HindIII/PstI
fragment in M13 and the 3.6-kbp EcoRI fragment in pACYC184.
The boxed region shows the coding region for PPDK. See the Methods
section for details.

with the initiation codon ATG and ending with a termination
codon TAG at position 2592. This region encodes a protein
of 840 amino acids. The N-terminal region of PPDK, the
seven PPDK tryptic peptides, and the active-site peptide (Goss
et al., 1980) all coincided with the amino acid sequence derived
from the gene sequence. The N-terminal Met, however, seems
to have been removed from the enzyme following translation.
On the basis of the sequence, the subunit molecular weight
of the bacterial PPDK is 93 126, which compares closely with
the reported subunit weight of 94 000 that was measured by
using SDS-PAGE techniques (Goss et al., 1980).

Included in the EcoRI fragment is a 70 base pair stretch
upstream from the start codon that provides for the expression
of the PPDK gene in transformed E. coli. Within this 70 base
pair segment is a 12 base pair stretch of purines that contains
the Shine-Dalgarno sequence. As indicated in Figure 2, re-
gions that show similarity in sequence to the -35 and -10
promoter consensus sequences in E. coli can be observed in
the remaining segment upstream from the ribosome binding
site.

Sequence Homology and Secondary Structure Comparison
with the Maize PPDK. PPDK from B. symbiosus was found
to be slightly smaller than the PPDK from maize (840 versus
876 amino acids per subunit; 93 126 Da versus 95353 Da per
subunit). Although the two proteins differ in quaternary
structure [the bacterial enzyme is o, (Milner et al., 1975) and
the plant is o, (Sugiyama, 1973)], their primary structure is
quite similar. The 53% overall sequence identity is not dis-
tributed uniformly throughout the protein but derives from
long stretches of high similarity [viz., B. symbiosus PPDK
resides 10 — 30 (75%), 86 — 117 (81%), 214 — 250 (72%),
396 — 412 (81%), 425 — 462 (81%), 553 — 568 (93%), and
741 — 786 (89%)] separated by intervals of comparatively
low similarity (see Figure 3). The high degree of sequence
similarity observed between the B. symbiosus and maize py-
ruvate phosphate dikinases indicates that their structural genes
evolved from a common ancestral gene.

Whether the bacterial and plant dikinases are homologous
in tertiary structure will not be precisely known until their
crystal structures become available. However, at the present,
a comparison of the circular dichroism spectra, hydropathy
profiles, and calculated secondary structures for the two en-
zymes can be made to provide a rough indication of structural
homology. The far-ultraviolet CD spectra of the two proteins
{measured from 190 to 250 nm) are almost identical. Both
spectra display a negative Cotton effect from 200 to 250 nm
with the A, occurring at 220 nm ([f] = -2.7 X 10* deg:
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GAA ITC TCA ATC CTT TGC TCA TCG CAG CAI_AIC AAT GTT AAC ACA TAA ACT TTA GGA GGA AGA AAA CTT 69
-35 -10 §.D.

ATG GCA AAA TGG GTT TAT AAG TTC GAA GAA GGC AAT GCA TCT ATG AGA AAC CTT CTT GGA GGC AMA GGC TGC AAC CTT GCR GAG ATG ACC 159
Met Ala Lys Trp Val Tyr Lys Phe Glu Glu Gly Asn Ala Ser Met Arg Asn Leu Leu Gly Gly Lys Gly Cys Asn Leu Ala Glu Met Thr

ATC TTA GGA ATG CCG ATT CCA CAG GGC TTT ACT GTA ACA ACA GAA GCT TGT ACA GAG TAC TAC AAC AGT GGA AAA CAG ATC ACA CAG GAA 249
Ile Leu Gly Met Pro Ile Pro Gln Gly Phe Thr Val Thr Thr Glu Ala Cys Thr Glu Tyr Tyr Asn Ser Gly Lys Glo Ile Thr Gln Glu

ATT CAG GAT CAG ATT TTC GAA GCT ATC ACA TGG TTA GAG GAA CTG AAC GGC AAG AAG TTC GGC GAC ACT GAA GAT CCG TTA TTA GTA TCT 339
Ile GIn Asp Gln Ile Phe Glu Ala Ile Thr Trp Leu Glu Glu Leu Asn Gly Lys Lys Phe Gly Asp Thr Glu Asp Pro Leu Leu Val Ser

GTA CGT TCC GCG GCC CGC GCA TCC ATG CCG GGT ATG ATG GAT ACC ATC CTG AAC CTT GGT TTA AAC GAC GTT GCA GTA GAG GGC TTT GCA 429
Vval Arg Ser Ala Ala Arg Ala Ser Met Pro Gly Met Met Asp Thr Ile Leu Asn Leu Gly Leu Asn Asp Val Ala Val Glu Gly Phe Ala

AAG AAA ACG GGA AAT CCA AGA TTT GCA TAT GAT TCT TAC AGA AGA TTT ATC CAG ATG TAT TCC GAC GTA GTT ATG GAA GTT CCG AAG TCC 519
Lys Lys Thr Gly Asn Pro Arg Bhe Ala Tyr Asp Ser Tyr Arg Arg Phe Ile Gln Met Tyr Ser Asp Val Val Met Glu Val Pro Lys Ser

