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The genus Propionibacterium has a wide range of probiotic activities that are exploited in dairy and
fermentation systems such as cheeses, propionic acid, and tetrapyrrole compounds. In order to improve
production of tetrapyrrole compounds, we expressed the hemA gene, which encodes &-aminolevulinic acid
(ALA) synthase from Rhodobacter sphaeroides, and the hemB gene, which encodes porphobilinogen (PBG)
synthase from Propionibacterium freudenreichii subsp. shermanii IFO12424, either monocistronically or poly-
cistronically in strain IFO12426. The recombinant strains accumulated larger amounts of ALA and PBG, with
resultant 28- to 33-fold-higher production of porphyrinogens, such as uroporphyrinogen and coproporphy-
rinogen, than those observed in strain IFO12426, which harbored the shuttle vector pPK705.

Members of the genus Propionibacterium have been used
industrially for the production of cheeses, vitamin B, (cyano-
cobalamin), and propionic acid (29). In efforts to clarify details
of the biosynthesis of cobalamin and tetrapyrrole derivatives in
Propionibacterium, several genes for enzymes involved in these
cobalamin biosynthetic pathways have been identified (5, 20,
28). In Propionibacterium, d-aminolevulinic acid (ALA) is a
precursor of tetrapyrrole derivatives and cobalamin and is the
first committed compound in the biosynthesis of cobalamin,
tetrapyrrole derivatives, and chlorophylls (Fig. 1). ALA is pro-
duced via the Shemin pathway (C4 pathway) (19) and the C5
pathway (1). The Shemin pathway has been found in animals,
fungi (including yeasts), and a-proteobacteria, such as the pho-
tosynthetic genera Rhodobacter and Bradyrhizobium. In the
Shemin pathway, ALA is synthesized by the condensation of
glycine and succinyl coenzyme A (succinyl-CoA), which is cat-
alyzed by ALA synthase encoded by hemA. The C5 pathway
has been found in plants (including algae) and in all other
bacteria examined to date. In this pathway, glutamate is cou-
pled with a cognate tRNA in a reaction catalyzed by glutamyl-
tRNA synthase and then it is reduced to glutamate-1-semial-
dehyde (GSA) in a reaction catalyzed by glutamyl-tRNA
reductase. Finally, the transamination of GSA, catalyzed by
GSA aminomutase, yields ALA. Porphobilinogen (PBG) is
formed by the condensation of two molecules of ALA, in a
reaction catalyzed by &-aminolevulinic acid dehydratase
(HemB), and the immediate precursor of the tetrapyrrole uro-
porphyrinogen (urogen) III. Urogen III is the common pre-
cursor to all tetrapyrroles, and thus it represents the major
branching point in pathways to protoheme, vitamin B,,, heme
d,, and siroheme (Fig. 1). However, little is known about the
regulation of the synthesis of ALA and protoheme in gram-
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positive bacteria (8). Most information is limited to details of
the regulation of the biosynthesis of porphyrins via the C5
pathway in bacteria, such as Bacillus subtilis, Escherichia coli,
Pseudomonas aeruginosa, and Salmonella enterica serovar Ty-
phimurium. One major regulatory target in these organisms is
the formation of ALA. The rate-limiting nature of the initial
step in the pathway was documented convincingly by ALA-
feeding experiments, in which the production of porphyrins
and the accumulation and excretion of coproporphyrin (CP)
III were enhanced (23). The finding of the hemL gene encod-
ing GSA aminomutase in Propionibacterium freudenreichii (20)
and the recent genome sequence of P. freudenreichii (Pel et al.,
Int. Symp. Propionibacteria Bifidobacteria, St. Malo, France, 2
to 4 June, 2004, p. 1) indicate that ALA is synthesized via the
C5 pathway in Propionibacterium.

