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FAD synthetases (EC 2.7.7.2) catalyze biosynthesis of FAD
from FMN and ATP. Monofunctional FAD synthetases are
known to exist inmammals and yeast; bifunctional enzymes also
catalyzing phosphorylation of riboflavin to FMN are known to
exist in bacteria. Previously known eukaryotic enzymes with
FAD synthetase activity have no sequence similarity to prokary-
otic enzymes with riboflavin kinase and FAD synthetase activi-
ties. Proteins homologous to bacterial bifunctional FAD syn-
thetases, yet shorter and lacking amino acid motifs at the C
terminus, were found by bioinformatic analyses in vascular
plant genomes, suggesting that plants contain a type of FAD
synthetase previously known to exist only in prokaryotes. The
Arabidopsis thaliana genome encodes two of such proteins.
Both proteins, which we named AtRibF1 and AtRibF2, carry
N-terminal extensions with characteristics of organellar target-
ing peptides. AtRibF1 and AtRibF2 cDNAs were cloned by
reverse transcription-PCR. Only FAD synthetase activity was
detected in the recombinant enzymes produced in Escherichia
coli. FMN andATP inhibited both enzymes. Kinetic parameters
of AtRibF1 and AtRibF2 for the two substrates were similar.
Confocalmicroscopy of protoplasts transformedwith enhanced
green fluorescence protein-fused proteins showed that AtRibF1
and AtRibF2 are targeted to plastids. In agreement with subcel-
lular localization to plastids, Percoll-isolated chloroplasts from
pea (Pisum sativum) synthesizedFAD from imported riboflavin.
Riboflavin kinase, FMN hydrolase, and FAD pyrophosphatase
activities were detected in Percoll-isolated chloroplasts and
mitochondria from pea. We propose from these new findings a
model for subcellular distribution of enzymes that synthesize
and hydrolyze flavin nucleotides in plants.

FMN and FAD are essential cofactors for a variety of
enzymes that participate in many metabolic processes in all
organisms. In plants, these cofactors are required for photosyn-
thesis, mitochondrial electron transport, fatty acid oxidation,
photoreception, DNA repair, metabolism of other cofactors,

and biosynthesis of many secondary metabolites. Metabolism
of FMN and FAD includes reactions that synthesize and hydro-
lyze these flavin nucleotides. Enzymes catalyzing flavin nucle-
otide biosynthesis and hydrolysis, and their subcellular
localization, are incompletely understood in plants and in
other organisms.
Phosphorylation of riboflavin to FMN and adenylylation of

FMN to FAD are, respectively, catalyzed by the enzymes ribo-
flavin kinase (EC 2.7.1.26) and FAD synthetase (EC 2.7.7.2) in
the presence of ATP and Mg2�. These enzymes have been
found in prokaryotes and eukaryotes.
In prokaryotes, bifunctional enzymes with riboflavin kinase

and FAD synthetase activities (1–5), and monofunctional
enzymes with only riboflavin kinase activity (6, 7) have been
described. No monofunctional FAD synthetases have yet been
found in prokaryotes. Bioinformatic evidence suggests that the
bifunctional enzymes are prevalent among the prokaryotic spe-
cies sequenced to date (8).
In mammals and yeast, only monofunctional enzymes with

riboflavin kinase or FAD synthetase activity have been
described (9–20). Riboflavin kinases, but not FAD synthetases,
from mammals and yeast share sequence similarity to the
bifunctional enzymes from bacteria.
Subcellular localization of riboflavin kinases and FAD syn-

thetases has been investigated in mammals and yeast. Enzy-
matic synthesis of FAD was first shown to occur in the cytosol
of rat liver (21). Synthesis of FAD from externally added ribo-
flavin or FMN has subsequently provided evidence for ribofla-
vin kinase and FAD synthetase activities in mitochondria in
Saccharomyces cerevisiae (22, 23) and rat liver (24, 25). A sub-
cellular localization study provides support for a riboflavin
kinase residing in microsomes and the inner mitochondrial
membrane in S. cerevisiae (14).
In plants, earlier studies have demonstrated the presence of

monofunctional riboflavin kinases (26–28) and FAD syntheta-
ses (29). However, none of those enzymes have been fully char-
acterized nor have the corresponding genes been cloned. Thus,
it is unknown whether those plant enzymes are sequence
homologs of riboflavin kinases and FAD synthetases from
mammals and yeast, or from bacteria.
Recently, we have reported bioinformatic evidence showing

that plants have sequence homologs of eukaryotic monofunc-
tional enzymes with riboflavin kinase or FAD synthetase activ-
ity, and sequence homologs of prokaryotic bifunctional
enzymeswith both activities (8).We have also reported the first
cDNAcloning, recombinant expression, and biochemical char-
acterization of a riboflavin kinase from a plant species (8). This
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enzyme shares sequence similarity to themonofunctional ribo-
flavin kinases from mammals and yeast.
The only study investigating subcellular localization of flavin

nucleotide biosynthesis in plants reported riboflavin kinase
activity in the cytosol and in an organellar fraction containing
chloroplasts and mitochondria in spinach (30). The riboflavin
kinase we recently described probably resides in the cytosol
because it lacks an organellar targeting peptide. To our knowl-
edge, subcellular localization of FAD synthetase activity in
plants remains to be explored. Bioinformatic evidence sug-
gests that plant cells have FAD synthetase activity in
organelles and the cytosol (8), but this remains to be estab-
lished experimentally.
Hydrolysis of FMN to riboflavin and inorganic phosphate is

catalyzed by acid phosphatases (EC 3.1.3.2) in plants (30–32)
and in other organisms (33–38). Acid phosphatases are most
active in an acidic environment, quickly loosing activity at pH�
5.5–6.0 (30, 31, 34). They also hydrolyze substrates other than
FMN (30, 32).We have recently described a novel type of FMN
hydrolase that belongs to the haloacid dehalogenase enzyme
superfamily (8). ThisMg2�-dependent enzyme is fused to theN
terminus of the riboflavin kinase described above, is highly spe-
cific for FMN,2 and, unlike acid phosphatases, catalyzes FMN
hydrolysis effectively at pH 6.0–8.0.
Mammalian cells contain FMN-hydrolyzing enzymes in the

cytosol (33, 34) and in the intermembrane space of mitochon-
dria (38). Subcellular localization of FMN-hydrolyzing acid
phosphatases in plants remains to be explored. As discussed
earlier, the Mg2�-dependent FMN hydrolase we reported is
probably cytosolic.
Hydrolysis of FAD to FMN and AMP is catalyzed by the