CAT TTC GAG AAA ATC ATC GAT GCG ATG AAA GAA GAA AAG GGC GTT CAC TTC GAT ACA GAC CTG ACT GCC GAT GAT TTA AAA GAG CTG GCT 609
His Phe Glu Lys Ile Ile Asp Ala Met Lys Glu Glu Lys Gly Val His Phe Asp Thr Asp Leu Thr Ala Asp Asp Leu Lys Glu Leu Ala

GAG AAG TTC AAA GCT GTT TAC AAA GAG GCT ATG AAC GGC GAA GAG TTC CCA CAG GAG CCG AAG GAT CAG TTA ATG GGC GCT GTT AAA GCA 699
Glu Lys Phe Lys Ala Val Tyr Lys Glu Ala Met Asn Gly Glu Glu Phe Pro Gln Glu Pro Lys Asp Gln Leu Met Gly Ala Vval Lys Ala

GTT TTC CGT TCC TGG GAC AAC CCT CGT GCA ATC GTA TAC CGC CGT ATG AAC GAT ATC CCT GGA GAC TGG GGT ACT GCA GTT AAC GTT CAG 789
Val Phe Arq Ser Trp Asp Asn Pro Arg Ala Ile Val Tyr Arg Arg Met Asn Asp Ile Pro Gly Asp Trp Gly Thr Ala Val Asp Yal Gln

ACC ATG GTA TTT GGT AAC AAG GGC GAG ACC AGC GGT ACA GGC GTT GCC TTC ACA CGT AAC CCA TCC ACA GGT GAA AAA GGC ATC TAC GGT 879
Ihr Met Val Phe Gly Asn Lys Gly Glu Thr Ser Gly Thr Gly val Ala Phe Thr Arg Asn Pro Ser Thr Gly Glu Lys Gly Ile Tyr Gly

GAG TAC CTG ATC AAT GCA CAG GGC GAG GAC GTA GTT GCA GGT GTC CGC ACA CCA CAG CCT ATC ACC CAG TTA GAG AAC GAT ATG CCT GAC 969
Glu Tyr Leu Ile Asn Ala Gln Gly Glu Asp Val Val Ala Gly Val Arg Thr Pro Gln Pro Ile Thr Gln Leu Glu Asn Asp Met Pro Asp

TGC TAC AAG CAG TTC ATG GAT CTG GCC ATG AAG CTG GAG AAA CAT TTC CGT GAC ATG CAG GAT ATG GAG TTC ACA ATC GAG GAA GGT AAA 1059
Cys Tyr Lys Gln Phe Met Asp Leu Ala Met Lys Leu Glu Lys His Phe Arg Asp Met Gln Asp Met Glu Phe Thr Ile Glu Glu Gly Lys

TTA TAC TTC TTA CAG ACA CGT AAC GGC AAG AGA ACA GCT CCG GCT GCT CTT CAG ATT GCC TGC GAT TTA GTA GAC GAA GGC ATG ATC ACA 1149
Leu Tyr Phe Leu Gln Thr Arg Asn Gly Lys Arg Thr Ala Pro Ala Ala Leu Gln Ile Ala Cys Asp Leu Val Asp Glu Gly Met Ile Thr

GAG GAA GAG GCT GTT GTA AGA ATC GAA GCA AAA TCT CTT GAT CAG TTA CTT CAC CCG ACC TTC AAC CCG GCT GCT TTA AAG GCC GGC GAA 1239
Glu Glu Glu Ala Val Val Arg Ile Glu Ala Lys Ser Leu Asp Gin lLeu Leu His Pro Thr Phe Asp Pro Ala Ala lLey Lys Ala Gly Glu

GTA ATC GGT TCC GCT CTT CCG GCA TCT CCT GGC GCA GCA GCA GGT AAA GTA TAC TTC ACC GCT GAT GAG GCT AAG GCT GCC CAC GAG AAG 1329
Val Ile Gly Ser Ala Leu Pro Ala Ser Pro Gly Ala Ala Ala Gly Lys Yal Tyr Phe Thx Ala Asp Gluy Ala Lys Ala Ala His Glu Lys

GGT GAG AGA GTT ATC CTT GTT CGT CTT GAG ACA TCT CCG GAA GAT ATC GAA GGT ATG CAT GCA GCC GAA GGT ATC CTG ACA GTG CGC GGC 1419
Gly Glu Arg Val Ile Leu Val Arg Leu Glu Thr Ser Pro Glu Asp Ile Glu Gly Met His Ala Ala Glu Gly Ile Leu Thr Val Arg GLY

GGT ATG ACA AGC CAT GCA GCC GTA GTT GCA CGT GGT ATG GGA ACA TGC TGC GTA TCC GGA TGC GGT GAG ATC AAG ATC AARC GAA GAA GCT 1509
QLY MET THR SER HIS ALA ALA VAL VAL ALA ARG