We developed a host-vector system for propionibacteria us-
ing a shuttle vector, pPK705 (12), constructed an expression
vector based on pPK705 and endogenous promoters (14), and
then successfully expressed the hemA gene encoding ALA syn-
thase from Rhodobacter sphaeroides in Propionibacterium (13).
Our success in the overproduction of ALA in P. freudenreichii
harboring the hemA gene led us to investigate the production
of end products of the metabolism of ALA in recombinant
cells of P. freudenreichii subsp. shermanii IFO12426 that har-
bored a series of expression vectors. We found that exogenous
ALA affected the production of porphyrins in P. freudenreichii
and ALA that was synthesized de novo in the recombinant P.
freudenreichii had a more considerable stimulatory effect on
the production of porphyrins than exogenous ALA.

Construction of expression vectors. The expression vectors
pKHEMO01 and pKHEMO04 (13), including the hemA gene
from R. sphaeroides, was constructed previously to overpro-
duce ALA via the Shemin pathway, which is a one-step process
for synthesis from glycine. Since HemA from R. sphaeroides
shows high affinity of substrates, i.e., glycine and succinyl co-
enzyme A (2), the hemA gene from R. sphaeroides was used.
The DNA fragment that included hemB, which encodes PBG
synthase, had been amplified by PCR using 5'-CCATGGCTG
ATATCTCCATCGATCC-3" and 5'-CATATGAATCAGGA
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FIG. 1. Overview of the biosynthesis of tetrapyrroles with gene
products indicated. Dashed lines denote multistep pathways, and
broad arrows indicate nonenzymic steps.

ACGCACCTCGTTG-3' as the forward and reverse primers,
respectively, and pFRB003 (6) as a template DNA. The am-
plified DNA fragment containing the hemB gene was digested
with Ncol and Ndel, and the resultant DNA fragment was
inserted into pKHEMO01 and pKHEMO04 by replacing the
hemA gene with the hemB gene. The newly generated plas-
mids, in which hemB was driven by promoters P138 and P4,
were designated pKHEMO03 and pKHEMO6, respectively. We
also subcloned a DNA fragment that included hemB, which
had been amplified by PCR, downstream of the hemA gene.
The resulting plasmids, pPKHEMO02 and pKHEMO0S, contained
both hemA and hemB. E. coli DH5a was used as a host to
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construct various plasmid DNAs and grown in Luria-Bertani
broth (26) at 37°C. When necessary, the medium was supple-
mented with 100-pg/ml ampicillin for E. coli. All expression
vectors were introduced into P. freudenreichii subsp. shermanii
IFO12426 by electroporation (12). After the pulse, an appro-
priate portion of the cell suspension recovered was plated on
NLB medium, which contained 1% sodium lactate, 1% yeast
extract, and 1% Trypticase soy broth, plus 1.5% agar with
hygromycin B (250 pg/ml), and incubated anaerobically at
30°C for 4 days. The isolation of plasmid DNA, digestion by
restriction endonucleases, and other treatments of DNA frag-
ments and plasmids were performed by standard methods (26).

Expression of the hemA gene from R. sphaeroides and the
hemB gene from P. freudenreichii in Propionibacterium. Crude
cell extracts were prepared as described previously (13) with
some modifications. The recombinant strains of Propionibac-
terium were grown anaerobically at 30°C for 48 h in GYT
medium, which contained 1% glucose, 1% yeast extract, and
1% Trypticase soy broth. Harvested cells were washed with 50
mM potassium phosphate buffer (pH 7.0), which contains 10
mM B-mercaptoethanol, for assays of ALA synthase activity,
or they were washed with 100 mM Bis-Tris-propane-HCI (pH
6.8), which contained 10 mM B-mercaptoethanol, for assays of
PBG synthase activity. The cells were disrupted with a Mini-
BeadBeater (BioSpec Products, Inc.). After centrifugation of
each lysate for 15 min at 8,000 X g, the supernatants were used
immediately for measurements of enzymatic activities. The
assay of ALA synthase was based on the method described by
Lien and Beattie (16). The activity of PBG synthase was de-
termined by a colorimetric assay with PBG and modified Ehr-
lich’s reagent (27). Concentrations of protein were measured
by Bradford’s method (3) with a commercial kit (Bio-Rad
Laboratories), with bovine serum albumin as the standard.

