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The propanediol utilization (pdu) operon of Salmonella enterica serovar Typhimurium LT2 contains genes
needed for the coenzyme B,,-dependent catabolism of 1,2-propanediol. Here the completed DNA sequence of
the pdu operon is presented. Analyses of previously unpublished pdu DNA sequence substantiated previous
studies indicating that the pdu operon was acquired by horizontal gene transfer and allowed the identification
of 16 hypothetical genes. This brings the total number of genes in the pdu operon to 21 and the total number
of genes at the pdu locus to 23. Of these, six encode proteins of unknown function and are not closely related
to sequences of known function found in GenBank. Two encode proteins involved in transport and regulation.
Six probably encode enzymes needed for the pathway of 1,2-propanediol degradation. Two encode proteins
related to those used for the reactivation of adenosylcobalamin (AdoCbl)-dependent diol dehydratase. Five
encode proteins related to those involved in the formation of polyhedral organelles known as carboxysomes,
and two encode proteins that appear distantly related to those involved in carboxysome formation. In addition,
it is shown that S. enferica forms polyhedral bodies that are involved in the degradation of 1,2-propanediol.
Polyhedra are formed during either aerobic or anaerobic growth on propanediol, but not during growth on
other carbon sources. Genetic tests demonstrate that genes of the pdu operon are required for polyhedral body
formation, and immunoelectron microscopy shows that AdoCbl-dependent diol dehydratase is associated with
these polyhedra. This is the first evidence for a B,,-dependent enzyme associated with a polyhedral body. It is
proposed that the polyhedra consist of AdoCbl-dependent diol dehydratase (and perhaps other proteins)
encased within a protein shell that is related to the shell of carboxysomes. The specific function of these

unusual polyhedral bodies was not determined, but some possibilities are discussed.

Salmonella enterica serovar Typhimurium LT2 degrades 1,2-
propanediol by a pathway that requires coenzyme B,,, adeno-
sylcobalamin (AdoCbl) (29). Several lines of evidence indicate
the importance of this process to the Salmonella lifestyle. 1,2-
Propanediol is produced by the fermentation of the common
plant sugars rhamnose and fucose (31, 34). Fucose is also
found in the glycoconjugates of intestinal cells, where it is
involved in host-parasite interactions (12). In vivo expression
technology has indicated that 1,2-propanediol utilization (pdu)
genes may be important for growth in host tissues, and com-
petitive index studies with mice have shown that pdu mutations
confer a virulence defect (14, 25). The pdu genes are contigu-
ous and coregulated with the cobalamin (cob) (B,,) biosyn-
thetic genes, indicating that propanediol catabolism is the pri-
mary reason for de novo B, synthesis in S. enterica (2, 8, 37,
41). If one includes the cob genes, S. enterica maintains 40 to 50
genes primarily for the transformation of propanediol. More-
over, nearly all natural isolates of Salmonella tested synthe-
sized B,, de novo and degraded propanediol (30). Some of
these aspects of Salmonella biology have been reviewed re-
cently (40).

The pathway of 1,2-propanediol degradation has been inves-
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tigated (34, 54). It initiates with the conversion of 1,2-pro-
panediol to propionaldehyde by an AdoCbl-dependent diol
dehydratase (1). Subsequently, propionaldehyde is catabolized
to propionic acid and propanol, presumably by coenzyme A
(CoA)-dependent aldehyde dehydrogenase, phosphotransacy-
lase, propionate kinase, and alcohol dehydrogenase. This path-
way provides a source of ATP, an electron sink, and carbon
compounds that can be diverted to central metabolism via
known pathways (27, 56). In addition, S. enterica can carry out
the anaerobic respiration of 1,2-propanediol with tetrathionate
as terminal electron acceptor (9). However, 1,2-propanediol
respiration is not supported by the more common anaerobic
electron acceptors, nitrate, fumarate, trimethylamine-N-oxide
(TMAO), or dimethyl sulfoxide (DMSO) (9).