Gly Met Gly Thr Cys Cys Val Ser Gly Cys Gly Glu Ile Lys Ile Asn Glu Glu Ala
x *

AAG ACA TTC GAA CTT GGC GGA CAC ACA TTT GCA GAG GGA GAT TAC ATC TCC TTA GAT GGT TCC ACA GGT AAG ATT TAC AAG GGC GAC ATC 1599
Lys Thr Phe Glu Leu Gly Gly His Thr Phe Ala Glu Gly Asp Tyr Ile Ser Leu Asp Gly Ser Thr Gly Lys Ile Tyr Lys Gly Asp Ile

GAG ACT CAG GAA CGT TCC GTA AGC GGA AGC TTC GAG CGT ATC ATG GTA TGG GCT GAC AAG TTC AGA ACA TTA AAG GTT CGT ACA AAT GCC 1689
Glu Thr Gln Glu Arg Ser Val Ser Gly Ser Phe Glu Arg Ile Met Val Trp Ala Asp Lys Phe Arg Thr Leu Lys Val Arg Thr Asn Ala

GAC ACA CCG GAA GAT ACA CTC AAT GCC GTT AAA CTG GGT GCA GAG GGC ATC GGT CTT TGC CGT ACA GAG CAT ATG TTC TTC GAG GCT GAC 1779
Asp Thr Pro Glu Asp Thr Leu Asn Ala Val Lys Leu Gly Ala Glu Gly Ile Gly Leu Cys Arg Thr Glu His Met Phe Phe Glu Ala Asp

AGA ATC ATG AAG ATC AGA AAG ATG ATC CTT TCC GAT TCA GTG GAA GCA AGA GAA GAG GCT CTG AAC GAA TTA ATC CCG TTC CAG AAG GGC 1869
Arg Ile Met Lys Ile Arg Lys Met Ile Leu Ser Asp Ser Val Glu Ala Arq Glu Glu Ala Leu Asn Glu Leu Ile Pro Phe Gln Lys Gly

GAT TTC AAG GCT ATG TAC AAA GCT CTG GAA GGC AGG CCA ATG ACG GTT CGC TAC CTG GAT CCG CCG CTG CAT GAG TTC GTT CCT CAT ACA 1959
Asp Phe Lys Ala Met Tyr Lys Ala Leu Glu Gly Arg Pro Met Thr Val Arg Tyr Leu Asp Pro Pro Leu His Glu Phe Val Pro His Thr

GAA GAG GAG CAG GCT GAA CTG GCT AAG AAC ATG GGC CTT ACT TTA GCA GAA GTA AAA GCA AAA GTT GAC GAA TTA CAC GAG TTC AAC CCA 2049
Glu Glu Glu Gln Ala Glu Leu Ala Lys Asn Met Gly Leu Thr Leu Ala Glu Val Lys Ala Lys ¥al Asp Gly Ley His Glu Phe Asn Pro

ATG ATG GGC CAT CGT GGC TGC CGT CTT GCA GTT ACC TAT CCG GAA ATT GCA AAG ATG CAG ACA AGA GCC GTT ATG GAA GCT GCT ATC GAA 2139
Mef Met Gly His Arg Gly Cys Arg Leu Ala Val Thr Tyr Pro Glu Ile Ala Lys Met Gln Thr Arqg Ala val Met Glu Ala Ala Ile Glu

GTG AAG GAA GAG ACA GGA ATC GAT ATT GTT CCT GAG ATC ATG ATT CCG TTA GTT GGC GAG AAG AAA GAG CTT AAG TTC GTT AAG GAC GTA 2229
val Lys Glu Glu Thr Gly Ile Asp Ile Val Pro Glu Ile Met Ile Pro Leu Val Gly Glu Lys Lys Glu Leu Lys Phe Val Lys Asp Val

GTT GTG GAA GTA GCT GAG CAG GTT AAG AAA GAG AAA GGT TCC GAT ATG CAG TAC CAC ATC GGT ACC ATG ATC GAA ATT CCT CGT GCA GCT 2319
Val Val Glu Val Ala Glu Gln val Lys Lys Glu Lys Gly Ser Asp Met Gln Tyr His Ile Gly Thr Met Ile Glu Ile Pro Arg Ala Ala

CTC ACA GCA GAT GCC ATC GCT GAG GAA GCA GAG TTC TTC TCC TTC GGT ACA AAC GAC TTA ACA CAG ATG ACA TTC GGC TTC TCC CGT GAC 2409
Leu Thr Ala Asp Ala Ile Ala Glu Glu Ala Glu Phe Phe Ser Phe Gly Thr Asn Asp Leu Thr Gln Met Thr Phe Gly Phe Ser Arg Asp

GAC GCC GGC ARG TTC CTG GAT TCC TAC TAT AAA GCA AAA ATT TAT GAG TCC GAT CCA TTC GCA AGA CTT GAC CAG ACA GGC GTT GGC CAG 2499
Asp Ala Gly Lys Phe Leu Asp Ser Tyr Tyr Lys Ala Lys Ile Tyr Glu Ser Asp Pro Phe Ala Arg Leu Asp Gln Thr Gly Val Gly Gln