enzyme FAD pyrophosphatase (EC 3.6.1.18) in plants (39–43)
and in other organisms (38, 44–46). None of the genes for FAD
pyrophosphatases have yet been cloned. All known FAD pyro-
phosphatases also hydrolyze other metabolites such as NAD�,
NADP�, ATP, ADP, CoA, and nucleotide sugars (39, 43, 44,
46). Subcellular localization of these enzymes remains unex-
plored. The only exception is a study providing evidence for an
FADpyrophosphatase in the outermitochondrialmembrane in
rat liver (38).
We report here on cDNA cloning, recombinant expression,

purification, and biochemical characterization of two novel
FAD synthetases (AtRibF1 and AtRibF2). We provide evidence
using confocal microscopy of protoplasts transformed with
EGFP3-fused proteins that AtRibF1 and AtRibF2 reside in plas-
tids. In agreement with the confocal microscopy data, we show
that Percoll-isolated chloroplasts from pea (Pisum sativum)
synthesize FAD from externally added riboflavin. Also, we
show that protein extracts of Percoll-isolated chloroplasts and
mitochondria from pea have riboflavin kinase, FMN hydrolase,
and FAD pyrophosphatase activities. We propose from these
new findings a revised model for subcellular localization of

enzymes that synthesize and hydrolyze flavin nucleotides in
plants.

EXPERIMENTAL PROCEDURES

Materials and Plant Growth Conditions—Riboflavin,
[G-3H]riboflavin, FMN, FAD, and ATP were obtained from
Sigma; BugBuster reagent, Benzonase nuclease, and recom-
binant enterokinase were fromNovagen (Madison,WI); Per-
coll, Biodegradable Counting Scintillant, and the Gel Filtra-
tion Calibration kit were fromGEHealthcare; silicone oil AR
200 was from Fluka; oligonucleotides were from MWG
(High Point, NC).
Arabidopsis thaliana plants, ecotype Columbia, were grown

in potting soil at 12-h light intervals (100–120 �Em�2 s�1) for
3 weeks at 22 °C. Peas, cv. Bohatyr, were grown in coarse ver-
miculite at 16-h light intervals (300 �E m�2 s�1) for 10 days at
22 °C during the day or at 18 °C during the night.
cDNA Cloning, Constructs, Sequence Analysis, and Expres-

sion in Escherichia coli—AtRibF1 (At5g23330) and AtRibF2
(At5g08340) cDNAs were cloned by reverse transcription PCR.
Total A. thaliana RNA was isolated using the RNeasy Plant
Mini Kit (Qiagen, Valencia, CA), and reverse-transcribed using
Superscript II reverse transcriptase (Invitrogen) and an oli-
go(dT) primer. The AtRibF1 and AtRibF2 open reading
frames were then amplified using Taq2000DNA polymerase
(Stratagene, La Jolla, CA) and using, respectively, the primer
pairs 5�-GACGACGACAAGATGTTATGCGGAGGCTC-3�
(AtRibF1 forward) and 5�-GAGGAGAAGCCCGGTTTAAC-
CGAACTCAATCCCTA-3� (AtRibF1 reverse) or 5�-GACGA-
CGACAAGATGTTGTGCGGAGGCTC-3� (AtRibF2 forward)
and 5�-GAGGAGAAGCCCGGTTCAACCGAACTCAACA-
CTCA-3� (AtRibF2 reverse). Note that the vector-specific
sequences (underlined), needed for cloning into pET Ek/LIC
expression vectors (Novagen), flank the gene-specific
sequences of the primers. Amplified open reading frames, puri-
fied usingWizard PCR columns (Promega,Madison,WI), were
cloned into the pGEM-T Easy vector (Promega) to generate the
pGEM-AtRibF1 and pGEM-AtRibF2 constructs.
The AtRibF1 and AtRibF2 open reading frames, excluding

the regions coding for the putative organellar targeting pep-
tides, were amplified, respectively, from pGEM-AtRibF1 or
pGEM-AtRibF2 using Pfu DNA polymerase (Stratagene) and
the primer pairs 5�-GACGACGACAAGATGTCGTCGTTT-
AGGTCTCA-3� (AtRibF1n forward) and AtRibF1 reverse or
5�-GACGACGACAAGATGATTTCTTCATTTGGGTCTC-
3� (AtRibF2n forward) and AtRibF2 reverse. To generate the
expression vectors, resulting PCR fragments were purified
usingWizard PCR columns, treated with T4 DNA polymerase,
and then ligated into pET-30 Ek/LIC (AtRibF1) or pET-44
Ek/LIC (AtRibF2). All procedures were done in accordance
with the manufacturer’s protocols. Each construct was verified
by DNA sequencing. The expression vectors were then intro-
duced into the Rosetta strain of E. coli (Novagen) to produce
the recombinant proteins. Bacteria carrying the expression vec-
tors were cultured at 37 °C in LB medium containing 34 �g/ml
chloramphenicol and 100 �g/ml kanamycin (for pET-30–
AtRibF1) or 100�g/ml ampicillin (for pET-44–AtRibF2).Once
A600 reached 0.6–1, isopropyl �-D-thiogalactopyranoside was

2 F. J. Sandoval and S. Roje, unpublished data.
3 The abbreviations used are: EGFP, enhanced green fluorescence protein;

THP, tris(hydroxypropyl)phosphine; EST, expressed sequence tag; CHAPS,
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate; Ni-NTA,
nickel-nitrilotriacetic acid; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxy-
methyl)-1,3-propanediol.

Plastid FAD Synthetases

NOVEMBER 7, 2008 • VOLUME 283 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 30891



added to a final concentration of 200 �M, and incubation was
continued overnight at 15 °C.
Recombinant Protein Isolation and Molecular Weight

Determination—Extracts of E. coli cells expressing the recom-
binant AtRibF1 were prepared for purification as follows.
Induced E. coli cells from 200-ml cultures were harvested by
centrifugation (5,000 � g, 15 min, 4 °C). Bacterial pellets were
resuspended in 5ml of lysis buffer (50mMTris-HCl, pH8.0, 300
mM NaCl, 10 mM imidazole, 0.5 mM THP, 1� BugBuster rea-
gent, 0.5 �l of Benzonase nuclease, and 10% glycerol). After a
15-min incubation at room temperature, cell lysates were
cleared by centrifugation (20,000 � g, 20 min, 4 °C); superna-
tants were filtered through a 45-�m polyvinylidene fluoride
membrane and then purified by Ni-NTA His-Bind (Novagen)
affinity chromatography following the manufacturer’s proto-
col. Cleared cell lysates were incubated with 1 ml of Ni-NTA
resin (Novagen) for 1 h at 8 °C. Wash and elution buffers con-
tained 50mMTris-HCl, pH 8.0, 300mMNaCl, 20 (wash) or 150
mM (elution) imidazole, 0.5 mM THP, and 10% glycerol. Eluate
fractions were immediately desalted on PD-10 columns (GE
Healthcare) equilibrated with buffer A (50 mM Tris-HCl, pH
8.5, 1 mM MgCl2, 1 mM THP, 10% glycerol, and 0.1% CHAPS),
and then digestedwith recombinant enterokinase to release the
tag. The digested enzyme was purified by ion exchange chro-
matography using an ÄKTA FPLC system equipped with a
Mono Q 5/50 GL column (GE Healthcare). The column was
equilibratedwith bufferA, and boundproteinswere elutedwith
a linear gradient of 0–500 mM NaCl over 20 column volumes.
AtRibF1 eluted at about 110 mM NaCl. AtRibF1-containing
fractionswere pooled and further purified by gel filtration chro-
matography using a Superose 12 10/300 GL column (GE
Healthcare) equilibrated with buffer A.
To purify the recombinant AtRibF2, cleared lysates of E. coli

