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In this paper, we report the identification, cloning, and complete nucleotide sequence of four genes from
Actinobacillus pleuropneumoniae that are involved in riboflavin biosynthesis. The cloned genes can specify
production of large amounts of riboflavin in Escherichia coli, can complement several defined genetic mutations
in riboflavin biosynthesis in E. coli, and are homologous to riboflavin biosynthetic genes from E. coli, Hae-
mophilus influenzae, and Bacillus subtilis. The genes have been designated A. pleuropneumoniae ribGBAH because
of their similarity in both sequence and arrangement to the B. subtilis ribGBAH operon.

Actinobacillus pleuropneumoniae is the causative agent of
porcine pleuropneumonia (9, 23, 39). The disease is character-
istically an acute necrotizing hemorrhagic bronchopneumonia
with accompanying fibrinous pleuritis (9, 39). Pleuropneumo-
nia is an economically devastating, severe, and often fatal dis-
ease with clinical courses ranging from peracute to chronic
infection (9, 15). The existence of at least 12 antigenically
distinct capsular serotypes (31) has made development of a
cross-protective vaccine difficult. Killed whole-cell vaccines
provide, at best, serotype-specific protection (25, 26, 35, 43). In
contrast, natural or experimental infection with virulent A.
pleuropneumoniae frequently elicits protection against reinfec-
tion with any serotype (24, 25, 27). Avirulent strains of A.
pleuropneumoniae have been tested as live vaccines and have
elicited cross-protective immunity to subsequent challenge (16,
28, 44). However, the use of live vaccines in the field is prob-
lematic, particularly when the attenuating lesions in the vac-
cine strain have not been defined genetically. Development of
attenuated strains with defined biochemical mutations that
limit growth in vivo and prevent reversion to wild type is a
promising approach to improved vaccines against A. pleuro-
pneumoniae infection.

Riboflavin (vitamin B,), a precursor of the coenzymes flavin
adenine dinucleotide and flavin mononucleotide, is essential
for basic metabolism. It is synthesized by plants and by most
microorganisms but not by higher animals (1). Many patho-
genic bacteria are apparently unable to utilize flavins from
their environment and are entirely dependent on endogenous
production of riboflavin (38). Therefore, riboflavin biosynthe-
sis may be essential for survival of pathogens in vivo, and
mutations in the riboflavin biosynthetic pathway may be atten-
uating.

The proposed metabolic pathway for bacterial riboflavin
synthesis shown in Fig. 1 begins with GTP as the precursor (for
a review, see reference 1). The most extensively studied system
for bacterial riboflavin synthesis is Bacillus subtilis (for a re-
view, see reference 29). The B. subtilis riboflavin synthesis
genes are located and coregulated in an operon structure (19)
that consists of five open reading frames designated ribG, ribB,
ribA, ribH, and ribT (20, 29). The ribGBAHT genes encode,
respectively, a rib-specific deaminase, the a-subunit of ribofla-
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vin synthase, a bifunctional enzyme containing GTP cyclohy-
drase and 3,4-dihydroxy 2-butanone 4-phosphate (3,4-DHBP)
synthase activities, the B-subunit of riboflavin synthase (lum-
azine synthase), and a rib-specific reductase (29). The complete
sequence of the B. subtilis riboflavin operon has been deter-
mined in two individual laboratories (20, 30). The B. subtilis
structural ibGBAHT genes code for predicted proteins of 361
(molecular weight [MW], 39,700), 215 (MW, 23,600), 398
(MW, 43,800), 154 (MW, 16,900), and 124 (MW, 13,600)
amino acids in length (20, 29). Two functional promoters have
been identified in the B. subtilis rib operon. The main pro-
moter, P1, for which a transcriptional start site has been de-
termined 294 bp upstream of ©bG (19, 30), is responsible for
transcription of all five structural genes (19). Another pro-
moter, P2, produces a secondary transcript encoding the last
three genes of the operon, ribAHT (19). A possible third pro-
moter that would express ribH has been postulated (7). In
addition, the operon has been shown to be transcriptionally
coregulated (30) by a frans-acting repressor, RibC (3, 6), which
acts at a regulatory site, ribO (3, 21), upstream of ribG, appar-
ently by a transcription termination-antitermination mecha-
nism (29). The RibC repressor appears to respond to flavin
mononucleotide and flavin adenine dinucleotide as well as to
riboflavin and several of its biosynthetic intermediates and
regulates expression from both 7ib P1 and rib P2 (4, 21, 29).