TTA GTA GAG ATG GCA GTT AAG AAA GGC CGT CAG ACA CGT CCG GGC CTT AAG TGC GGC ATC TGC GGC GAG CAC GGC GAG ATC CTT CTT CCG 2589
Leu Val Glu Met Ala Val Lys Lys Gly Arg Gln Thr Arg Pro Gly Leu Lys Cys Gly Ile Cys Gly Glu His Gly Glu Ile Leu Leu Pro

g}\g AGT TCT GCC ACA AAG TAG GCC TGA ACT ATG TTT CCT GCT CAC CAT TCC GTG TGC CGA TCG CAC GTC TGG CAG CAG CAC AGG CAG CAT 2679
19}

TAA ATA ATA AAT AAT TAG CAA TAA ATA AAG CGA AAG CCC CAG AGT TGC AGC TCT GGG GCT TTC TAT ATG CTT AG 2753

FIGURE 2: Nucleotide sequence and deduced amino acid sequence of B. symbiosus PPDK. The N-terminal (10 residues) region and the regions
corresponding to the seven tryptic peptides (sequenced by automated Edman degradation) are underlined as is the active-site peptide containing
the catalytic histidine and upstream threonine residue. In the 5'-flanking region of the nucleotide sequence upstream from the ATG codon,
the -35 and -10 regions of the putative promoter site and the Shine-Dalgarno sequence (SD) for the ribosome binding site are also indicated.
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PPDK (M) maasvsraicvgkpg skctrdreatsfarr svaaprpphakaagv irsdsgagrgghcsp lravvdaapiqttkK rVEhFgkgksEGNkt 90
PPDK (B)  ~mm oo oo oo m oo e e oo - mem—e—oo-—— maK rVykF----eEGNas 14
Enz, I  mommcommm oo s e o e e e e e e 0
PPDK (M) MkeLLGGKGaNLAEM asiGlsvPpGFTVsT EACqqYqdaGcalpa glwaelvdglgqWvEE ymGatlGDpqrPLLl SVRSgAavSMPGMMD 180
PPDK (B) MrnLLGGKGcNLAEM tilGmpiPQGFTVLT EACteYynsGkqltq eigdglfeaitWlEE 1nGkkfGDtedPLLv SVRSaAraSMPGMMD 104
Enz, I  ~omm s mmm o e e e e e e e e e e e s e m—e- 0
PPDK (M) TvLNLGLNDevaaGl AaKsGe-RFAYDSfR RF1dMfgnVVMdiPr S1FEeklehMKEsKG lknDTDLTAsDLKEL vgqyKeVYlsA-kGE 268
PPDK (B) TiLNLGLNDvaveGf AkKtGnpRFAYDSYR RFigMysdvvMevPk ShFEkiidaMKEeKG VvhfDTDLTAADLKEL aekfKaVYkeAmnGE 194
Enz. I @ ~occmrmmm s meem e e e e e e e S e m—ms e 0
PPDX (M) pFPsdPKkQLelAV]l AVFnSWesPRAkkYR siNQItGlrGTAVNV QcMVFGNmGnTSGTG VLFTRNPNTGEKK1Y GEfLVNAQGEDVVAG 358
PPDK (B) eFPqePKdQLmgAVk AVFrSWAnPRAivYR rmNAIpGAwGTAVNV QtMVFGNkGeTSGTG VaFTRNPSTGEKgiY GEyLiNAQGEDVVAG 284