cells expressing the recombinant protein were prepared as
described for AtRibF1. The recombinant enzyme was purified
by ion exchange chromatography using a Mono Q 5/50 GL
column. The columnwas equilibratedwith bufferA, and bound
proteins were eluted with a linear gradient of 0–500 mM NaCl
over 20 column volumes. AtRibF2 carrying a Nus tag eluted at
about 150 mM NaCl. AtRibF2-containing fractions were
pooled, desalted on a PD-10 column equilibrated with buffer A,
and then digestedwith recombinant enterokinase to release the
tag. The digested enzyme was further purified by ion exchange
chromatography as described for the Nus-tagged protein.
Untagged AtRibF2 eluted at about 100 mM NaCl. Purified
AtRibF1 or AtRibF2 was frozen in liquid N2 and stored at
�80 °C until use. Freezing did not affect the activity of AtRibF1
or AtRibF2.
Molecular weights of native AtRibF1 and AtRibF2 were esti-

mated by gel filtration chromatography using a Superose 12
10/300 GL column equilibrated with buffer A. Reference pro-
teins were aprotinin (6,500), ribonuclease A (13,700), carbonic
anhydrase (29,000), and ovalbumin (43,000). Protein concen-
trations were determined by the Bradford method (47) using
bovine serum albumin as standard.
Isolation of Chloroplasts andMitochondria from Pea—Chlo-

roplasts and root mitochondria were isolated by centrifuging
on Percoll density gradients using published procedures (48,

49) as described before (50). Isolated organelles were resus-
pended in 100 mM Tris-HCl buffer, pH 7.5, containing 1 mM
MgCl2 and 1mMTHP; and were broken by four cycles of freez-
ing and thawing. Organelle extracts were cleared by centrifuga-
tion (20,000 � g, 20 min, 4 °C), and supernatants were desalted
on PD-10 columns equilibrated with 50 mM Tris-HCl buffer,
pH 7.5, containing 1 mM MgCl2, 1 mM THP, and 10% glycerol.
The mitochondrial marker fumarase and the plastid marker
glyceraldehyde-3-phosphate dehydrogenase were assayed as
described before (50). Fumarase and FAD synthetase were
assayed immediately after desalting. All other enzymes were
assayed for activity with extracts that were frozen in liquid N2
and stored at �80 °C.
Purification of FMN and FAD—Aqueous FMN or FAD solu-

tion (100 mM) was subjected to reversed-phase preparative
chromatography on a SunFire Prep C18 OBD column (19 � 50
mm, 5 �m) using a 626 LC system equipped with a 717plus
autosampler (Waters, Milford, MA). The mobile phase con-
tained 100 mM ammonium formate, 100 mM formic acid, and
25% methanol (2). FMN- or FAD-containing fractions were
evaporated to dryness; flavin nucleotides were dissolved in
water, re-purified as above, and then desalted using Chroma-
bond C18 Hydra columns (Macherey-Nagel, Düren, Germany)
with 80% methanol as eluent. FMN- or FAD-containing frac-
tions were evaporated to dryness; purified flavin nucleotides
were dissolved in water, and stored at �20 °C until use.
Enzyme Assays—Riboflavin kinase, FAD synthetase, FMN

hydrolase, and FAD pyrophosphatase activities were measured
using an Alliance 2695 HPLC system with a 2475 fluorescence
detector (Waters). Riboflavin, FMN, and FAD concentrations
were determined spectrophotometrically (14). Unless other-
wise indicated, the procedures described below were used. Ini-
tial reaction rates at steady state were measured. Substrates
were saturating, and product formation was proportional to
enzyme concentration and time. Less than 5% of the substrates
were typically consumed. Final assay volumes were 50 �l. Ribo-
flavin kinase and FAD synthetase activities were assayed in 100
mM Tris-HCl buffer, pH 7.5 or 8.5, containing 15 mM MgCl2, 1
mM THP, 3 mM ATP, and 0.05 mM flavin. FMN hydrolase and
FAD pyrophosphatase activities were assayed in 100 mM Tris-
HCl buffer, pH 7.5 or 8.5, containing 15mMMgCl2, 1 mMTHP,
and 0.05 mM flavin.
After incubation at 30 °C for 20 min, reactions were stopped

by adding saturated formic acid (5% of final assay volume), and
then centrifuged (20,000 � g, 15 min, 4 °C) to remove the pre-
cipitated protein. Reaction products were separated by
reversed-phase chromatography using a Waters SunFire C18
column (4.6� 150mm, 3.5�m) andweremeasured by fluores-
cence detection using an excitation wavelength of 470 nm and
an emission wavelength of 530 nm. The mobile phase was as
described for flavin nucleotide purification. Product formation
was determined from fluorescence after subtraction of a blank,
wherein the enzyme was added after incubation.
The kinetic parameters (Km, Ki, and Vmax) were calculated

from experiments at pH 8.5 inwhich both substrates (FMNand
ATP) were varied as follows. Apparent Vmax values at fixed
concentrations of the first substrate were calculated by varying
the second substrate and then fitting the initial reaction rates to
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a model of uncompetitive substrate inhibition using nonlinear
regression (Enzyme Kinetics Module 1.2, SigmaPlot 9.0).
Resulting apparent Vmax values, adjusted for the effect of inhi-
bition by the second substrate, were then plotted against corre-
sponding concentrations of the first substrate to create second-
ary plots.Km,Ki, andVmax for the first substratewere calculated
by fitting the secondary plot data to a model of uncompetitive
substrate inhibition using nonlinear regression. The process
was repeated for the second substrate. The standard error for
catalytic efficiency, kcat/Km, was calculated by error propaga-
tion (51).
Transient Expression of EGFP-fused Proteins in A. thaliana