Escherichia coli is the second most chemically characterized
system for riboflavin synthesis. In contrast to B. subtilis, the rib
genes of E. coli are scattered around the chromosome and are
expressed constitutively (2, 46). Rather than having a bifunc-
tional ribA, E. coli has two separate genes, ribB and ribA, that
encode the functions of 3,4-DHBP synthase (34) and GTP
cyclohydrase II (33), respectively. 7ibB is homologous to the 5’
end of B. subtilis ribA, while ribA is homologous to the 3’ end
(33, 34). E. coli genes with sequence homology to the B. subtilis
ribG (42), ribH (42), and ribB genes have also been identified.

In this study, we have identified a fragment of A. pleuropneu-
moniae serotype 5 chromosomal DNA that triggers overpro-
duction of riboflavin when cloned in E. coli. Nucleotide se-
quence analysis demonstrated four open reading frames with
significant identity and a similar operon arrangement to that of
the ibGBAH genes from B. subtilis.

Identification of a riboflavin-producing clone. A genomic
library of A. pleuropneumoniae ISU178, a serotype 5 strain, was
constructed in pUC19 and transformed into E. coli DH5a. A
single clone, designated pTF10 (Fig. 2) and containing a 5.0-
kbp insert, that produced a bright-yellow extracellular, water-
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FIG. 1. Proposed bacterial riboflavin biosynthesis pathway. Proposed gene
functions are as indicated, although the functions of ribG and ribT have not been
determined conclusively. Structures designated with roman numerals correspond
to the following: I, GTP; II, 2,5-diamino-6-(ribosylamino)-4(3H)-pyrimidinone
5’-phosphate; III, 5-amino-6-(ribosylamino)-2,4(1H,3H)-pyrimidinedione 5'-
phosphate; IV, 5-amino-6-(ribitylamino)-2,4(1H,3H)-pyrimidinedione 5’-phos-
phate; V, 5-amino-6-(ribitylamino)-2,4(1H,3H)-pyrimidinedione; VI, ribulose 5'-
phosphate; VII, 3,4-dihydroxy-2-butanone 4-phosphate; VIII, 6,7-dimethyl-8-
ribityllumazine; IX, riboflavin. Structures are adapted from the work of Bacher

().

soluble compound that fluoresced under UV light was identi-
fied. The compound was crudely purified by filtration through
a 3,000-Da-cutoff membrane filter (Amicon Corp., Bedford,
Mass.). Absorbance spectra of this compound in aqueous so-
lution under neutral conditions showed peaks at 373 and 443
nm, which coalesced to a single peak at 388 nm under acidic
conditions (5); these results compared well with those of a
riboflavin standard. Positive- and negative-ion, fast-atom-bom-
bardment mass spectroscopy (performed at the Michigan State
University Mass Spectroscopy Facility) indicated that the com-
pound was a flavin (data not shown). Culture of E. coli DH5«/
pTF10 in M9 medium plus NZ amine plus 0.6% glucose
yielded 10 mg of riboflavin per liter in 24 h; the 4,45 of the
cell-free culture supernatant was multiplied by a factor of 31.3
to yield the riboflavin concentration in milligrams per liter

(11).
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Sequence of A. pleuropneumoniae rib genes. The nucleotide
sequence of the insert in pTF10 was determined by the dideoxy
chain termination method (37) with the Sequenase 2.0 kit
(U.S. Biochemical, Cleveland, Ohio) and 3°S-dATP (Amer-
sham Corp., Arlington Heights, I1l.), and DNA sequences were
analyzed with the Genetics Computer Group (12) and Gene-
Pro (Riverside Scientific Enterprises, Seattle, Wash.) sequence
analysis programs. The nucleotide sequence and correspond-
ing predicted amino acid sequences of a 4,312-bp region of the
insert in pTF10 are shown in Fig. 3. Four open reading frames
of 1,232, 647, 1,205, and 461 bp that encoded proteins with
predicted molecular masses of 45,438, 23,403, 44,739, and
16,042 Da, respectively, were observed. On the basis of homol-
ogy with the riboflavin biosynthetic genes of B. subtilis (see
below), these open reading frames were designated ribG, ribB,
ribA, and ribH, respectively. All four open reading frames were
preceded by potential ribosome binding sites, although the
ribosome binding site upstream of 7ibG is not as strong as the
other three. Production of riboflavin by this clone is not de-
pendent on its orientation in pUC19 or on induction by iso-
propyl-B-D-thiogalactopyranoside (IPTG), indicating that it is
produced under the control of a native promoter included in
the cloned DNA fragment. A putative promoter sequence of
the —35/—10 type (13) was identified within the sequenced
region 224 bp upstream from the ribG start codon. This pro-
moter, among the first described for housekeeping genes in A.
pleuropneumoniae, is a good match for an E. coli consensus
—35/—10 promoter. There is a 4- of 6-bp match at the —35
region, a 17-bp interval, a 4- of 6-bp match at the —10 region,
an 8-bp interval, and a CAT box at the —1/+1 site. A second
potential consensus promoter was identified between the genes
ribA and ribH, although it is not clear whether this promoter is
functional. No consensus promoter was identified between ribB
and ribA, as is found in B. subtilis. The open reading frame
encoding ribH is followed by an inverted repeat stem-loop
structure with a AG of —56.0 that may function as a rho-
dependent transcriptional terminator (14).