The genes required for 1,2-propanediol degradation cluster
at the pdu locus on centisome 44 of the S. enterica chromosome
(29). This locus includes the pocR and pduF genes, as well as
the genes of the adjacent and divergently transcribed pdu
operon (10, 13). The pocR and pduF genes encode a positive
transcriptional regulatory protein and a 1,2-propanediol diffu-
sion facilitator, respectively (10, 13, 37). The pdu operon is
estimated to include about 20 genes (9). Those identified thus
far are pduABCDEGH] (10, 13, 58). The pduA and pduB genes
encode a close and a distant relative of carboxysome shell
proteins (13). The pduCDE genes encode an AdoCbl-depen-
dent diol dehydratase, and the pduG gene encodes a putative
cobalamin adenosyltransferase (10, 58). The pduHJ genes were
identified by genetic tests, but neither their DNA sequence nor
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TABLE 1. Genotypes of the strains used in this study

Strain®

Genotype

.pdu-8::mudA

pdu-12::mudA

..cobD24::mudJ

pdu-12::mud)

hut* galE542 muHP1 (muC*°* hP1-1)/pEG5005
..pdu-12:mudA/pEMS5

pdu-12:mudA/pTA417

cbiA-700::Cam"

..DEL1077 (metE) ara-9 DEL1715 [(cobD24)*mudJ*
(zea-3660)]

“ Strains are derivatives of S. enterica serovar Typhimurium LT2 (formerly S.
typhimurium LT2).

their specific function is known (58). The DNA sequences of
the pocR, pduF, and pduABCDE genes and a portion of the
pduG genes were determined, and analyses of these sequences
indicated that the pdu locus was acquired by a horizontal gene
transfer (10, 13, 41). The regulation of the pdu operon has also
been investigated. It is coinduced with the adjacent cob operon
in response to 1,2-propanediol, and its induction is influenced
by cyclic AMP levels, the redox state of the cell, iron, magne-
sium, pH, and perhaps the growth phase (2, 8, 25, 37-39). In
addition, recent electron microscopy (EM) studies have shown
that S. enterica forms polyhedral bodies similar in size and
appearance to carboxysomes during anaerobic growth on 1,2-
propanediol (46). However, neither the composition of these
polyhedra nor their role in 1,2-propanediol degradation has
been investigated.

Here the completed DNA sequence of the pdu operon and
its analysis are presented. In addition, results establish that
polyhedral bodies are involved in AdoCbl-dependent 1,2-pro-
panediol degradation. The first evidence for the association of
a coenzyme B,,-dependent enzyme with a polyhedral or-
ganelle is presented, and we propose that these organelles
consist of AdoCbl-dependent diol dehydratase (and perhaps
other proteins) encased within a protein shell that is related to
the shell of carboxysomes. The specific function of these un-
usual organelles is not determined, but some possibilities are
discussed.

MATERIALS AND METHODS

Chemicals and reagents. Fumaric acid, tetrathionate, vitamin B,,, MgSO,,
CaCl, - 2H,0, Na,SeO,, MnSO, * H,0, FeSO, - 7TH,0, and sodium cacodylate
were from Sigma Chemical Company, St. Louis, Mo. Formaldehyde, (r,s) 1,2-
propanediol, pyruvic acid, Na,MoO, + 2H,0, and CoCl, were from Fisher Sci-
entific, Pittsburgh, Pa. Glutaraldehyde was from Tousimis, Rockville, Md. Ura-
nyl acetate was from E.M. Sciences, Ft. Washington, Pa. Osmium tetroxide and
LR White resin were from Ted Pella, Inc., Redding, Calif. Yeast extract and
Luria-Bertani (LB) broth were from Difco Laboratories, Detroit, Mich. Pow-
dered milk was from Nestle, Glendale, Calif.

Bacterial strains, media, and growth conditions. The bacterial strains used in
this study are derivatives of S. enterica serovar Typhimurium LT2, formerly S.
typhimurium LT2 (Table 1). The minimal medium used was NCE (6, 57) sup-
plemented with 0.01% yeast extract and DB minerals, which consist of 4.5 uM
CaCl,, 2 puM Na,MoO,, 2 uM Na,SeOy,, 2 pM MnSO,, 2 puM FeSO,, and 5 pM
CoCl,. LB medium was the rich medium used (32). 1,2-Propanediol was used at
82 mM, tetrathionate was used at 10 mM, pyruvate was used at 40 mM, fumarate
was used at 20 mM, and vitamin B, (CN-Cbl) was used at 0.15 pM. Cultures
were grown for about 24 h at 37°C in 5 ml of minimal medium supplemented with
the appropriate growth substrates and inoculated with 0.1 ml of rich medium
culture that had been grown about 16 h at 37°C.