Protoplasts—Constructs carrying C-terminal EGFP fusions to
the putative signal peptides of AtRibF1 and AtRibF2 in the
p2GWF7 vector (52) were generated using theGateway cloning
system (Invitrogen) as instructed by themanufacturer. Putative
signal peptides at the N termini of AtRibF1 (MLCGGSRASV-
HLWDHRHPPRLGAKVLRKSSFMLRPCSAISQQRIKSSFRS-
HCKTPRKIPAPLDCFSQGDDHPELSAEGLSPVAGGIVALG-
KFDALHIGHRE) or AtRibF2 (MLCGGSRVLQHLSDHNHH-
NSIGLGLGFCGAKIVQLSSFFLRPSQAMAKSHHFSRKLRQ-
RMISSFGSHCRTSGEVPILHNCFSQREDDPELPVEGLSPVS-
GGIVALGKFDALHIGHRE) were amplified using Pfu DNA
polymerase and using, respectively, the primer pairs 5�-AAAAA-
GCAGGCTATGTTATGCGGAGGCTC-3� and 5�-AGAAAG-
CTGGGTGCTCTCGATGACCGATATG-3� or 5�-AAAAA-
GCAGGCTATGTTGTGCGGAGGCTC-3� and 5�-AGA-
AAGCTGGGTGCTCTCGATGGCCGATATG-3�. Resulting
PCR fragments were re-amplified using attB adapter primers
(Invitrogen), purified using Wizard PCR columns, and sub-
cloned into the pDONR 221 vector (Invitrogen) using BP
recombination. The putative signal peptides of AtRibF1 and
AtRibF2 were then introduced into the p2GWF7 vector from
pDONR 221 using LR recombination.
A. thaliana protoplasts were isolated from leaves of 3-week-

old plants, and transformed using publishedmethods (53). Flu-
orescence was monitored using an LSM 510 confocal laser
scanning microscope (Carl Zeiss MicroImaging, Thornwood,
NY). EGFP fluorescence was excited at 488 nm, and measured
at 505–530 nm. Chlorophyll fluorescence was excited at 488
nm, and measured at �650 nm.
In Vivo Analysis of FAD Biosynthesis in Chloroplasts—Per-

coll-isolated chloroplasts (0.9 mg of chlorophyll/ml) were
resuspended in import buffer (50 mMHepes-KOH, pH 8.0, and
330 mM D-sorbitol). [3H]Riboflavin (25 Ci/mmol; 50% ethanol
solution) was evaporated to dryness, and resuspended in
import buffer. Chloroplast suspensions (100�l) were incubated
with 5.8 �M [3H]riboflavin (3.45 Ci/mmol, adjusted with unla-
beled riboflavin) over selected time intervals at 22 °C, withmix-
ing by pipetting every 20 min. After incubation, chloroplasts
were purified by silicone oil centrifugation (54), with the follow-
ing modifications. Chloroplast suspensions were overlaid on
100-�l silicone oil layers in 300-�l microtubes, and centrifuged
for 10 min using a microcentrifuge for PCR strips (Fisher). Live
chloroplasts appeared as a pellet at the bottom of the tube,
below the layer of silicone oil; broken chloroplasts and the incu-
bationmedium remained above the layer of silicone oil. Sample

microtubes were frozen in liquid nitrogen, and stored in a ver-
tical position at �80 °C until analysis.
We determined incorporation of the radiolabel into flavin

nucleotides as follows. Sample microtubes were re-frozen in
liquid nitrogen to solidify silicone oil. Chloroplast pellets were
cut off near the bottom of the microtubes, and then resus-
pended in 100 �l of mobile phase described under “Enzyme
Assays”; suspensions were heated for 10 min at 80 °C, and
cleared by centrifugation (20,000 � g, 15 min, 4 °C). Superna-
tants were separated by reversed-phase chromatography as
described under “Enzyme Assays.” To quantify [3H]FMN and
[3H]FAD formed during the incubation of chloroplasts with
[3H]riboflavin, four post-column fractions (100 �l each) con-
taining these flavin nucleotides were collected; 80 �l of each
fractionwasmixedwith 5ml of scintillant, and the radioactivity
was counted in a Tri-Carb 2100TR liquid scintillation analyzer
(PerkinElmer). Peak identity was confirmed by co-elution with
authentic standards. The radiolabel incorporated into FMN or
FAD in each sample was calculated by adding the disintegra-
tions per minute of all four fractions, and then subtracting the
blank values calculated as described below.
To determine blank values, chloroplasts were incubatedwith

[3H]riboflavin, purified using silicone oil, resuspended in 5 ml
of scintillant, and the radiolabel was counted as before. Next, an
equal amount of [3H]riboflavin was added to silicone oil-iso-
lated chloroplasts incubated without [3H]riboflavin. Then the
chloroplast pellet was extracted, the supernatant was separated
by reversed-phase chromatography, and the radioactivity in the
collected fractions was counted as before. Chlorophyll content
in chloroplast pellets was determined spectrophotometrically
(55).
Phylogenetic Analysis—We selected protein sequences from

plants and bacteria for use in the phylogeny as follows.
For plant protein sequences, we conducted similarity

searches of the GenBankTM protein, genome, and EST data-
bases as well as the DOE Joint Genome Institute Eukaryotic
Genomics data base (www.genome.jgi-psf.org) using the BLASTP
and TBLASTN prediction programs with AtRibF1 as a query
sequence. Then we selected RibF protein sequences from Oryza
sativa, monocot (OsRibF, Os03g0801700); Picea glauca, gymno-
sperm (PgRibF, ESTs Ex437360.1 and Ex318592.1); Physcomi-
trella patens, moss (PpRibF1, fgenesh1_pg.scaffold_150000010;
PpRibF2, estExt_Genewise1.C_2290051); Chlamydomonas
reinhardtii, unicellular green alga (Chlorophyceae; CrRibF,
EDO98955.1); and Ostreococcus tauri, unicellular green alga
(Prasinophyceae; OtRibF, CAL54923.1). The P. glauca sequence
was generated by translating the overlapping ESTs listed above.
The P. patens sequences were obtained from the DOE Joint
Genome Institute Eukaryotic Genomics data base. The N termi-
nus of the C. reinhardtii protein sequence appeared to be incor-
rectly predicted. Hence, it wasmanually corrected based on align-
mentsbetweenRibFprotein sequences fromotherplants, and that
obtained by transcribingC. reinhardtii genomic DNA.
For bacterial protein sequences, we conducted similarity

searches of the GenBank protein data base using BLASTP with
AtRibF1 as a query sequence. Then we selected protein
sequences from one species per phylum for nine phyla of bac-
teria. This selection comprises E. coli K12, Proteobacteria
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(NP_414566.1); Synechococcus elongatus PCC 6301,Cyanobac-
teria (YP_171738.1); Bacillus subtilis, Firmicutes (BsRibC,
P54575); Propionibacterium acnes KPA171202, Actinobacteria
(Pa, YP_056179.1); Dehalococcoides ethenogenes 195, Chlo-
roflexi (YP_181344.1); Deinococcus radiodurans R1, Deinococ-
cus thermus (NP_294732.1); Thermotoga maritima MSB8,
Thermotogae (AAD35939.1); Chlorobium tepidum TLS, Chlo-
robi (NP_661148.1); and Rhodopirellula baltica SH 1, Plancto-
mycetes (NP_868283.1). The selection process resulted in 17
protein sequences, which were further processed to eliminate
the N- and C-terminal protrusions and were aligned using
ClustalW (www.ebi.ac.uk/Tools/clustalw/index.html).
The phylogenetic trees were assembled using the PHYLIP