Complementation of E. coli mutants. The original pTF10
clone and several deletion derivatives were tested for their
abilities to complement ribA (GTP cyclohydrase II), ribB (3,4-
DHBP synthase), and ribC (a-subunit of riboflavin synthase)
mutations in E. coli (Fig. 2). E. coli ribA:Tn5 (BSV18), ribB:
Tn5 (BSVI11), and ribC:Tn5 (BSV13) mutants used for
complementation studies were described by Bandrin et al. (2)
and kindly provided by Barbara Bachmann (E. coli Genetic
Stock Center, Yale University). E. coli strains were cultured in
Luria-Bertani medium or in M9 (36) supplemented with 15 g
of NZ amine (Sigma Chemical Co., St. Louis, Mo.) per liter
and with riboflavin at 200 pg/ml when necessary. Complemen-
tation of the E. coli mutation was determined by restoration of
the ability to grow on M9 minimal medium in the absence of
riboflavin. Plasmids containing a complete copy of the A.
pleuropneumoniae ribB gene complemented the E. coli ribC
mutation. Plasmids containing the 5’ end of A. pleuropneumo-
niae ribA complemented the E. coli ribB mutation. Plasmids
containing a complete copy of A. pleuropneumoniae ribA com-
plemented both E. coli ribB and ribA mutations.

Minicell analysis. Plasmid pTF10 and its deletion deriva-
tives were transformed into the minicell-producing E. coli
strain DS410 (azi-8 tonA2 minAl minB2 rpsL135 xyl-7 mtl-2
thi-1 \7) (32), and minicells were isolated by differential cen-
trifugation followed by glass fiber filtration as described by
Christen et al. (8). The proteins encoded by these plasmids
were labeled with Trans-label (*°S-methionine plus >S-cys-
teine; ICN Biomedicals, Irvine, Calif.), separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis on a 12%
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FIG. 2. Complementation of E. coli mutants by cloned A. pleuropneumoniae rib genes. A physical map for the A. pleuropneumoniae ribGBAH genes is shown as well
as several deletions that were made from the 3’ end of the 4. pleuropneumoniae rib clone. The E. coli gene designations are indicated above their A. pleuropneumoniae
homologs. A plus indicates complementation of the indicated E. coli mutation by the recombinant plasmid. nd, not done. Enzyme abbreviations: A, Aval; C, Clal; E,

EcoRI; H, HindIIl; K, Kpnl; N, Ndel.

polyacrylamide gel, and visualized by autoradiography. Com-
pared with the pUC19 vector, plasmid pTF10 shows four
unique proteins with apparent molecular masses of 45, 27.7,
43.7, and 14.8 kDa (Fig. 4), which correspond well with the
sizes predicted for the RibG, RibB, RibA, and RibH proteins
by amino acid sequence data. The RibG protein did not appear
to be as strongly expressed as RibB, RibA, and RibH. Analysis
of proteins encoded by plasmid pTF19 (Fig. 2), which contains
no ribH and a slightly truncated ribA gene, eliminates the
14.8-kDa protein (RibH) and truncates the 43.7-kDa protein
(RibA) to 42.5 kDa (Fig. 4). Plasmid pTF12 (Fig. 2), which
does not contain ribB, ribA, or ribH, does not express the 27.7-,
43.7-, or 14.8-kDa proteins (data not shown).