* * * * * * *
Enz, I = == mmmmeme e ees e m isgilaspGiafGka lLlkedeividrKki sadqVdqevErflsG 46
PPDK {M) i-RTPedLdamKN1M PqaYdElvEncnILE sHykeMODiEFTVQE nrLwmLQcRtGKRTg ksAvkIAvDmVnEGl veprSAikmvEpghL 447
PPDK (B) v-RTPgpitgleNdM PdcYkgfmdlamkLE kHfrdMODmEFTiEE gkLyfLOtRnGKRTa paAlqlAcDIVAEGm iteeeAvvriEaksL 373
* * * * x ok * *x % * * * * * * kx ** *
Enz. I rakasaqletiKtka getfgE--EkealfE gHimlleDeEleqEi iali------- Kdkh mtAdaaAhe-ViEG- --gaSAleelddeyl 123
PPDK (M) DQLLEPgFenpsayk dqVIatgLPASPGAA vGqVvFTAedAeAwH sqGkaalLVRAaETSP EDvgGMHAAVGILTe RGGMTSHAAVVARWW 537
PPDK (B) DQLLHPtFnpaalka geVIGsalPASPGAA aGkVyFTADeAkAaH ekGervILVRIETSP EDieGMHAAeGILTv RGGMISHAAVVARgm 463
* * % * *x * * X% Kkx * *
Enz. I keraadvrdigkrll rnilGlkiidlsaiq devilvaAD------ ------- LtpsETaq lnlkkv---1GfiTd aGGrTSHtsimARsl 197
PPDK (M) GkCCVSGCsgIrvNd aeKlvtIGsHVIrEG ewlSLNGSTGevilG kqplsppalS-GdLg tfMaWvDdvRKLKV1 ANADTPdDaLtArnN 626
PPDK (B) GtCCVSGCGelkiNe eaKtfelGgHtfaEG dylSLAGSTGKiykG dietgersvS-Gsfe riMvWaDkfRtLKVr tNADTPeDtLnAvkl 552
L * * * * * * * % * * * *
Enz., I elpaivGtGsvtsqv knddylIldaVnngv yvnptNevidKmrav geqvasekaelaklLk dlpaitldghqveVec ANigTvrDvegBerN 287
DPPDK (M)} GAQGIGLCRTEHMFF asDeRIkavRgMIma ptlEIRQQALdrLlt yQrsDFefifrAmdG 1PvTiR1LDhPsyEF LPegniEdivsELca 716
PPDK (B) GAEGIGLCRTEHMFF eaD-RImkiRkMIls dsvEaReeAlnelip fQkgDFKAVykAleG rPmTVRyLDpPlhEF vPht--EeegaElak 639
LA L N & SN & B 4 * * L3 * * X %k * * * % * * *
Enz, I GAEGVGLYRTEf1Fm drD=======-=-=== ———w-—=- ALpt-ee eQfaayKAVaeAcgs gaviVRtmDiggdke LPym===-=------ 345
PPDK (M} etGangedalAriek LsEvNPMLGERGCRL gisYPElteMQaRAI fEAAIamtng-Gvqv fPEIMVPLVGtpgEL ghqvtlIrgVAEKVE 80S
PPDK(B) nmGltlaevkAkvde LhEfNPMmGhRGCRL AvtYPEIakMQtRAv mEAAIevkeetGidi vPEIMiPLVGekkEL kfvkdvvveVAEqVk 729
*X k%X kX % L) * * % * Kk x * *x %k * *
Enz, I = =----------m- nf pkEeNPfLGwRaiRi AmdrrEIlrdQlRAI lrAsafgklr----- --=- IMfPmiisveEvV ralrkeleiykgelr 414
PPDK (M} anv-GktigYkvGTM IEIPRAALVADeIAE gAEFFSFGTNDLTQM TFGySR-DDVGKFip vhlaggILghDPFev LDQRGVGeLVKfAtE 893
PEDK(B) kEk-GsdmgYhIGTM IEIPRAALtADalAE EAEFFSFGTNDLTQM TFGfSR-DDaGKFLd syykaklyesDPFar LDQLtGVGqLVemAvk 817
* xX % * * kX * * * KkKk KXXKKk XXX * * * * * * *
Enz, I dEgkafdesielGvM vEtPaAAtiArhlAk EvdFFSiGTNDLTQy TlavdRgnDmishLy gpmspsvLnlikqvi dashaeGkwtgmcgE 504
PPDK (M) rGRkaRPnLKVGICG EHGgepSsvaffaka gldfvscspfrvpia rlaaaqvlv 947
EPDK (B) kGRqGtRPgLKcGICG EHGeillp 840
* * x *
Enz. I lagdeRatLlllgmG ldefsmSaisiprik kiirntnfedakvla eqalagpttdelmtl vnkfieektic 575

FIGURE 3: Linear alignment of the amino acid sequences of PPDK from maize (PPDK(M)), PPDK from B. symbiosus (PPDK(B)), and enzyme
I from E. coli (ENZ. 1) with amino acid numbering shown in the right-hand margin. Amino acid residues are capitalized at sequence positions
at which any two of the sequences are identified. Positions at which either PPDK sequence matches the enzyme [ sequence are indicated by

an asterisk.

cm?/dmol for the maize PPDK and [§] = 2.7 X 10* deg:
cm?/dmol for the B. symbiosus PPDK) and a shoulder cen-
tered at 204 nm for the B. symbiosis enzyme ([6] = -2.1 X
10* deg-cm?/dmol) or at 208 nm for the maize enzyme ([4]
= -2.5 X 10* deg-cm?/dmol). The hydropathy profiles of the
two enzymes sequences are aligned in Figure 4 with some gaps
incorporated to provide maximum sequence overlap. In gen-
eral, the profiles match quite well, possibly reflecting a similar
pattern of secondary structure arrangements in the two pro-
teins. The few regions of dissimilar hydropathy that do exist
are found within stretches of both high homology and low
homology and, for the most part, result from the occurrence
of two consecutive charged amino acids in one protein and two
uncharged amino acids at the same position in the other
protein. Analysis of secondary structure (data not shown) by
the method of Chou and Fasman (1978) indicated that both
sequences display similar profiles of alternating a-helix and
B-structure throughout the sequence. Taken together these
three predictors are consistent with the idea that the B. sym-

biosus and maize enzymes may have quite similar tertiary
structure.

Comparison of the Active-Site Structure and Catalytic
Functioning of the Pyruvate Phosphate Dikinase from B.
symbiosus and Maize. Historically, the dikinase from C,
plants has been viewed to be distinctly different from the
bacterial dikinase. This view was based in part on the dif-
ferences known to exist in their quaternary structure (Sugi-
yama, 1973; Milner et al., 1975), stability (Sugiyama, 1973;
South & Reeves, 1975; Milner et al., 1975; Hatch & Slack,
1975), and regulatory control (Hague et al., 1983; Ashton &
Hatch, 1983; Ashton et al., 1984; Burnell & Hatch, 1983;
Edwards et al., 1985; Sheen & Bogorad, 1987; Hudspeth et
al., 1986; Roeske et al., 1988; Burnell, 1984) and in part on
perceived differences in their mode of catalysis. To elaborate
on this last point, the bacterial enzyme had been reported
(Milner et al., 1978; Milner & Wood, 1976) to proceed via
the three-step, Tri Uni Uni mechanism shown in Scheme I,
while the plant enzyme had been reported (Sugiyama, 1973,
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T =T T T T T T T v y— =)