(3.6.3) program package for MacOS X (56) as described before
(8). The RibC protein from B. subtilis was used as outgroup for
the phylogenetic analysis because it was the only protein of the
group that had been biochemically characterized.
In Silico Expression Analysis—Gene expression was analyzed

in silico using the publicly availableA. thalianamicroarray data
from Affymetrix and the Meta Analyzer tool of the GENEVES-
TIGATOR software package (www.genevestigator.ethz.ch) (57).

RESULTS

Bioinformatic Sequence Analyses—We previously reported
bioinformatic evidence that plant genomes encode sequence
homologs of bifunctional enzymes catalyzing adenylylation of
FMN to FAD, as well as phosphorylation of riboflavin to FMN
(8). Such enzymes were previously known to exist only in pro-
karyotes. Current evidence suggests that mammals and yeast
have only monofunctional enzymes catalyzing adenylylation of
FMN to FAD, and that these eukaryotic enzymes have no
sequence similarity to the bifunctional enzymes from bacteria.
BLAST searches of the A. thaliana data base using the pro-

tein sequence of the bifunctional riboflavin kinase–FAD syn-
thetase from B. subtilis revealed two homologs encoded by
genes At5g23330 and At5g08340 (8). Riboflavin kinase–FAD
synthetase from B. subtilis is designated RibC, and the same
enzyme fromE. coli is designated RibF. Because plant riboflavin

synthases (58) were previously named following the E. coli
nomenclature, the proteins encoded by genes At5g23330 and
At5g08340 were, respectively, named AtRibF1 and AtRibF2,
also following the E. coli nomenclature.
Searches of genome and EST databases using TBLASTN and

the RibC protein sequence revealed protein homologs present
in angiosperms, gymnosperms, mosses, and green algae; and
absent in other eukaryotes. A multiple sequence alignment of
representative bacterial riboflavin kinases–FAD synthetases
and their plant homologs is shown in Fig. 1. Presence of one or
more genes encoding RibF proteins in angiosperms, gymno-
sperms,mosses, and green algae suggests that the RibF proteins
originated early in plant evolution.
RibF protein sequences from A. thaliana (AtRibF1 and

AtRibF2),O. sativa (OsRibF), P. glauca (PgRibF), and P. patens
(PpRibF1 and PpRibF2) were found to have N-terminal exten-
sions relative to their sequence homologs from bacteria. Previ-
ous predictions using full-length RibF proteins from flowering
plants (8) led us to hypothesize that these proteins reside in
organelles in plants. Subsequent predictions using WoLF
PSORT (www.wolfpsort.org) and TargetP 1.1 (www.cbs.
dtu.dk/services) assigned high scores for organellar targeting to
PpRibF1 and PpRibF2 from the moss P. patens (not shown).
Subcellular localization of algal RibF proteins could not be

predicted because of insufficient sequence data. Full-length
EST sequenceswere not available, and poor sequence similarity
hindered the prediction of putative targeting peptides using the
translated genomic sequences for the RibF proteins from C.
reinhardtii and O. tauri.

A predicted RibF protein from the unicellular green alga O.
tauriwas fused to a putative protein of unknown function at the
N terminus. Also, a gene encoding a sequence homolog of this
unknown protein is present upstream of the predicted RibF
gene in C. reinhardtii. However, theO. tauri RibF gene is tran-
scribed in the opposite direction to theC. reinhardtii RibF gene.
Thus, the prediction that the O. tauri RibF protein is fused to
another protein is likely incorrect.More accurate predictions of

FIGURE 1. Multiple alignment of selected FAD synthetase protein sequences. The protein sequences used for the multiple alignment are listed under
“Phylogenetic Analysis” under “Experimental Procedures.” Multiple alignment was done using Multalin (61), and shading using Boxshade 3.21 (www.ch.
embnet.org/software/BOX_form.html). Identical residues are shaded in black, similar residues in gray. Dashes are gaps introduced to maximize alignment. The
arrowhead marks the second amino acid of the AtRibF1 expression construct.
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algal RibF protein sequences will become possible when full-
length EST sequences for these proteins become available.
Most bacteria contain bifunctional enzymes with riboflavin

kinase and FAD synthetase activities. Shared sequence similar-
ity to monofunctional riboflavin kinases from eukaryotes sug-
gests that determinants for riboflavin kinase activity are located
in the C-terminal regions of the bifunctional enzymes from
bacteria (8). Low sequence conservation between plant and
bacterial proteins in that region (Fig. 1) suggested that plant
RibF proteins lack riboflavin kinase activity. Indeed, we show
below that AtRibF1 and AtRibF2 lack this activity.
The phylogenetic analysis showed that sequences of plant

RibF proteins cluster together, and apart from sequences of
bacterial riboflavin kinases–FAD synthetases (Fig. 2). Three
lines of evidence, the sequence alignment (Fig. 1), the phyloge-
netic analysis (Fig. 2), and the experimental results below, col-
lectively suggest that plant RibF proteins have only FAD syn-
thetase activity, and that they lost their ability to phosphorylate
riboflavin to FMN before the speciation of vascular plants.
Cloning and Recombinant Expression of AtRibF1 and

AtRibF2—Full-length cDNAs for AtRibF1 and AtRibF2 were
cloned by reverse transcription-PCR using mRNA isolated
fromA. thaliana stems as template. Resulting cDNA fragments
encoding putativemature proteinswere amplified by PCR, sub-
cloned into the pET-30 Ek/LIC (AtRibF1) or pET-44 Ek/LIC
(AtRibF2) vector, and then functionally expressed in E. coli.
Purification and Biochemical Characterization of AtRibF1

and AtRibF2—The recombinant AtRibF1 carrying S-protein
and hexahistidine tags at the N terminus was purified by Ni-
NTA His-Bind affinity chromatography, and the recombinant
AtRibF2 carrying Nus and hexahistidine tags at the N terminus
by ion exchange chromatography. Both proteins were then
digested with recombinant enterokinase to cleave the tags.
Uncleaved AtRibF1 or AtRibF2, and the tag, were removed by
ion exchange chromatography (Fig. 3). Untagged recombinant
enzymes were used in all subsequent work.
Mobility of purified AtRibF1 and AtRibF2 on the SDS-PAGE

gel agreed, respectively, with the theoretical molecular weight
values of 34,200 and 33,900, which were calculated from the

amino acid sequences. Purified AtRibF1 and AtRibF2 had FAD
synthetase activity, but not riboflavin kinase activity (not
shown).
Primary and secondary plots of steady-state kinetic data for

AtRibF1 and AtRibF2 are shown in Figs. 4 and 5. These plots
showed that FMN and ATP inhibit AtRibF1 and AtRibF2. Pri-
mary plots of initial reaction rates against corresponding FMN
(Fig. 4, A and C) or ATP (Fig. 4, B and D) concentrations were
used to calculate the apparent Vmax values. These apparent
Vmax values were then plotted against the second substrate (Fig.
5, A and B) to calculate the final Vmax, Km, and Ki values.