Homology of 4. pleuropneumoniae rib genes. Predicted amino
acid sequences of the A. pleuropneumoniae RibGBAH proteins
were compared with B. subtilis RibGBAH (20), E. coli RibA,
RibB, RibC, RibG, and RibH (33, 34, 42), Haemophilus influ-
enzae RibA, RibB, RibC, RibG, and RibE (10), Photobacte-
rium leiognathi Rib 1 to III (17), Photobacterium phosphoreum
Rib I'to IV (18), and Vibrio harveyi LuxH (41) proteins with the
Genetics Computer Group Gap program (Table 1). A. pleuro-
pneumoniae RibG, RibB, and RibH showed distinct similarity
to related enzymes from other species. A. pleuropneumoniae
RibA showed 73% similarity to the entire RibA protein of B.
subtilis and 61% similarity to the RiblI protein of P. leiognathi,
both of which encode a bifunctional enzyme catalyzing two
distinct steps in the riboflavin pathway. In addition, the N-
terminal half of A. pleuropneumoniae RibA, encompassing
~200 amino acids, has 59 to 65% similarity to E. coli RibB, H.
influenzae RibB, and V. harveyi LuxH, which encode 3,4-DHBP
synthase. The carboxy region of A. pleuropneumoniae RibA,
encompassing the remaining ~200 amino acids, has 63 to 73%
similarity to E. coli RibA, H. influenzae RibA, and P. phos-
phoreum RiblV, which encode GTP cyclohydrase II.

Biosynthesis of riboflavin by A. pleuropneumoniae appears to
be more similar to that in the gram-positive bacterium B.
subtilis than to that in the gram-negative bacterium E. coli.

First, A. pleuropneumoniae rib genes are arranged in an operon
similar to that seen in B. subtilis rather than scattered through-
out the chromosome as is found in E. coli. However, the B.
subtilis rib operon contains a fifth gene, ribT, that is proposed
to mediate the third step in riboflavin biosynthesis; it is unlikely
that a #nbT homolog is present as part of the operon in A.
pleuropneumoniae because of the presence of a strong inverted
repeat following 7ibH and the lack of a likely reading frame
downstream. Second, A. pleuropneumoniae contains a ribA
gene that encodes a bifunctional enzyme with both GTP cy-

TABLE 1. Percent similarity of amino acid sequences of riboflavin
synthesis proteins®

% Similarity with A. pleuropneumoniae

. RibG RibB RibA RibH
Bacterium
Compared % Compared % Compared ,, Compared %
with: with: with: with:

B. subtilis RibG 63 RibB 69 RibA 73 RibH 83

E. coli® RibG 62 RibC 58 RibB 63 RibH 74
RibA 73

H. influenzae“ RibG 58 RibC 60 RibB 65 RibE 75
RibA 71

P. leiognathi NA Ribl 64 Ribll 61 RibIIl 69

P. phosphoreum® NA Ribl 63 Ribll 59 Riblll 73
RibIV 63

V. harveyi NA NA LuxH 59 NA

“ Identity is expressed in percent similarity as calculated by the Genetics
Computer Group Needleman-Wunsch algorithm (22). Proteins with partial iden-
tity were compared with the entire appropriate A. pleuropneumoniae Rib protein.

b E. coli RibB is homologous to the 5’ end of A. pleuropneumoniae RibA. E.
coli RibA is homologous to the 3’ end of A. pleuropneumoniae RibA.

¢ H. influenzae RibB is homologous to the 5’ end of A. pleuropneumoniae
RibA. H. influenzae RibA is homologous to the 3’ end of A. pleuropneumoniae
RibA.

@ P. phosphoreum RibIV is homologous to the 3’ end of A. pleuropneumoniae
RibA.
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GCAAAAGCTCGGTGAAATGC
V66 K @ AK
AGTCGGTGGTAAACAAGCGA
vvis©eL*
TGTAGTCATCTCCCCTCTTT

AGGGATCAATAATGAGGAAA
Q@ bV HL GTD
CAAGACGTTCATTTAGGCGA
G E L K S NS
GGCGAATTAAAGTCGAATAG
P AHNSTW
CCGGCACATAATTCGACATG
E S F RV S I
GAAAGTTTCCGTGTATCGAT
L L KX PATD
TTACTGAAAAAGCCGGCGGA
M T D
TAGGAAAAGAAGATGACAGA
1 ¢ AAEF A
ATCTGTGCGGCGGAATTTGC
VAV N QDN
GTTGCGGTCAATCAAGATAA
N AKATDOF
AATGCTAAAGCAACGGATTT
G L KHAGIL
GGTTTAAAACACGCCGGTTT
L @ EY RRK
TTACAAGAATATCGCCGTAA
HV ALV KSGE
CACGTTGCGTTAGTCAAAGG
A A AMTA QI
GCCGCAGCAATGACCCAAAT
M DTV E AN
ATGGATACCGTTGAAGCGAA
P AKTIEGHL
CCGGCAAAAATTGAAGGCTT
H M F NF *
CATATGTTTAACTTCTAACT
M A K I
ACAAAAAAATGGCAAAGATT
VR HGAY