Cloning and DNA ing. Two pdu clones, EMS5 and TA417, were used
as a template for completing the DNA sequence of the pdu operon. These were
obtained by screening for clones that complemented a pdu mutation as follows.
An S. enterica gene library was prepared by using strain BE26 (vector pEG5005)
and the in vivo cloning method of Groisman and Casadaban (24). A transducing
lysate was prepared from this library by using P22HT105/1int-201 and cells that
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were grown at 30°C on LB medium supplemented with 0.2% glucose and 0.02%
galactose (18, 43). Plasmid clones were transferred to S. enterica RT822
(pdu-12::mudA) by transduction with all incubations carried out at 30°C. Kana-
mycin resistance was selected and transductants were screened for their Pdu
phenotype on MacConkey-1,2-propanediol-B,, indicator medium (29). A red
color indicated complementation of the pdu-12::mudA mutation by the plasmid
clone. The procedure was performed twice. About 5,000 plasmid-containing
transductants were screened, and two complementing clones were identified,
pTA417 and pEMSS.

Plasmid DNA was purified from strains containing plasmids pTA417 and
pEMS5 by using Qiagen tip 100 columns (Qiagen, Inc., Chatsworth, Calif.).
Purified DNA was used as template for obtaining new pdu DNA sequence by
primer walking. DNA sequencing was carried out by the University of Florida
Interdisciplinary Center for Biotechnology Research DNA Sequencing Core
Facility by using Applied Biosystems, Inc., automated sequencing equipment
(Perkin-Elmer, Norwalk, Conn.).

DNA sequence analysis. Several DNA sequence analysis programs were em-
ployed, and, except where noted, default parameters were used. Genes were
identified by using Genemark software with the S. typhimurium species option
selected (11). BlastP and W-Blast softwares were used to search the nonredun-
dant (nr) database of the National Center for Biotechnology Information
(NCBI) for protein sequences related to those encoded by the pdu genes (4, 5).
ProDom was used for the identification of homologous protein domains (15).
ClustalW and Blast2 were used for sequence alignments (4, 50). Phylogenetic
trees were constructed by using the PHYLIP package of Felsenstein (21). Codon
usage bias and G+C composition were analyzed as previously described (45).
Edited multiple sequence alignments were obtained as follows: whenever a gap
character was present in one or more sequences, that region of the alignment was
deleted. In addition, overhangs at the ends of alignments were deleted. This
editing procedure removes nonhomologous protein regions and generally im-
proves phylogenetic comparisons (19).

EM. Two fixation protocols were used. In the standard protocol, cells were
fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for 30 min
at room temperature and then in 1% osmium tetroxide in the same buffer for 1 h
at 4°C. The samples were then dehydrated through a graded ethanol series
followed by absolute acetone and embedded in Spurr’s low-viscosity resin. The
modified protocol differed only in that samples were held at room temperature
overnight in 75% ethanol containing 1% uranyl acetate during the alcohol
dehydration series; this modification imparted extra contrast to the polyhedral
bodies.

Specimens were thin sectioned on an LKB Nova or an RMC MT-6000-XL
ultramicrotome, collected on Formvar-coated copper grids, post-stained with
lead citrate, and observed and photographed with a Zeiss EM-10CA transmis-
sion electron microscope.

For immunogold localization of diol dehydratase, cells were fixed in 0.5%
glutaraldehyde—4% formaldehyde on ice for 20 min (3). They were then dehy-
drated in a graded series of ethanol to absolute ethanol. Samples were embedded
in LR White resin and polymerized at 50°C for 5 days (3). Thin sections were
placed on Formvar-coated nickel grids, blocked for 20 min on 1% powdered milk
in phosphate-buffered saline (PBS) at pH 7.2, and floated overnight at 4°C on
rabbit polyclonal antibody to diol dehydratase from Kiebsiella oxytoca diluted
1:1,000 with PBS. After washing on high-salt Tris-Tween buffer (3), grids were
floated for 1 h on goat anti-rabbit antibody conjugated with 12-nm-particle-
diameter colloidal gold (Jackson ImmunoResearch Laboratories, Inc., West
Grove, Pa.). Samples were washed with buffer and deionized water, and then
sections were poststained with 0.5% uranyl acetate and lead citrate.

Nucleotide seq e accessi ber. The sequence reported here has been
assigned GenBank accession no. af026270.

RESULTS

Cloning and sequencing of pdu DNA. Plasmids pTA417 and
pEMSS were needed to complete the DNA sequence of the
pdu operon, (see Materials and Methods). Plasmid pTA417
was used to determine the pdu DNA sequence through bp
18,781, and plasmid pEMS5 was used to complete the DNA
sequence of the pdu operon (bp 19,215). DNA sequence was
determined for both strands, and all ambiguities were resolved
by additional sequencing reactions with different primers. A
total of 11,624 bp of previously unreported pdu DNA sequence
was determined.