Substrate inhibition by FMN and ATP was reported for the
enzyme from Corynebacterium ammoniagenes (1), but not for
the enzymes from B. subtilis (5), rat (15, 17), and human (19,
20). Directly comparing catalytic properties of AtRibF1 and
AtRibF2 (Table 1) to those of other reported FAD synthetases
(Table 2) is unattainable because of differences in assay buffer
composition and incubation temperature.
Molecular weights of native AtRibF1 and AtRibF2 were esti-

mated by gel filtration chromatography. The activities of
AtRibF1 and AtRibF2 migrated as symmetrical peaks with
apparentmolecularweight values of 28,800� 250 and 29,200�
200 (mean � S.E., n � 3), respectively, in close agreement with
the theoretical values of 34,200 and 33,900. Thus, our data indi-
cate that AtRibF1 andAtRibF2 are active asmonomers. Bifunc-
tional enzymes with riboflavin kinase and FAD synthetase
activities from B. subtilis (2) and C. ammoniagenes (3) are also
active as monomers.

FIGURE 2. Molecular phylogenetic tree of selected FAD synthetase pro-
tein sequences. The sequences used for the molecular phylogeny are listed
under “Phylogenetic Analysis” under “Experimental Procedures.” Bootstrap
numbers are given at the branch nodes. Plant sequences are shaded.

FIGURE 3. Purification of the recombinant ARibF1 and AtRibF2 under
native conditions. The enzymes were purified as described under “Experi-
mental Procedures.” Samples were separated by SDS-PAGE on a 10% NuPAGE
BisTris gel and stained with Coomassie Blue. Lane 1, 5 �g of molecular mass
standards; lane 2, 10 �g of crude E. coli extract expressing AtRibF1; lane 3, 10
�g of partially purified AtRibF1 after Ni-NTA affinity chromatography; lane 4,
2.5 �g of the final AtRibF1 enzyme preparation; lane 5, 10 �g of crude E. coli
extract expressing AtRibF2; lane 6, 10 �g of partially purified AtRibF2 after
Mono Q anion-exchange chromatography; lane 7, 2.5 �g of the final AtRibF2
enzyme preparation. Molecular masses of the standards (kDa) are indicated at
the left.
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Transient Expression of EGFP-fused Proteins in A. thaliana
Protoplasts—Subcellular localization of AtRibF1 and AtRibF2
was studied by fusing their putative N-terminal targeting pep-
tides to EGFP. Green fluorescence produced by expression of
the fusion proteins in A. thaliana protoplasts colocalized with
the red autofluorescence of chloroplasts (Fig. 6). Also, green
fluorescence was visible throughout the cytoplasm in control
protoplasts expressing EGFP alone (Fig. 6). These findings thus
establish that AtRibF1 andAtRibF2 have functionalN-terminal
peptides for targeting to plastids.
Pea Chloroplasts Synthesize FAD from Externally Added

Riboflavin—Our confocal microscopy data indicated the pres-
ence of FAD synthetase in plastids. To provide independent
evidence for FAD synthetase activity in plastids, we incubated
Percoll-isolated chloroplasts from pea with [3H]riboflavin over
selected time intervals, and determined accumulation of radio-

labeled FMN and FAD (Fig. 7). Our
results showed a time-dependent
synthesis of radiolabeled FMN and
FAD from externally added [3H]ri-
boflavin and endogenous ATP in
pea chloroplasts, thus providing evi-
dence that these organelles have not
only FAD synthetase, but also ribo-
flavin kinase activity.
In Silico Expression Analysis—

Organ- and development-specific
expression of AtRibF1 and AtRibF2
was studied in silico using publicly
available microarray data and
the GENEVESTIGATOR software
package. AtRibF1 andAtRibF2were
expressed in all plant organs and at
all developmental stages examined
(Fig. 8). Relative expression levels of
AtRibF1 and AtRibF2 showed little
or no variation among the organs
and at the developmental stages
examined. Two exceptions were
mature siliques and germinated
seeds, which expressed 50–100%
more AtRibF1mRNA than AtRibF2
mRNA. These findings suggest that
AtRibF1 and AtRibF2 are house-
keeping enzymes needed by all plant
organs throughout development.
Enzyme Activities Catalyzing

Synthesis and Hydrolysis of FMN
and FAD in Chloroplasts and
Mitochondria—To test for the pres-
ence of riboflavin kinase, FAD syn-
thetase, FMN hydrolase, and FAD
pyrophosphatase activities, we used
chloroplasts and root mitochondria
from pea because the recovery of
intact organelles from A. thaliana
has in our hands been inefficient.
We have previously used Percoll-

isolated pea organelles, which contain little or no cross-con-
tamination fromother subcellular compartments, to study sub-
cellular distribution of enzyme activities (50, 59).
We tested for riboflavin kinase, FAD synthetase, FMN

hydrolase, and FAD pyrophosphatase activities in soluble pro-
tein fractions from pea chloroplasts and mitochondria (Table
3). All four activities were assayed at pH 7.5 or at pH 8.5; FAD
synthetasewas further assayed by adding or omitting one of two
detergents, 0.1% CHAPS and 0.1% Tween 20. All enzymes
except FAD synthetase had detectable activities, suggesting
that both organelles are autonomous for biosynthesis of FMN,
and for hydrolysis of FMN and FAD.