FIGURE 4: Comparison of hydropathy profiles of PPDK from B. symbiosus (--+) and maize (—). Consecutive hydropathy averages are plotted
for a four-residue window advancing from the N- to the C-terminals. Relative hydrophilicity (positive) and hydrophobicity (negative) were
recorded in the range +30 to —30 hydropathy units. The two sequences were aligned by introducing gaps to maximize identities. The amino
acid residue number in the hydropathy profile is based on the maize PPDK sequence.

Andrews & Hatch, 1969; Jenkins & Hatch, 1985) to proceed bacterial dikinases suggested that the chemical pathways
via the Bi Bi Uni Uni mechanism also depicted in Scheme 1. leading to the respective phosphoenzyme intermediates (see
The different kinetic mechanisms observed for the plant versus Scheme 1) may differ® or that in the case of the plant, but not
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the bacterial enzyme, bound P; is required for the alignment
of catalytic groups that act on the first substrate, ATP.

Our own studies of PPDK lead us to quite different view
of the relatedness of the plant and bacterial dikinases par-
ticularly with respect to their catalytic machinery. First, we
have reexamined {(Wang et al., 1988) the kinetic mechanism
of the B. symbiosus PPDK (activated by Mg?*) and found
contrary to the earlier report (Milner et al., 1978) that this
enzyme, like the plant dikinases (Sugiyama 1973; Andrews
& Hatch, 1969; Jenkins & Hatch, 19835), proceeds via the Bi
BI Uni Uni mechanism shown in Scheme I. Second, in most
recent studies we have found that the phosphoenzyme inter-
mediate of both the B. symbiosus (Carroll et al., 1989) and
maize (Carroll et al., 1990) dikinase catalyzed reactions is
formed via the pyrophosphoenzyme intermediate formed in
turn from the E-ATP-P; complex. Thus, operationally, the
plant and bacterial dikinases are alike. Moreover, close ex-
amination of the amino acid sequences of the maize (Matsuoka
et al., 1988) and B. symbiosus dikinases (Figure 3) reveals
very high sequence identity in the region near the catalytic
histidine [His 458 in the maize enzyme (Burnell, 1984; Roeske
et al., 1988; Matsuoka et al., 1988) and His 455 in B. sym-
biosus (Goss et al., 1980)]. The catalytic histidine accepts
the pyrophosphoryl group from ATP (Phillips & Wood, 1986;
Carroll et al., 1989; Carroll et al., 1990) in the PEP-forming
direction and the phosphoryl group from PEP (Spronk et al.,
1976; Milner et al., 1978; Sugiyama, 1973; Andrews & Hatch,
1969; Carroll et al., 1989; Carroll et al., 1990) in the ATP-
forming direction. The high degree of conservation of amino
acid sequence observed near the catalytic histidine (amino acids
425-462 of the B. symbiosus enzyme) and in the regions that
we believe make up the PEP binding site (see below) indicates,
that the structures of the active sites of B. symbiosus and maize
dikinase may be very similar.

Furthermore, in addition to the active-site histidine, the
amino acid 425 — 462 region of the bacterial enzyme also
contains a threonine residue (453), which is positioned two
residues upstream from the catalytic histidine (at position 455).
These residues are found in an identical arrangement in the
plant PPDK (see Figure 3). In the plant enzyme the threonine
residue serves as the site of regulation via phosphorylation by
ADP (inactivation) and subsequent dephosphorylation by P,
(activation), both of which are catalyzed by a bifunctional
regulatory protein (BFRP) (Edwards et al., 1985; Sheen &
Bogorad, 1987; Hudspeth et al., 1986; Roeske et al., 1988).
Communication between the histidine and threonine residues
is evident from the reciprocal control based on phosphorylation
states. Only when the histidine is phosphorylated is the
threonine susceptible to phosphorylation by the BFRP and only
when the histidine is not phosphorylated can the phospho-
threonine be dephosphorylated. This seemingly fine-tuned
active-site framework, which is present in both plant and
bacterial enzymes, seems only in the plant enzyme to be ex-
ploited as a dual catalytic and regulatory center. An inter-
esting question that arises is whether yet to be detected
structural differences in the plant and bacterial enzyme
stemming from the process of evolution are responsible for the
functional regulatory motif existing in the plant enzyme but
not the bacterial enzyme or whether a functional but unex-
ploited (or, perhaps, undiscovered) regulatory center also exists
in the bacterial enzyme.