Identification of pdu genes. Analysis of previously unre-
ported pdu DNA sequence with GeneMark software allowed
the identification of 16 hypothetical genes, pduGHIKLMNO
POSTUVWX. The pduG sequence completed a previously re-
ported partial open reading frame (ORF), ORF1 (10). In ad-
dition, the codon adaptation indices and the G+C contents for
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TABLE 2. Codon usage bias and G+C content of the S. enterica
pduABCDEGHIKLMNOPQSTUVWX coding regions

% G+C content

ORF CAI“ % G+Cb by position®

content _—

I1st  2nd 3rd

pduA 0.297 53 67 41 52
pduB 0.131 60 63 48 70
pduC 0.463 57 61 41 69
pduD 0.372 57 63 42 66
pduk 0.432 56 63 43 63
pduG 0.332 60 71 4 64
pduH 0.280 58 68 42 63
pdul 0.421 56 69 44 57
pdukK 0.309 56 64 48 58
pduL 0.290 60 70 42 69
pduM 0.367 62 73 41 71
pduN 0.213 62 68 50 68
pduO 0.344 62 66 49 69
pduP 0.386 59 59 46 71
pduQ 0.349 60 63 45 73
pduS 0.316 62 70 46 69
pduT 0.302 59 61 43 72
pdulU 0.316 56 57 44 67
pdulV 0.318 58 57 46 71
pduW 0.276 53 60 41 58
pduX 0.264 56 60 45 63
cob operon 56 63 44 61
Typical gene of S. enterica 0.2-0.8 54 58 44 58

“The codon adaptation index (CAI) was determined as described previously
(45).

> Percent G+C content of the indicated coding sequence.

¢ Percent G+C content of the first, second, or third codon position of the
indicated coding sequence.

each codon position of the proposed pdu genes were consistent
with those of expressed sequences (Table 2).

The S. enterica pdu locus on centisome 44 now includes 23
genes, pocR, pduF, and pduABCDEGHJIKLMNOPQSTUVWX.
We propose that the pdu operon ends at bp 19,215 and that the
terminal gene of the operon is pduX. Seventy-eight base pairs
downstream of the pduX gene is the end of a long ORF tran-
scribed in the opposite direction. It is related to an Escherichia
coli gene of unknown function, yeeX. However, experimental
evidence that the pduX gene is the terminal gene of the pdu
operon has not yet been obtained.

With one exception, the pdu genes previously identified by
genetic tests, but of unknown DNA sequence, can be corre-
lated to the pdu genes identified here. The pduG genes iden-
tified here and previously were shown to be the same by
complementation analysis (7). The previously identified pduH
gene represented a region in the pdu operon identified by
deletion endpoints (58), and hence can correspond to the
pduH gene identified here. However, the pduJ gene previously
identified was not correlated with the pduJ gene identified
here, and this possible lack of correspondence will need to be
addressed in the future.

Analyses of previously unpublished pdu DNA sequence sup-
ported previous work indicating that S. enterica acquired the
pdu locus and the adjacent cob operon by a single horizontal
gene transfer (10, 30, 41). The G+C content of the 16 putative
coding sequences identified here averaged about 59%, which is
significantly higher than the typical 54% average for native S.
enterica coding sequences (Table 2). In addition, the G+C
contents of the first, second, and third codon positions varied
from that of native S. enterica coding sequences. On the other
hand, the G+C composition of pdu genes is similar to that of
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the adjacent cob genes, for which there is considerable evi-
dence of horizontal gene transfer (41).

Sequences similar to those of the PAuGHJKLMNOPQSTU
VWX proteins. BlastP software and W-Blast software were
used to search the nr database of the NCBI for protein se-
quences related to those encoded by the pduGHIKLMNOPQS
TUVWX genes. Table 3 summarizes the results of those anal-
yses and also includes information on previously sequenced
pdu genes (10, 13, 41).

1,2-Propanediol utilization pathway genes. The hypothetical
PduP protein identified here is related to a number of CoA-
dependent aldehyde dehydrogenases. It is most closely related
to the EutE protein of S. enterica. These two proteins are 45%
identical in sequence over 465 amino acids. The EutE protein
is a putative CoA-dependent aldehyde dehydrogenase pro-
posed to function in the AdoCbl-dependent pathway of etha-
nolamine degradation (49). Accordingly, it seems likely that
the PduP protein is a CoA-dependent aldehyde dehydrogenase
used in the pdu pathway for the conversion of propionaldehyde
to propionyl-CoA.