DISCUSSION

Flavin nucleotides are required in many metabolic pro-
cesses in plastids, mitochondria, and the cytosol. Presence of

FIGURE 4. Primary plots of steady-state kinetic data for AtRibF1 and AtRibF2. A–D, primary plots of initial
reaction rates against FMN and ATP concentrations. A and B, AtRibF1; C and D, AtRibF2. Solid to open squares,
triangles, and circles designate increasing order of substrate concentrations. [FMN] � 7.5, 25, 50, 100, 150, and
300 �M; [ATP] � 0.005, 0.015, 0.05, 0.15, 0.5, and 1.0 mM for AtRibF1; [ATP] � 0.01, 0.03, 0.1, 0.3, 1.0, and 2.0 mM

for AtRibF2. Data points are mean � S.E. of three triplicate determinations. Curves are nonlinear best fits to a
model of uncompetitive substrate inhibition (SigmaPlot 9.0).
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N-terminal extensions with characteristics of chloroplast
targeting peptides in plant enzymes of the riboflavin biosyn-
thesis pathway (60–62), and efficient import of lumazine
synthase from spinach by pea chloroplasts (62), suggest that
riboflavin is synthesized only in plastids. This raises the
questions whether flavin nucleotides are synthesized from
riboflavin in one or multiple subcellular compartments, and
whether riboflavin or flavin nucleotides are transported
across organellar membranes in plants. We are addressing

these questions using bioinfor-
matics, molecular biology, and
biochemistry.
We previously reported bioinfor-

matic evidence that plants have
sequence homologs of monofunc-
tional enzymes with FAD synthe-
tase or riboflavin kinase activity,
previously found only in mammals
and yeast, and sequence homologs
of bifunctional enzymes with both
activities, previously found only in
bacteria (8). Presence of N-terminal
extensions with characteristics of
organellar targeting signals in
sequence homologs of the bifunc-
tional enzymes suggests organellar
localization; absence of such exten-
sions in sequence homologs of the
monofunctional enzymes suggests
cytosolic localization of these en-
zymes in plants.
Previously, we cloned the cDNA

and characterized a sequence hom-
olog fromA. thaliana of monofunc-
tional riboflavin kinases from yeast.
We showed that this enzyme is
fused to a novel type of Mg2�-de-
pendent FMN hydrolase that
belongs to the haloacid dehaloge-
nase enzyme superfamily. We also
showed that this FMN hydrolase is
an effective catalyst at neutral pH, in
agreementwith its putative localiza-
tion in the cytosol, and in contrast
with the previously known FMN-
hydrolyzing acid phosphatases that
are poor catalysts at pH � 5.5–6.0.
In this study, we report cDNA

cloning and characterization of two
enzymes from A. thaliana (AtRibF1
and AtRibF2), which are sequence
homologs of bifunctional enzymes
with riboflavin kinase and FAD syn-
thetase activities from bacteria. A
protein sequence comparison to
their bacterial homologs revealed
that plant RibF proteins are shorter
and lack conservedC-terminalmotifs

(Fig. 1), suggesting thatAtRibF1 andAtRibF2might have only one
catalytic activity. Subsequent biochemical characterization of the
recombinant enzymes produced in E. coli showed that AtRibF1
andAtRibF2 have only FAD synthetase activity; sequence similar-
ity leadus tohypothesize that all plantRibFenzymeshaveonly this
activity. Thus, plants are unique among eukaryotes in that they
have sequence homologs of FAD synthetases previously found
only in prokaryotes. These FAD synthetases differ from the pro-
karyotic enzymes in that they lack riboflavin kinase activity.

FIGURE 5. Secondary plots of steady-state kinetic data for AtRibF1 and AtRibF2. A and B, secondary plots
of apparent Vmax values against FMN and ATP concentrations. AtRibF1, open circles; AtRibF2, solid circles. Appar-
ent Vmax values were obtained from data presented in Fig. 4. Substrate concentrations are as described in the
legend to Fig. 4. Data points are mean � S.E. of three triplicate determinations. Curves are nonlinear best fits to
a model of uncompetitive substrate inhibition (SigmaPlot 9.0).
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Transient expression pattern of EGFP-fused proteins in A.
thalianaprotoplasts is consistentwithAtRibF1andAtRibF2being
localized in plastids. In agreement with this finding is synthesis of

FMNandFADfromimportedriboflavin inPercoll-isolatedpeachlo-
roplasts (Fig. 7).Taken together, these findingsprovide toourknowl-
edge the first experimental evidenceofFADsynthesis inchloroplasts.
Contradictory to the confocal microscopy data and to the

evidence for FAD biosynthesis in chloroplasts in vivo is for now

FIGURE 6. AtRibF1 and AtRibF2 localize to chloroplasts. N-terminal
EGFP fusions to putative organellar targeting peptides of AtRibF1 and
AtRibF2 were transiently expressed in A. thaliana protoplasts. Non-fused
EGFP in the pUC18-GFP5T-sp plasmid was used as a control for targeting
to the cytosol. Subcellular localization was analyzed by fluorescence
microscopy. A–C, EGFP fluorescence; D–F, chlorophyll autofluorescence;
G–I, merged images.

FIGURE 7. Pea chloroplasts synthesize FMN and FAD from externally
added riboflavin. Incorporation of [3H]FMN and [3H]FAD was measured in
Percoll-isolated pea chloroplasts, incubated with [3H]riboflavin for 15, 60, 120,
180, or 300 min at 22 °C. Data points are mean � S.E. of four feeding
experiments.

FIGURE 8. In silico analysis of AtRibF1 and AtRibF2 gene expression in
plant organs. Public Affymetrix expression analysis microarray data were
analyzed using the GENEVESTIGATOR reference expression data base and
meta-analysis system. GENEVESTIGATOR obtains the signal intensity values
from raw array data by normalization using the MAS5 algorithm available in
the Affymetrix software package. Error bars denote standard errors.

TABLE 1
Kinetic parameters of AtRibF1 and AtRibF2 for FMN and ATP
FAD synthetase activities were measured at pH 8.5 using recombinant enzymes
purified under native conditions. Data are best parameter fits to a model of uncom-
petitive substrate inhibition as described under “Experimental Procedures.” Data
are mean � S.E. of three triplicate determinations.

Enzyme (substrate) Km Ki �103 kcat �10�2 kcat/Km

�M �M s�1 s�1 M�1

AtRibF1 (FMN) 18.9 � 2.4 0.85 � 0.20 1.08 � 0.05 570 � 77
AtRibF1 (ATP) 11.1 � 0.8 18.68 � 10.89 1.07 � 0.02 967 � 73
AtRibF2 (FMN) 20.8 � 2.6 0.92 � 0.23 1.28 � 0.06 616 � 81
AtRibF2 (ATP) 13.1 � 1.7 13.02 � 4.85 1.28 � 0.04 979 � 129

TABLE 2
Summary of published kinetic parameters for FAD synthetases
The top of the table shows kinetic parameters for prokaryotic FAD synthetases,
which share sequence similarity to AtRibF1 and AtRibF2. The bottom of the table
shows kinetic parameters for mammalian FAD synthetases, which share no
sequence similarity to AtRibF1, AtRibF2, or prokaryotic FAD synthetases.

Organism
(substrate) Km Ki � 103 kcat � 10�2 Ref.

