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a b s t r a c t

The mevalonate pathway is prevalent in eukaryotes, archaea, and a limited number of bacteria. This
pathway yields the fundamental precursors for isoprenoid biosynthesis, i.e., isopentenyl diphosphate and
dimethylally diphosphate. In the downstream part of the general eukaryote-type mevalonate pathway,
mevalonate is converted into isopentenyl diphosphate by the sequential actions of mevalonate kinase,
phosphomevalonate kinase, and diphosphomevalonte decarboxylase, while a partial lack of the putative
genes of these enzymes is sometimes observed in archaeal and bacterial genomes. The absence of these
genes has led to the recent discovery of modified mevalonate pathways. Therefore, we decided to
investigate the mevalonate pathway of Flavobacterium johnsoniae, a bacterium of the phylum Bacter-
oidetes, which is reported to lack the genes of mevalonate kinase and phosphomevalonate kinase. This
study provides proof of the existence of the general mevalonate pathway in F. johnsoniae, although the
pathway involves the kinases that are distantly related to the known enzymes.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

The mevalonate (MVA) pathway is one of the two biosynthetic
routes that yield isopentenyl diphosphate (IPP) and dimethylally
diphosphate (DMAPP), which are fundamental biosynthetic pre-
cursors for >70,000 diverse isoprenoids [1,2]. The pathway prevails
in eukaryotes and archaea, and also in a limited number of bacteria,
whereas the other biosynthetic route, the methylerythritol phos-
phate (MEP) pathway, is generally found in bacteria. In the well-
known eukaryote-type (or “classical”) MVA pathway (Fig. 1),
MVA, an intermediate formed from three molecules of acetyl-CoA,
is converted into 5-phosphomevalonate (MVA-5-P) by the action of
mevalonate kinase (MVK). MVA-5-P is then phosphorylated by

phosphomevalonate kinase (PMK), and the product 5-
diphosphomevalonate (MVA-5-PP) is converted into IPP by the
action of diphosphomevalonate decarboxylase (DMD). These three
enzymes belong to the GHMP (named from the initials of gal-
actokinase, homoserine kinase, MVK, and PMK) kinase family and
show a modest degree of homology with one another [3].

Recently, modified MVA pathways (Fig. 1) were discovered in
several species of archaea and bacteria. Those microorganisms are
reported to lack “a part of” the putative genes of the classical MVA
pathway [4e6]. For example, some of the bacteria of the phylum
Cloroflexi, such as Roseiflexus castenholzii, and most of the halo-
philic archaea of the class Halobacteria, such as Haloferax volcanii,
lack the putative gene of PMK in their genomes, while they possess
those of MVK and DMD. The putative DMD genes from
R. castenholzii and H. volcanii were later found to encode a new
enzyme, phosphomevalonate decarboxylase (PMD), which con-
verts MVA-5-P into isopentenyl phosphate (IP) [7,8]. The phos-
phorylation of IP by a non-GHMP kinase conserved in the
microorganisms, i.e., isopentenyl phosphate kinase (IPK), yields IPP.
The pathway involving MVK, PMD and IPK is referred to as the
modified MVA pathway I. In contrast, the thermoacidophilic
archaea of the order Thermoplasmatales, such as Thermoplasma
acidophilum, lack the putative gene of PMK but possess multiple
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genes of the remote homologs of DMD. The archaea utilize a rela-
tively distant homolog of DMD, i.e., mevalonate 3-kinase (M3K),
which converts MVA into 3-phosphomevalonate (MVA-3-P) [9,10].
MVA-3-P is phosphorylated by a non-GHMP kinase to give 3,5-
bisphosphomevalonate, which is then converted into IP by the
actions of another DMD homolog, bisphosphomevalonate decar-
boxylase (BMD) [11]. Finally, IPK converts IP into IPP [12]. The
pathway found in T. acidophilum is referred to as the modified MVA
pathway II.

The partial lack of the putative genes of the classical MVA
pathway is reported to be observed also in some bacterial species
other than Chloroflexi bacteria. In their study on the conservation
of isoprenoid biosynthetic genes in the genomes of a wide range of
organisms, Lombard and Moreira [4] reported the absence of the
putative genes of MVK and PMK in the genomes of a portion of the
bacteria of the phylum Bacteroidetes, whereas the putative genes of
the other enzymes in the classical MVA pathway were present.
Although these Bacteroidetes species do not have a putative gene of
IPK, which is involved in the known modified pathways, this situ-
ation let us imagine that a novel modified MVA pathway might
exist in them. It should be noted that the remaining Bacteroides
species do possess the putative genes of the MEP pathway.