The sequence of the PduQ protein was found to be related
to those of many alcohol dehydrogenases. PduQ is most closely
related to the AdhE enzyme of E. coli (23); these proteins are
35% identical in sequence over 330 amino acids. The PduQ
protein aligns with the carboxy-terminal portion of the bifunc-
tional AdhE enzyme, which has both alcohol dehydrogenase
and aldehyde dehydrogenase activity. In addition, the PduQ
protein is closely related to a number of monofunctional alco-
hol dehydrogenases, including the hypothetical alcohol dehy-
drogenase involved in ethanolamine degradation in S. enterica,
the EutG protein (49). Thus, we propose that the PduQ pro-
tein functions as a propanol dehydrogenase in the pathway of
1,2-propanediol degradation.

The PduW protein was found to be related to acetate ki-
nases. It is 87% identical in sequence, over 400 amino acids, to
the ack gene product of S. enterica serovar Typhimurium LT2.
Thus, the pduW protein is likely a propionate kinase whose
role in 1,2-propanediol degradation is the conversion of pro-
pionyl-phosphate to propionate.

Genes for the reactivation of AdoCbl-dependent diol dehy-
dratase. The PduGH proteins appear to be involved in the
reactivation of diol dehydratase, and the PduG protein may
also be involved in the adenosylation of B,,. The PduG protein
is 92% identical in sequence, over 611 amino acids, to the
DdrA protein K. oxytoca, and the PduH protein is 87% iden-
tical in sequence (99 of 124 amino acids) to the DdrB protein
of K. oxytoca. The DdrAB proteins are involved in the reacti-
vation of AdoCbl-dependent diol dehydratase (33, 55). Inacti-
vation of diol dehydratase occurs due to the breakdown of
AdoCbl to an inactive form that has an upper ligand other than
an adenosyl group (26, 53). The DdrAB proteins are proposed
to reactivate diol dehydratase by removing the inactive cofac-
tor and replacing it with AdoCbl (33, 55). The PduGH proteins
may have a similar function. In addition, the PduG protein has
been proposed to be an adenosyltransferase on the basis of
genetic tests (58), and it has high sequence similarity to a
proposed cobalamin adenosyltransferase from Citrobacter
freundii (17, 44). Hence, the PduG protein may be bifunctional.

Pdu proteins of unknown function. The PduO protein may
have resulted from the fusion of two genes. The sequence of
the N-terminal 170 amino acids of this protein is 35% identical
to that of ORFW of C. freundii and is also similar to those of
unknown ORFs from Clostridium, Pyrococcus, Bacillus, and
Mycobacterium. The sequence of the C-terminal 121 amino
acids of PduO is 37% identical to that of ORFY from C.
freundii and also has similarity to ORFs from Clostridium,



5970 BOBIK ET AL. J. BACTERIOL.
TABLE 3. Pdu proteins and proteins of related amino acid sequences
Pdu protein Related protein sequences”
Name Function (reference or references) Name(s) Function (reference or references)
PocR Transcriptional regulator (8, 37) AraC Transcriptional activator protein (8, 37)
PduF Propanediol diffusion facilitator (13) GlpF Glycerol facilitator (13)
PduA Polyhedral bodies (13) See Table 4 Carboxysomes, CO, concentration (36, 48)
PduB Polyhedral bodies (13) CsoS1A (distantly related, 22% Carboxysomes, CO, concentration (36, 48)
identical over 85 amino acids)
PduC B,,-dependent diol dehydratase large PddA, DhaB, GIdA B,,-dependent glycerol and diol dehydratases
subunit (10) large subunit (16, 44, 51, 52)
PduD B,,-dependent diol dehydratase PddB, DhaC, GIdB B,,-dependent glycerol and diol dehydratases
medium subunit (10) medium subunit (16, 44, 51, 52)
PduE B,,-dependent diol dehydratase small PddC, DhaE, GIdC B,,-dependent glycerol and diol dehydratases
subunit (10) small subunit (16, 44, 51, 52)
PduG Diol dehydratase reactivation (10) DdrA, ORFZ Diol dehydratase reactivation factor large subunit,
cobalamin adenosyltransferase (33, 55)
PduH Diol dehydratase reactivation (this DdrB Diol dehydratase reactivating factor small subunit
study) (33, 55)
PduJ Polyhedral bodies (this study) See Table 4 Carboxysomes, CO, concentration (36, 48)
PduK Polyhedral bodies (this study) See Table 4 Carboxysomes, CO, concentration (36, 48)
PduL Unknown (this study) CpcE (distantly related, 25% Phycocyanobilin lyase, required for
identical over 93 amino acids) chromophorylation of CpcA (20)
PduM Unknown (this study) None None
PduN Polyhedral bodies (this study) CchB, CcmL Carboxysomes, CO, concentration (36, 48)
PduO B, related (this study) ORFW, ORFY Hypothetical genes grouped with genes for B,-
dependent glycerol dehydratase (16, 44)
PduP CoA-dependent propionaldehyde EutE, Adh CoA-dependent aldehyde dehydrogenase (49)
dehydrogenase (this study)
PduQ Propanol dehydrogenase (this study) EutG, AdhE Alcohol dehydrogenase (23, 49)
PduS Unknown (this study) RnfC (distantly related, 28% Membrane-associated oxidoreductases (42)
identical [90 of 318 amino
acids])
PduT Polyhedral bodies (this study) See Table 4 Carboxysomes, CO, concentration (36, 48)
PduU Polyhedral bodies (this study) EutS Carboxysomes, CO, concentration (36, 48)
PduV Unknown (this study) EutP None
PduW Propionate kinase (this study) Ack Acetate kinase
PduX Unknown (this study) None None