�M �M s�1

C. ammoniagenes
(FMN)

1 30 Efimov et al. (1)

C. ammoniagenes
(ATP)

37 0.0216 30 Efimov et al. (1)
160 45 Manstein and Pai (3)

B. subtilis (FMN) 0.38 Kearney et al. (5)
B. subtilis (ATP) 300 Kearney et al. (5)
Rat (FMN) 9.1 Yamada et al. (15)

9.6 Oka and McCormick
(17)

Rat (ATP) 71 Yamada et al. (15)
53 Oka and McCormick

(17)
Human 1 (FMN) 1.5 Brizio et al. (19)
Human 2 (FMN) 0.4 0.36 Galluccio et al. (20)

Plastid FAD Synthetases

30898 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 45 • NOVEMBER 7, 2008



our inability to detect FAD synthetase activity in plastid
extracts. One explanation to these seemingly conflicting find-
ings is that FAD pyrophosphatase, which is highly active in
chloroplasts (Table 3), is masking the endogenous FAD synthe-
tase activity in these organelles. Two other possibilities are that
FAD synthetase activity is below the detection limit of the assay,
or that the enzyme dies during extraction. To rule out these
possibilities, we tested different protein extraction and enzyme
assay conditions, and assayed for activity in freshly prepared
organelle extracts, with similar results. Conflicting results
regarding subcellular localization of FAD synthetase were also
reported in S. cerevisiae: FAD synthetase enzyme activity was
not detected (13), but FAD synthesis from imported riboflavin
was observed (22, 23) in isolated mitochondria.
The evidence that AtRibF1 and AtRibF2 reside in plastids

raises two possibilities about the origin of FAD in plant mito-
chondria: FAD is imported from the cytosol, or synthesized
inside mitochondria by an as-yet-undiscovered FAD synthe-
tase. Our attempts to detect FAD synthetase activity in
organelle extracts of pea were inconclusive, as mentioned
above. Further experiments to investigate the origin of FAD in
plant mitochondria are planned for the future, but are beyond
the scope of this article.
Absence of riboflavin kinase activity in the recombinant

AtRibF1 and AtRibF2 raises the question whether chloro-
plasts and mitochondria obtain FMN by biosynthesis from
riboflavin or by import from the cytosol in plants. Presence
of riboflavin kinase activity in Percoll-isolated chloroplasts
and mitochondria from pea (Table 3), as well as the ability of
chloroplasts to synthesize FMN from imported riboflavin
(Fig. 7), suggest the former, in agreement with earlier evi-
dence in spinach (30) showing riboflavin kinase activity in an
organellar fraction containing chloroplasts and mitochon-
dria. Our inability to find candidate sequences for organellar
riboflavin kinases in plant databases suggests that enzymes
with little or no sequence similarity to known riboflavin
kinases exist in plants.
Toward our goal to obtain a complete picture of flavin nucle-

otide metabolism inside plant cells, we also show here that Per-
coll-isolated chloroplasts and mitochondria from pea have
FMN hydrolase and FAD pyrophosphatase activities, and that
these activities are detectable at twophysiologically relevant pH
values, pH 7.5 and 8.5. These data provide to our knowledge the

first experimental evidence of flavin nucleotide hydrolysis in
plant organelles.
From findings presented here and previously published by

other authors, we propose a model for biosynthesis, hydrol-
ysis, and transport of flavin nucleotides inside plant cells
(Fig. 9). In this model, riboflavin is synthesized in plastids;
FMN is synthesized and hydrolyzed in plastids, mitochon-
dria, and the cytosol; and FAD is synthesized in plastids and
the cytosol, and hydrolyzed in plastids and mitochondria.
This model is supported by the present biochemical and
bioinformatic evidence suggesting that riboflavin is synthe-
sized in plastids (60–62), and that FMN is synthesized in
plastids, mitochondria, and the cytosol (Ref. 8 and this arti-
cle, Fig. 7 and Table 3). We hypothesize from this evidence
that plastids export riboflavin to the cytosol, and that mito-
chondria import riboflavin from the cytosol.
Biochemical and confocal microscopy evidence presented

here (Figs. 6 and 7) support the existence of plastid FAD syn-
thetases; earlier bioinformatic evidence supports the existence
of a cytosolic FAD synthetase (8). Our attempts to find FAD
synthetase in mitochondria yielded inconclusive results. Thus,
it is unclear for now whether mitochondria obtain FAD by
import from the cytosol, or by endogenous biosynthesis from
FMN. Biochemical evidence presented here (Table 3) also sup-
ports the existence of FMN hydrolases and FAD pyrophospha-
tases in plastids and mitochondria; earlier biochemical and
bioinformatic evidence support the existence of an FMN
hydrolase in the cytosol (8).
The results we report contribute new knowledge to the

overall understanding of flavin nucleotide metabolism in
plants, yet they also raise new questions. Some of those ques-
tions are: do mitochondria obtain FAD by import from the
cytosol, or by endogenous biosynthesis; what are the physi-
ological roles of the enzymes that hydrolyze flavin nucleo-

FIGURE 9. Proposed model for biosynthesis, hydrolysis, and transport of
flavin nucleotides inside plant cells. Black arrows indicate those enzymes
whose cDNAs have been cloned and recombinant proteins have been bio-
chemically characterized; solid gray arrows indicate enzymes whose existence
is supported by biochemical or bioinformatic evidence; dotted gray arrows
indicate putative mitochondrial FAD synthetase and the predicted mem-
brane transport steps; white arrows indicate the riboflavin biosynthesis path-
way. 1, FMN/FHy; 2, RibF; 3, cytosolic FAD synthetase; 4, organellar riboflavin
kinase; 5, organellar FMN hydrolase; 6, organellar FAD pyrophosphatase; 7,
mitochondrial FAD synthetase.

TABLE 3
Riboflavin kinase, FMN hydrolase, and FAD pyrophosphatase
activities in pea organelles
Enzyme activities were measured in protein extracts of pea chloroplasts and mito-
chondria at two pH values. Substrate concentrations were 50 �M for riboflavin,
FMN, and FAD and 3 mM for ATP. Data are mean � S.E. of three independent
organelle preparations, each assayed in triplicate.

Organelle Riboflavin kinase FMN hydrolase FAD
pyrophosphatase

pmol min�1 mg�1

Chloroplasts
pH 7.5 0.79 � 0.03 244 � 35 30.0 � 2.4
pH 8.5 2.47 � 0.08 151 � 4 38.4 � 4.7

Mitochondria
pH 7.5 7.8 � 0.8 1393 � 58 343 � 44
pH 8.5 15.9 � 1.7 446 � 22 482 � 41
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tides; and what flavin transporters operate in the organellar
membranes of plant cells. Our future work will focus on
answering those questions.
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