The ALA synthase activity in strain IFO12426 that carried
the hemA expression vector pPKHEMO1, pKHEMO02, pHEMO04,
or pKHEMO05 was 2.7- to 4.6-fold higher than that in strain
IFO12426 that harbored a control plasmid DNA, pPK705 (Ta-
ble 1). ALA synthase in the transformed cells without a cloned
hemA gene, namely cells transformed with pKHEMO03 or
pKHEMO06, was low; it was almost same level in strain
IFO12426 that harbored pPK705.

In the strains that carried pPK705, pKHEMO1, and
pHEMO04 without a cloned hemB gene, the specific activity of
PBG synthase was low (Table 1). As might be expected, the
specific activity of PBG synthase in recombinant propionibac-
teria that carried plasmid pKHEMO02, pKHEMO03, pKHEMOS,
or pHEMO6 with a cloned hemB gene was three- to fivefold
higher than that in the cells that harbored pPK705. These
results suggest that the constructs pPKHEMO02 and pKHEMO05
allowed the overexpression of both genes as a novel operon in
P. freudenreichii.

Production of ALA and PBG in recombinant Propionibacte-
rium. Since levels of ALA and PBG are considered to depend
on the activities of ALA synthase and PBG synthase, we de-
termined the levels of ALA and PBG in recombinant propi-
onibacteria that harbored an expression vector for either
hemA, hemB, or both. The supernatant from culture of recom-
binant strains of Propionibacterium that were grown in GYT
medium at 30°C for 72 h was used for separation of ALA and
PBG on a chromatography system containing two different



VoL. 70, 2004

PORPHYRIN PRODUCTION IN P. FREUDENREICHII = 7563

TABLE 1. Activities of ALA synthase and PBG synthase and production of ALA and PBG by P. freudenreichii harboring
various expression vectors®

ALA synthase

PBG synthase

H Production L. Production
Plasmid Genotype activity of ALA activity (pmol/ of PBG
(Mmol/mlg/rzg (LMY min/mg (z),f (WM
of protein) protein)
pPK705 0.26 35 0.15 2
pKHEMO01 hemA™ 0.71 62 0.20 12
pKHEMO02 hemA™" hemB* 0.88 99 0.45 34
pKHEMO03 hemB™ 0.28 27 0.63 5
pKHEMO04 hemA™* 1.04 160 0.18 55
pKHEMO5 hemA™ hemB* 1.19 159 0.56 72
pKHEMO06 hemB™* 0.26 35 0.74 4

“ Enzymatic activities and products were quantitated in triplicate under the conditions described in the text, and deviators were within 15%.

b Cells were grown in GYT medium for 48 h.
¢ Cells were grown in GYT medium for 72 h.

types of ion-exchange column (ALA/PBG by column test kit;
Bio-Rad Laboratories) (18). Amounts of ALA and PBG were
quantified on the basis of their reactivity with Ehrlich’s reagent
according to the instructions from Bio-Rad Laboratories.

In strains that harbored a plasmid with a cloned hemA gene,
ALA was produced at a two- to fivefold-higher level than in
strains that harbored a plasmid without a cloned hemA gene as
a consequence of the overexpression of hiemA (Table 1). Al-
though the level of PBG in strains that harbored pKHEMO1,
pKHEMO2, pPKHEMO04, or pPKHEMOS was 6- to 36-fold higher
than that in the strain that harbored pPK705, cells harboring
pKHEMO3 or pKHEMO6 produced almost the same amount
of PBG as cells that harbored pPK705. The amounts of ALA
and PBG were significantly larger in recombinant strains that
expressed the hemA gene from R. sphaeroides than those in the
cells without a cloned hemA gene. Moreover, while cells car-
rying a cloned homologous hemB gene had significantly in-
creased HemB activity, levels of PBG were not elevated. These
results suggest that the synthesis of ALA might be the rate-
limiting step in the biosynthesis of PBG or, at least, an impor-
tant step in the ALA metabolic pathway. Thus, a low level of
PBG in strains harbored a plasmid with a cloned hemB gene is
probably due to a low level of ALA because ALA is a substrate
of HemB enzyme.