“ Except where sequences are stated to be distantly related, all sequences were =35% identical and had BlastP Expect values of =7 X 107°.

Klebsiella, and Pseudomonas. ORFW and ORFY are arranged
with genes involved in the AdoCbl-dependent degradation of
glycerol by C. freundii (17, 44). Thus, the PduO protein appears
to have a function that is common to AdoCbl-dependent deg-
radation of 1,2-propanediol and glycerol.

The PduS protein was found to be 30% identical in sequence
over 72% of its length to the glucose repression mediator
protein of E. coli. However, the sequence of this E. coli protein
is unpublished. It was submitted to GenBank by the E. coli
genome sequencing project being conducted in Japan, and it is
unclear how this function was assigned. The PduS protein was
also found to be distantly related to a number of membrane
oxidoreductases, and of these, it was most closely related to the
RnfC protein of Rhodobacter capsulatus (42). The PduS and
RnfC proteins are 28% identical (90 of 318 amino acids).

The PduL protein is distantly related to phycocyanobilin
lyase (CpcE). W-Blast reiteration 1 gave an Expect value of 2 X
10~2*. Phycocyanobilin lyase catalyzes the covalent attachment
of phycocyanobilin (a linear tetrapyrrole) to phycocyanin via a
thioether linkage (20). Since cobalamins are tetrapyrroles, per-
haps the PduL protein includes a pyrrole binding site.

The PduV protein was compared to the Prosite database and
was found to have a domain closely related to the ATP and
GTP binding motifs. Analyses of the other Pdu proteins of
unknown function did not allow the identification of motifs
similar to those of the Prosite dictionary.

Pdu proteins related to carboxysome proteins. Protein se-
quence similarity analyses showed that five Pdu proteins
(AJKNT) are clearly related to those involved in the formation
of polyhedral organelles known as carboxysomes and that two
Pdu proteins (BU) are tentatively related to carboxysome pro-
teins.

The PduAJKT proteins are clearly related to a group of
proteins that includes the major shell proteins of carboxysomes
(Table 4). The percent identities shown in Table 4 were deter-
mined from an edited multiple sequence alignment (see Ma-
terials and Methods). The edited alignment consisted of se-
quences 85 amino acids in length that aligned to the following
PduA amino acids: ALGMVETKGLTAAIEAADAMVKSAN
VMLVGYEKIGSGLVTVIVRGDVGAVKAATDAGAAAA
RNVKAVHVIPRPHTDVEKILPKEL.

The PduN protein is closely related to the CcmL-CchB fam-
ily of proteins, which are needed for the proper assembly and
function of carboxysomes (36, 48). A phylogenetic tree con-
structed from an edited multiple sequence alignment indicated
that the PduN protein is more closely related to homologous
proteins from Synechococcus, Synechocystis, and E. coli than to
homologous proteins from Thiobacillus. The percent identities
between the PduN amino acid sequence and sequences derived
from other CcmL-CchB family members ranged from 28 to
53%. The tree was constructed from 1,000 bootstrap replicates,
and the high bootstrap values (626 to 999) indicated a statis-
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TABLE 4. Amino acid sequence identities between the PAduAJKT proteins and homologous regions of
carboxysome shell proteins and their relatives