Comparison of the Amino Acid Sequence of PPDK with

3 An alternate mechanistic pathway consists of the transfer of the y-P
of ATP to P, to form E-ADP-PP; followed by phosphorylation of the
enzyme with the 3-P of ADP to form EP-AMP-PP;.
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Other PEP- and/or ATP-Utilizing Enzymes. A second point
of interest that we have examined is whether the active site
sequence ...Gly-Gly-Met-Thr-Ser-His-Ala-Ala-Val... found in
the pyruvate phosphate dikinases of B. symbiosus and maize
is present in other enzymes that are known to catalyze the
transfer of a phosphoryl group from PEP via a phospho-
histidine intermediate. A global search of reported protein
sequences led to the identification of a mechanistically related
enzyme, enzyme I of the bacterial PEP:sugar phospho-
transferase system. Enzyme I is a protein phosphorylase that
catalyzes the transfer of a phosphoryl group from PEP to its
own active-site histidine and from there to the active-site
histidine of HPr, the second enzyme of the phosphotransferase
system (the phosphoryl group is ultimately transferred from
HPr-P to enzyme II and, hence, to the transported sugar [for
recent reviews on this system see Postma and Lengeler (1985)
and Saier (1989)]). Enzyme I and PPDK thus share the
capacity for binding PEP and catalyzing the transfer of the
phosphoryl group from it to an active-site histidine. By com-
paring the primary structure of the PPDK from B. symbiosus
(Figure 3) and maize (Matsuoka et al., 1988) with that of
enzyme I from E. coli (Saffen et al., 1987), we discovered that
an overall alignment of the three sequences can be generated.
Statistical analysis of this alignment (Figure 3) shows that the
alignment scores of enzyme I with both PPDK sequences are
at least 10 standard deviations from the mean of analogous
alignment scores generated by using serial radomizations of
the enzyme I sequence in place of the authentic enzyme I
sequence. These results suggest that it is “highly probable”
that the proteins shown in Figure 3 are indeed homologous
(Doolittle, 1986). In addition to the overall alignment, there
are regions of the enzyme I sequence that exhibit particularly
high sequence identity with the two PPDK sequences. The
enzyme I region 184 — 189 (Gly-Gly-Arg-Thr-Ser-His) is of
particular significance insofar as it contains the catalytic
histidine* and it matches closely with the 450 — 455 region
(Gly-Gly-Met-Thr-Ser-His) containing the catalytic histidine
in the bacterial and maize PPDK’s. The Gly-Gly-Arg-Thr-
Ser-His active-site sequence is also found in enzyme I of
Streptococcus faecalis (Alpert et al., 1985). Two other regions
show very high sequence similarity to the PPDK sequences.
They are enzyme I region 286 — 298 (10 of 12 residues
identical between enzyme I and either PPDK sequence) and
enzyme I region 448 — 460 (11 of 13 residues identical be-
tween enzyme [ and either PPDK sequence). In view of the
fact that the sequence homology between enzyme I and PPDK
is highest in the vicinity of these three stretches of sequence,
it is likely that these three regions are directly involved in PEP
binding and the histidine-mediated phosphoryl transfer. In
addition, there also exist the intriguing possibility (which to
our knowledge has not been tested) that enzyme I activity in
vivo might be under the control of a threonine phosphoryla-
tion/dephosphorylation mechanism.

The sequence homology observed between the plant and
bacterial dikinases and enzyme I of the PTS led us to explore
the possible relationship between these two enzymes and the
bacterial enzyme PEP synthase. The reaction catalyzed by
PEP synthase, ATP + pyruvate + H,O — AMP + P, + PEP,
is analogous to the PPDK reaction and it, in a metabolic sense,
links PEP synthase to the enzymes of the PTS [in fact, recent
studies (Geerse et al., 1989; Chin et al., 1989) have shown that

4 The phosphorylated histidine has been experimentally identified in
enzyme I of S. faecalis only (Alpert et al., 1985). The phosphorylated
histidine of the E. coli enzyme I was identified by Saffen et al. (1987)
on the basis of the sequence comparison.
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the repressor of the fructose PTS, FruR, is required for the
inactivation of PEP synthase at the level of transcription].
Common to PPDK, enzyme 1, and PEP synthase (Narindra-
sorasak & Bridger, 1977) catalysis is the use of an active-site
histidine residue to mediate phosphoryl transfer either from
PEP to the enzyme or from the enzyme to pyruvate to generate
PEP. As in the PPDK-catalyzed reaction, the 8-P of ATP
is, in the PEP synthase reaction, transferred to pyruvate with
retention of configuration (Cook & Knowles, 1985). Whether
or not the PEP synthase reaction actually proceeds via a py-
rophosphoenzyme intermediate, as does the PPDK reaction,
is currently under examination in our laboratory.

In view of the sequence homology that exists between PPDK
and enzyme I and the chemical and, possibly, mechanistic
similarities seen to exist between the reactions catalyzed by
PPDK and PEP synthase, we expect to find the active-site
segment and the two other conserved regions common to
PPDK and enzyme I (see Figure 3) in PEP synthase. The PEP
synthase gene has been cloned (Geerse et al., 1989) and the
gene sequence is presently being determined in H.J. Hirsch’s
laboratory. Hirsch has communicated to us that while the full
sequence has not yet been completed a segment reading ...
Gly-Gly-Arg-Thr-Cys-His-Ala-Ala... has been found. If the
His residue of this segment is indeed the catalytic histidine,
this finding suggests that the catalytic/regulatory motif of
PPDK and enzyme I does, in fact, also exist in PEP synthase.