Identification of porphyrins in strains of P. freudenreichii.
When a culture of recombinant IFO12426 cells that harbored
a cloned hemA gene was incubated at 30°C for 24 h, the culture
and cells became pinkish in color, as did cultures of E. coli cells
with a cloned hemA gene (21). Therefore, we examined the
production of porphyrins in P. freudenreichii IFO12426.

Porphyrinogens are colorless, but the oxidization of porphy-
rinogens yields porphyrins, which are photosensitizing moi-
eties. Porphyrin compounds are strong absorbers of light from
400 to 405 nm and from 600 to 650 nm (22).

Analyses of porphyrinogens commonly involve the esterifi-
cation of porphyrins, multisolvent partitioning, and solid-phase
extraction (17). Since such procedures for preparing samples
that are oxidation derivatives of corresponding porphyrinogens
are time-consuming, we analyzed porphyrinogens indirectly as
oxidized porphyrins, such as uroporphyrin (UP), CP, and pro-
toporphyrin (PP), which are fluorescent compounds with distinct
spectral properties. Porphyrins in the culture and cells of P.
freudenreichii IFO12426 that harbored pPK705 or pKHEMO04

with a cloned hemA gene were extracted as described by Cox and
Charles (4). In order to examine the fluorescence characteristics
of porphyrins, the fluorescence spectra in the 550- to 750-nm
range were recorded with an excitation wavelength of 405-nm
spectra in a fluorescence spectrophotometer (model F-2000; Hi-
tachi, Tokyo, Japan). We found that more than 98% of the por-
phyrins produced by P. freudenreichii IFO12426 were present in
the culture supernatant. Therefore, we extracted porphyrins from
culture supernatants for further examination. Both samples
yielded a shoulder and specific peaks at 638 and 653 nm, respec-
tively, which corresponded to UP and CP (data not shown). There
were no specific peaks at 648 nm and 660 nm corresponding to
PP.

The detailed identification and quantitation of the produc-
tion of porphyrins were performed with a high-performance
liquid chromatography system (LC Module I; Nihon Waters
K.K., Tokyo, Japan), equipped with an Intelligent spectroflu-
orometer (821-FP; JASCO Co., Tokyo, Japan), with a porphy-
rin chromatographic marker kit, which was purchased from
Frontier Scientific, Inc. (Logan, Utah), as a source of stan-
dards. Samples were fractionated on a reverse-phase C,g col-
umn (4.6-mm inside diameter by 250 mm; 5-pum particle size;
TSK-gel ODS-80TM; Tosoh Co., Tokyo, Japan) with a linear
gradient from 100% solvent A (10% acetonitrile in 1 M am-
monium acetate, pH 5.16) to 100% solvent B (10% acetonitrile
in methanol) over the course of 40 min, at a flow rate of 1.0 ml
per min. The detection was performed with an excitation wave-
length of 405 nm and an emission wavelength of 638 nm.
Results were analyzed with a Chromatocorder 21 (System In-
struments, Inc., Tokyo, Japan). We found two prominent peaks
(Fig. 2B) and three prominent peaks plus some small peaks
(Fig. 2C) in the analysis of samples from supernatants of cul-
tures of IFO12426 cells that harbored pPK705 and pKHEMO04,
respectively. These peaks were identified as UP III (peak 2)
and CP III (peak 4) in the sample from cells transformed with
pPK705 and as UP I (peak 1), UP III (peak 2) and CP III (peak
4) in the sample from cells transformed with pKHEMO04 by
HPLC analysis, spectrophotometric analysis, and mass spec-
trometry (data not shown). Minor peaks that corresponded to
derivatives (peak 3) of porphyrin, namely 7-carboxy-, 6-car-
boxy-, and 5-carboxyporphyrin (25) and PP (Fig. 2, peak 5),
were also detected.