% Identity to indicated Pdu protein®

Protein Gi Organism

PduA PduJ PduK PduT
PduA 5069450 S. enterica LT2
Pdul 5069453 S. enterica LT2 82
PduK 5069454 S. enterica LT2 35 36
PduT 5069462 S. enterica LT2 30 31 24
EutM 3885916 S. enterica LT2 64 63 29 30
CchA 1788799 E. coli 64 62 29 30
CsoS1C 4105524 T. intermedius 56 55 27 27
CsoS1A 4105525 T. intermedius 56 56 27 27
CsoS1B 4105526 T. intermedius 56 54 28 28
CsoS1C 3449372 T. neapolitanus 58 58 27 29
CsoS1A 3449373 T. neapolitanus 57 58 27 29
CsoS1B 3449374 T. neapolitanus 58 58 27 28
CsoS1C 3282390 T. denitrificans 56 56 27 28
CsoS1A 3282391 T. denitrificans 56 56 27 29
CsoS1B 3282392 T. denitrificans 57 56 27 24
CemK 3182944 Synechococcus sp. strain WH7803 56 56 30 24
b2438 1788779 E. coli 42 42 30 29
Y 3183436 E. coli 42 42 30 29
EutK 3885926 S. enterica LT2 40 42 29 29
CemK 541311 Synechococcus sp. strain PCC7942 57 55 27 24
CemK 3182943 Synechococcus sp. strain PCC7002 55 54 25 23
Cckl 2493552 Synechocystis sp. strain PCC6803 55 51 27 21
Cck2 2493553 Synechocystis sp. strain PCC6803 56 54 27 22
Cck3 2493554 Synechocystis sp. strain PCC6803 43 45 25 17
Cck4 2493555 Synechocystis sp. strain PCC6803 35 35 21 21
Yrb2 141357 Synechococcus sp. strain PCC6301 51 50 27 25
Yrb2 1176828 Synechococcus sp. strain PCC7942 51 50 27 25
Yrbl 141354 Synechococcus sp. strain PCC6301 43 42 28 23
Y436 3183228 Synechocystis sp. strain PCC6803 47 44 30 30

“ Amino acid identities were determined from the edited multiple sequence alignment described in the text.

tically significant branching order. The edited multiple se-
quence alignment (see Materials and Methods) used for tree
construction consisted of a group of sequences 77 amino acids
in length that aligned to the following PduN amino acid se-
quence: MHLARVTGAVVSTQKSPSLIGKKLLLVRGDEV
AVDSVGAGVGELVLLSGGSSARHVFSGPNEAIDLAVV
GIVDTLSC.

The PduB and PduU proteins were found to be distantly
related to proteins involved in polyhedral body formation. The
PduB protein was shown to be 29% identical in sequence (53
of 178 amino acids) to the EutL protein of S. enterica and to
the Eut b2439 protein of E. coli by BlastP analysis. The PduB
protein is also distantly related to the carboxysome shell pro-
teins shown in Table 4. When a W-Blast search was conducted
starting with Yrb2 protein (accession no. P46205), the 20 most
closely related proteins identified were carboxysome shell pro-
teins listed in Table 4. Reiteration with these 20 shell proteins
indicated that they are related to the PduB protein, with an
Expect value of 2 X 10~%.

The PduU protein was determined to be 57% identical to
the EutS protein of S. enterica and 56% identical to the Eut
b2462 protein of E. coli by BlastP analysis. The EutS protein is
a putative carboxysome structural protein distantly related to
the carboxysome proteins listed in Table 4.

Formation of polyhedral bodies by S. enterica. S. enterica
formed polyhedral structures similar in size and appearance to
carboxysomes during aerobic growth on minimal 1,2-pro-
panediol-B;, medium (Fig. 1A), but not during aerobic growth
on glucose (Fig. 1C). Polyhedra were 100 to 200 nm in cross-
section and appeared to consist of a proteinaceous shell and
interior. The bodies formed by S. enterica are somewhat irreg-

ular in shape compared to the carboxysomes of Thiobacillus
neapolitanus, suggesting some differences between these struc-
tures (Fig. 1A and B).

Similar polyhedra were also formed during anaerobic
growth on 1,2-propanediol-tetrathionate, but not during an-
aerobic growth on glucose or pyruvate-tetrathionate, indicat-
ing that polyhedra are specifically involved in the catabolism of
1,2-propanediol. It was expected that polyhedra would be
formed during anaerobic growth on glycerol-tetrathionate. Al-
though S. enterica does not degrade glycerol in a B,,-depen-
dent manner, glycerol induces expression of the pdu operon to
high levels (8, 37). However, polyhedra were observed in very
few cells grown anaerobically on glycerol-tetrathionate. This
suggests that 1,2-propanediol plays a role in formation of poly-
hedra in addition to induction of the pdu operon. Tetrathion-
ate was used as a terminal electron acceptor for these experi-
ments, because other terminal electron acceptors, such as
fumarate, nitrate, DMSO, and TMAO, do not support anaer-
obic growth on 1,2-propanediol. Vitamin B, supplementation
did not affect polyhedral body formation either aerobically or
anaerobically.