In the present study, we re-examined the genomes of the MVA
pathway-utilizing Bacteroidetes species, and we found two
conserved genes encoding GHMP kinase homologs that were
distantly-related to the known MVKs and PMKs. An investigation
into the catalytic functions of these GHMP kinase homologs and the
DMD homolog from Flavobacterium johnsoniae demonstrated the
existence of the classical MVA pathway in the bacterium, and also
provided information about the evolution and prevalence of the
MVA pathways.

2. Materials and methods

Materials d Silica gel 60 normal-phase TLC plates and silica gel
60 RP-18 F254S reverse-phase TLC plates were purchased from
Merck Millipore, Darmstadt, Germany. The radiolabeled substrates,
[2-14C]MVA-5-P (55 Ci/mol) and [1-14C]IPP (55 Ci/mol), were pur-
chased from American radiolabeled chemicals, USA. Seiji Koike,
ADEKA Corporation, Japan, donated the (R)-Mevalonolactone.

Information studies d A database search of the sets of putative
orthologous genes was performed at the website of the Microbial
Genome Database (MBGD; http://mbgd.genome.ad.jp/). Phyloge-
netic analysis of the MVA pathway-related enzymes of the GHMP

kinase family was accomplished using the amino acid sequences of
the previously identified enzymes registered in Brenda (http://
brenda.enzyme.org/). The multiple alignments of the sequences
containing those of Fjoh_1387, Fjoh_1417 and Fjoh_1389 were
performed with the MAFFT server at the EBI website (http://www.
ebi.ac.uk/Tools/msa/mafft/), and the phylogenetic tree was con-
structed based on the alignment data using CLC Sequence Viewer
version 7.7 (Qiagen, USA). Amino acid sequence identities shared by
enzymes were calculated using LALIGN (http://embnet.vital-it.ch/
software/LALIGN_form.html) with a global-method mode.

Gene cloning and recombinant expressions of enzymes d The
genes of Fjoh_1387, Fjoh_1417, and Fjoh_1389 were amplified using
KOD DNA polymerase (TOYOBO) and the primer pairs listed below:
50-cgcgcggcagccatatgaaaggaccactatttactc-30 and 50-ggatcctcgagca-
tattagaattggtaaacaacttctag-30 for the Fjoh_1387 gene; 50-
cgcgcggcagccatatgtcaacaaccttttacagtaacg-30 and 50-ggatcctcgagca-
tactactcctgcaaaatcatttcatc-30 for the Fjoh_1417 gene; and, 50-
aaaaaacatatgttaacagcagctgattttatacc-30 and 50-aaaggatcctcaattat-
caattaataatgcgccc-30 for the Fjoh_1389 gene. The amplified gene of
either Fjoh_1387 or Fjoh_1417 was cloned into an NdeI-cut pET15b
plasmid (Promega) using an InFusion Cloning kit (TaKaRa) to
construct pET15b-Fjoh_1387 and pET15b-Fjoh_1417, respectively.
The amplified gene of Fjoh_1389 was cut with NdeI and BamHI, and
then ligated with an NdeI/BamHI-cut pET15b plasmid to construct
pET15b-Fjoh_1389. An E. coli Rosetta(DE3) strain transformed with
either pET15b-Fjoh_1387 or pET15b-Fjoh_1417 was grown in LB
medium containing 100 mg/mL ampicillin and 30 mg/mL chloram-
phenicol at 37 �C until the OD600 value of the culture medium
reached 0.7. After inductionwith 1mM IPTG, the culturewas grown
at 22 �C for 24 h with slower rotational shaking (at 90 rpm). An
E. coli KRX strain transformed with pET15b-Fjoh_1389 was grown
in LB medium containing 100 mg/mL ampicillin at 37 �C until OD600
reached 0.6. After induction with 0.1% L-rhamnose, the culture was
grown at 37 �C for 24 h.

Purification of recombinant enzymes d The cells of transformed
E. coli were harvested by centrifugation and then disrupted by
sonication with a UP200S ultrasonic homogenizer (Hielscher Ul-
trasonics, Germany) in a buffer containing 20 mM sodium phos-
phate, pH7.4, 0.5 M NaCl, and 20 mM imidazole. The purification of
polyhistidine-tagged recombinant proteins with a HisTrap FF crude
column (GE Healthcare) was performed according to the manu-
facturer's protocol, using an elution buffer containing 20 mM so-
dium phosphate, pH 7.4, 0.5MNaCl, and 500mM imidazole. For the
purification of Fjoh_1387, however, an elution buffer of pH8.3 was

Fig. 1. GHMP kinase family enzymes in the classical and modified MVA pathways. The green, blue, and red arrows indicate the enzyme reactions of the classical pathway, modified
pathway I, and modified pathway II, respectively. The black arrows indicate the upstream reactions that are held in common. Enzymes belonging to the GHMP kinase family are
shown in the gray boxes, while non-GHMP family kinases appear in the open boxes. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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