Biosynthesis of porphyrins with and without exogenous ALA
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FIG. 2. Profiles after HPLC of porphyrins from (A) a standard
mixture of porphyrins, (B) a sample extracted from a culture of P.
freudenreichii TFO12426 that harbored pPK705, and (C) a sample
extracted from a culture of P. freudenreichii IFO12426 that harbored
pKHEMO4. Peaks: 1, UP I; 2, UP III; 3, various porphyrin derivatives;
4, CP III; 5, PP. Conditions for HPLC are described in the text.

in P. freudenreichii. We examined the profile of porphyrins in
an extract of P. freudenreichii IFO12426 cells that harbored
pPK705 at 12-h intervals after inoculation into fresh GYT
medium until 120 h. The cells were incubated with a final
concentration of glucose of 1%, and cultures were adjusted to
pH 7.0 with 30% NaOH daily during time course studies.
During the early phase of growth (up to 24 h after inoculation),
we found UP IIT and CP III but not PP. Levels of UP III and
CP III increased gradually, reaching maxima of 0.14 and 0.11
mg/liter, respectively, after 96 h and then decreasing slightly
(data not shown). UP III was the dominant porphyrin in oxi-
dized samples during the entire incubation. Traces of UP I, PP,
and other porphyrin derivatives were also detected in oxidized
samples (data not shown).

Since ALA is a key substrate in the production of porphy-
rins, we examined the effects of exogenous ALA on the pro-
duction of porphyrins. We added ALA at 0.2 mM to GYT
medium 12 h after the start of incubation and examined the
porphyrin profile of a culture of P. freudenreichii IFO12426 at
24-h intervals (data not shown). Levels of UP III and CP III
increased with time. After 120 h, UP III and CP III had
accumulated to approximately 0.24 and 0.32 mg/liter, respec-
tively. Addition of ALA stimulated the production of total
porphyrin in P. freudenreichii IFO12426, causing a 2.2-fold
increase during the course of incubation. In addition, minor
peaks of UP I, PP, and other porphyrin derivatives were de-
tected in oxidized samples by HPLC (data not shown).

Kinetics of the production of porphyrin by recombinant
propionibacteria. We monitored the growth of P. freudenreichii
IFO12426 that harbored an expression vector that included the
cloned hemA and/or hemB gene and examined the production
of UPs and CP III in the culture supernatant of GYT medium
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FIG. 3. Time course of the production of porphyrins by P. freuden-
reichii IFO 12426 that harbored various expression vectors. (A) Pro-
duction of UP I; (B) production of UP III; (C) production of CP. Open
circles, pPK705; open triangles, pPKHEMO04; open squares, pPKHEMO5;
open diamonds, pKHEMO06. Each point is the mean of three experi-
ments * standard deviation.

at 30°C for 120 h. All cultures reached an optical density (600
nm; path length, 1 cm) of 9.5 to 10.5. The growth curves were
very similar irrespective of the nature of each expression vector
(data not shown).

The levels of UPs and CP III in P. freudenreichii IFO12426
that harbored various expression vectors with the biosynthetic
gene under the control of the P4 promoter are shown in Fig. 3.
In the hemA recombinant strains, increases in the production
of UPs and CP III occurred with time. In particular, strain
IFO12426, which harbored pKHEMOS5 that included cloned
hemA and hemB genes, produced a maximum level of total
porphyrins of 8.3 mg/liter (UP I, 3.6 mg/liter; UP III, 3.0
mg/liter; and CP IIL, 1.7 mg/liter), as determined at 120 h.
Expression of the hiemA gene stimulated the synthesis of por-
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phyrin in recombinant strains harboring pKHEMO04 and
pKHEMOS5 when biosynthetic genes were under the control of
the P4 promoter, with 28- to 33-fold increases, respectively, in
levels during the 120-h fermentation. However, levels of por-
phyrins were low when P. freudenreichii IFO12426 harbored
only a plasmid that encoded a cloned hemB gene, despite the
overexpression of HemB (Table 1). These results suggest that
since ALA is a limiting factor in the production of porphyrins,
porphyrins are produced depending on the amount of ALA
even if there is overproduction of HemB.