Aside from enzyme I, the global search of reported protein
sequences failed to identify statistically significant similarities
between PPDK- and other PEP-utilizing enzymes (including
pyruvate kinase, PEP carboxykinase, and EPSP synthase) or
other enzymes that catalyze phosphoryl transfer via a phos-
phohistidine intermediate (e.g., HPr of the bacterial PTS).
Hence, the homologous sequences that exist (see Figure 3)
between PPDK, enzyme I, and, we predict, PEP synthase
define a catalytic site specialized for PEP binding and phos-
phoryl transfer to a mediary histidine residue. This motif
might also be eventually observed in the recently discovered
enzyme, PEP phosphomutase (Bowman et al., 1988: Seidel
et al.,, 1988; Hidaka et al., 1989). This enzyme, like PPDK,
enzyme [, and PEP synthase, may use an active-site histidine
residue to mediate phosphoryl group transfer, in this case, in
the conversion of PEP to phosphonopyruvate.

Finally, the global search for reported sequences also failed
to identify homology between PPDK and other ATP-utilizing
enzymes, including members of the kinase family. A manual
search for ATP binding site sequences (Serrano, 1988; Fry
et al., 1985) within the PPDK structure did not locate one.
The closest facsimile found is a Gly-X-X-Gly-X-Gly stretch
(starting with residue 553 in the bacterial enzyme and 556
in the plant). This is a reverse ordering of the Gly-X-Gly-
XX-Gly glycine triad conserved in the ATP binding domain
throughout the protein kinase family (Hanks et al., 1988).
Identification of the ATP binding site within the primary
sequence of PPDK will have to awalit the results of affinity
labeling experiments.

ACKNOWLEDGMENTS

We are very grateful to Dr. H. J. Hirsch for communicating
his sequence data on the E. coli PEP synthase prior to pub-
lication.

SUPPLEMENTARY MATERIAL AVAILABLE

A table listing the quantities of the amino acids derived from
the automated peptide sequencing of the B. symbiosus pyru-
vate phosphate dikinase N-terminal and seven tryptic peptides
and a table of the oligonuleotide primers used in sequencing

Pocalyko et al.

the B. symbiosus PPDK gene (2 pages). Ordering information
is given on any current masthead page.
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Synergistic Effects of Proton and Phenylalanine on the Regulation of Muscle

Pyruvate Kinase'
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E. A. Doisy Department of Biochemistry and Molecular Biology, St. Louis University School of Medicine,
St. Louis, Missouri 63104

Received June 13, 1990; Revised Manuscript Received August 17, 1990

ABSTRACT: Steady-state kinetic studies of muscle pyruvate kinase were conducted as a function of pH and
phenylalanine concentrations. Results show that at a pH below 7.0, there is no observable effect of phe-
nylalanine on the kinetic properties of muscle pyruvate kinase. When the results at a pH below 6.5 are
used as the state for comparison, the kinetic results show that phenylalanine and proton exert a synergistic
effect on the allosteric properties of the enzyme. A significantly greater change in Hill coefficients at high
pH can be detected in the presence of phenylalanine than in its absence. To pinpoint the specific mechanism
that leads to the synergistic effect, the kinetic data were resolved into the five equilibrium and two rate
constants that characterize the basic two-state model. It can be shown that KT, the binding constant of
phenylalanine to the inactive T state, is strongly proton-linked. The affinity of phenylalanine for the T state
increases with increasing pH. When the pH dependence of KT was analyzed by the linked-function theory
[Wyman, J. (1964) Adv. Protein Chem. 19, 224-285], it was shown that deprotonation favors _Phenylalanine
binding to the T state. K} (the binding constant of phenylalanine to the active R state), K3 (the binding
constant of substrate to the T state), and L (the isomerization constant of the two states) not only are all
weakly proton-linked but also it was shown that protonation favors the ligand—pyruvate kinase complex.
K%, the binding constant of substrate for the R state, shows no observable linkage to proton concentration.
Thus, pH exhibits differential effects on these equilibrium constants both qualitatively and quantitatively.
Knowing the proton linkage relationships, it is possible to conclude that the synergistic effect of phenylalanine
and proton can be explained by the interplay among the strong proton-linked effect on the affinity of
phenylalanine to the T state and the apparently weak or insignificant proton linkage in the other equilibrium
parameters.

]?he basic molecular mechanism of regulation for muscle
pyruvate kinase (PK)' has yet to be elucidated, although results
from numerous studies have helped to establish a correlation
between enzyme conformation and its function. It has been
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reported that PK undergoes a conformational change upon
substrate binding (Kayne & Suelter, 1965; Mildvan & Cohn,
1965, 1966). These conformational transitions in PK can be
affected by temperature and pH changes. These changes can
be monitored by spectroscopic and hydrodynamic measure-
ments (Kayne & Suelter, 1965, 1968). The structural tran-
sition(s) can be reversed by Phe, an allosteric inhibitor (Consler

! Abbreviations: PK, pyruvate kinase; TKM buffer, 50 mM Tris
buffer that contains 72 mM KCl and 7.2 mM MgSO,; PEP, phosphoe-
nolpyruvate.
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