TTTATCAACGATAAATTATT AAGCGGTGCAATTGATACGT TAGTGCGTCACGGTGCGTAT

K M A NS G K

YD AV I CL

G TV

AAAATGGCAAACAGCGGTAA ATATGATGCGGTAATCTGTT TAGGTACGGTAATTCGCGGT

L ET GV PV

1 F 6V LT

E NI E Q

TTAGAAACCGGCGTACCGGT AATTTTCGGTGTATTAACCA CAGAAAATATTGAACAGGCG
*

E1 VNV L K

Al

e
GAAATAGTAAACGTATTAAA AGCGATCTAATTTTCGTTTG ACGTGCTAAAAACAAGCGGY

AGTAAAGACCTTCTTTCTCG TACCAGATTTTGTTGATATA TAGCAAGCTTGG 4312

FIG. 3. Complete nucleotide sequence of A. pleuropneumoniae ribGBAH genes and flanking regions. The amino acid translations are shown for 7ibG, ribB, ribA,
and ribH and correspond to bp 330 to 1560, 1685 to 2330, 2393 to 3596, and 3709 to 4168. Putative ribosome binding sites are underlined. Potential promoters for the
operon and for ribH are double underlined. An inverted repeat that may function as a transcription terminator is indicated with arrows.

clohydrase II and 3,4-DHPB synthase activities, as is found in
B. subtilis; E. coli has two genes, ribA and ribB, that separately
encode these two enzymes. Finally, the A. pleuropneumoniae
riboflavin biosynthetic enzymes are more similar at the amino
acid level to the enzymes of B. subtilis than to those of E. coli,
although alignment of the proteins from all three sources
shows highly conserved sequences (data not shown). In con-
trast, riboflavin biosynthesis in H. influenzae, which like A.
pleuropneumoniae is a member of the family Pasteurellaceae,
appears to be more similar to that in E. coli.

It should be noted that in three bioluminescent species from
the family Vibrionaceae, V. harveyi, P. leiognathi, and P. phos-
phoreum, riboflavin biosynthesis genes have been shown to be
closely linked to the fux operon (17, 18, 41). Reduced riboflavin
phosphate (FMNH,) is the substrate for the light-emitting
reaction, and therefore, an increase in bioluminescence re-
quires an increased supply of the cofactor. Since riboflavin is
the precursor for flavin mononucleotide, linkage and possibly
coordinate regulation of lux and rib genes may facilitate the
expression of bioluminescence in these bacteria.
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FIG. 4. Minicell analysis of pTF10 and deletions. Minicells contained pUC19
(lane 1), pTF10 (lane 2), or pTF19 (lane 3). Molecular weight standards (in
thousands) are indicated on the left. Proteins encoded by the A. pleuropneumo-
niae genes are indicated by the arrows on the right. Apparent molecular masses
for the A. pleuropneumoniae Rib enzymes are as follows: RibG, 45 kDa; RibA,
43.7 kDa; RibB, 27.7 kDa; and RibH, 14.8 kDa.

The recombinant E. coli DHS5« containing plasmid pTF10
showed a marked increase in extracellular riboflavin produc-
tion, most likely due to the lack of regulation (40) and high
copy number of the cloned synthetic genes (45). Although the
A. pleuropneumoniae rib operon is similar in structure to that of
B. subtilis, it is not yet known whether the genes are tightly
regulated in A. pleuropneumoniae by a repressor similar to B.
subtilis RibC or whether they are constitutively expressed as
appears to be true in E. coli (46). We hypothesize that A.
pleuropneumoniae must synthesize riboflavin to meet its own
metabolic demands during infection, since riboflavin is not
synthesized by mammals and therefore is not likely to be freely
available to A. pleuropneumoniae within its porcine host. Fur-
ther analysis of the A. pleuropneumoniae rib operon should
reveal interesting information on regulation and promoter and
operon structure in A. pleuropneumoniae as well as information
on the role of riboflavin biosynthesis in the pathogenesis of
infections caused by this organism.

Nucleotide sequence accession number. The nucleotide se-
quence of the A. pleuropneumoniae ribGBAH genes has been
submitted to GenBank and assigned the accession number of
U27202.
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