During culture of the recombinant propionibacteria, we con-
firmed by HPLC that UP and CP were the most abundant
porphyrins in the culture broth. In addition, we detected minor
or trace amounts of PP. The analysis of oxidized samples re-
vealed high levels of porphyrinogens, which were mainly cop-
rogen and urogens, with minor levels of 7-carboxy-, 6-carboxy-,
and S-carboxyporphyrin. These results indicate that the syn-
thesized ALA was converted mainly into uroporphyrinogens I
and III and coproporphyrinogen III.

Urogen III is the precursor to all metabolic tetrapyrroles.
The biosynthesis of urogen III from PBG requires the activities
of two enzymes, PBG deaminase and urogen III synthase,
which are known also as cosynthetase. Four molecules of PBG
are condensed by PBG deaminase to yield 1-hydroxymethylbi-
lane (HMBL; also called pre-uroporphyrinogen) (11). HMBL
is unstable and is converted to urogen I in the absence of the
urogen III synthase at neutral pH. In the presence of cosyn-
thetase, HMBL is rapidly converted into urogen III (9). This
reaction involves inversion of the D ring of HMBL and cycliza-
tion, with the release of one water molecule. In E. coli, cosyn-
thetase is encoded by the hemD gene (10). The level of UP I
was greatly elevated in the recombinant strains of P. freuden-
reichii that carried a hemA gene. This result suggests that ALA
is rapidly converted to HMBL even in the absence of overpro-
duction of PBG deaminase. High levels of HMBL in the re-
combinant strain, in the presence of insufficient HemD, may be
converted at a slightly higher rate to UP I because of the
neutral pH of the fermentation culture in this study (Fig. 1 and
3). The propionibacteria that harbored a plasmid with a hemA
gene also accumulated elevated levels of UP and CP. This
result indicates that porphyrinogens were synthesized at high
levels. However, high levels of urogen and coprogen did not
lead to high levels of protogen, suggesting that the synthesis of
ALA might be the rate-limiting step in the biosynthesis of UP
and CP, but not for the entire heme-biosynthetic pathway.
Kjeldstd et al. reported that CP was synthesized as the pre-
dominant porphyrin in Propionibacterium acnes, but the
amounts of CP and PP differed with the pH of the growth
medium and fermentation time (15). The conversion of cop-
rogen to protogen is the rate-limiting step in the bacterial
biosynthesis of heme (7, 24). Taken together, there appears to
be some other rate-limiting step in this pathway.

Exogenous ALA affected the production of porphyrins in P.
freudenreichii. ALA that was synthesized de novo in the recom-
binant P. freudenreichii that harbored pPKHEMO04 had a more
considerable stimulatory effect on the production of porphy-
rins (in total, 7.1 mg/liter) than exogenous ALA (in total, 0.56
mg/liter), even when exogenous ALA was added at a very high
concentration (data not shown). One plausible explanation is
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that exogenous ALA in the medium might not diffuse effi-
ciently into the cells.

In conclusion, we have described an attempt to stimulate the
production of porphyrins by genetic engineering. The con-
struct with homogenic hemB downstream of heterogenic hemA
allowed the overexpression of both genes as a novel operon. As
compared to levels in wild-type cells, larger amounts of ALA
were synthesized via the C4 pathway and larger amounts of
porphyrins were generated to a maximum level of 8.3 mg/liter
of culture. Our investigations provide new opportunities for
controlled multigene expression in Propionibacterium, which
should be useful in attempts to produce elevated levels of
vitamin B, in Propionibacterium.

Y. Piao gratefully acknowledges the support of a Yoneyama Schol-
arship.
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