Role of pdu genes in polyhedral body formation. EM studies
showed that pdu mutants either failed to produce polyhedral
bodies or produced aberrantly shaped structures. During ei-
ther aerobic or anaerobic growth in the presence of 1,2-pro-
panediol, strain BE25 (pdu-12::mudJ) failed to produce poly-
hedra, whereas an otherwise isogenic strain formed these
structures under similar growth conditions. These results show
that genes of the pdu operon are necessary for polyhedral body
formation, and strongly indicate that polyhedra have a role in
the catabolism of 1,2-propanediol. The pdu-12::mudJ mutation
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FIG. 1. Electron micrographs of S. enterica grown aerobically on minimal, 1,2-propanediol, vitamin B, medium (A), Thiobacillus neapolitanus grown autotrophically
(B), S. enterica grown aerobically on minimal glucose medium (C), and immunogold localization of the S. enterica AdoCbl-dependent diol dehydratase (D). Bars, 100 nm.

is a polar mutation that was previously shown to be located in was found to produce bodies that appeared to have a
either the pduD or pduE genes, both of which encode subunits proteinaceous shell and interior, but were aberrantly shaped
of diol dehydratase (58). (Fig. 2). Many were highly elongated and spanned the entire

An additional pdu mutant (strain RT818, pdu-8:mudA) length of the cell. This shows that genes on either side of the
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FIG. 2. Electron micrograph of the aberrant polyhedra (arrowheads) formed by S. enterica pdu mutant RT818 (pdu-8::mudJ). Bar, 100 nm.

pdu-8::mudA insertion are required for polyhedral body for-
mation. Thus, multiple pdu genes are required for the forma-
tion of polyhedra.

Neither the catabolism of propanediol nor genes of the cob
operon are needed for polyhedral body formation. Strains un-
able to synthesize AdoCbl de novo (Cob ™) produced polyhe-
dral bodies in the presence of 1,2-propanediol both aerobically
and anaerobically regardless of vitamin B,, supplementation.
This showed that B,,-dependent catabolism of 1,2-propanediol
is not required for formation of polyhedra. Results also
showed that the genes of the cob operon (which are coregu-
lated with those of the pdu operon) are not needed for poly-
hedral body formation. Both strains BE43 and TT18117
formed polyhedra. BE43 contains a polar mutation in the first
gene of the cob operon that prevents expression of the first 17
of 20 cob genes, and TT18117 contains a deletion of the 17
terminal genes of the cob operon. In the above experiments,
pyruvate or succinate was used as a carbon and energy source
because expression of the pdu operon is relatively high during
growth on these compounds (2, 8).

Association of B,,-dependent diol dehydratase with polyhe-
dral bodies. Immuno-EM indicated that the AdoCbl-depen-
dent diol dehydratase of S. enterica is associated with polyhe-
dral bodies (Fig. 1D). In the micrograph, antibody-conjugated
gold particles (solid black circles) indicate the location of diol
dehydratase. Clustering of the gold particles in the interior of
the polyhedral bodies shows that the AdoCbl-dependent diol
dehydratase is associated with the polyhedra and is consistent
with the encasement of this enzyme within a protein shell.

Because of differences in the fixation procedures, polyhedra
are somewhat less distinct in the immuno-EM pictures than in
the standard thin sections (Fig. 1). Immunogold labeling, sim-
ilar to that described above, was also carried out with pdu
mutants unable to express diol dehydratase. Little to no label-
ing occurred; the very small amount of labeling observed prob-
ably resulted from nonspecific antibody binding.

Visualization of polyhedral bodies by EM. The polyhedral
structures were easiest to observe in older cells that had begun
to lyse. Early-log-phase cells contained the structures, but they
were obscured by the cytoplasmic contents of the cell. The
modified EM fixation procedure with an overnight stain of
uranyl acetate in alcohol enhanced the visibility of the struc-
tures. The cytoplasm of the fixed cells in the modified fixation
process was less dense, and it was easier to visualize the sharp
edges of the more darkly stained polyhedral bodies.

DISCUSSION

To better understand the physiology and molecular biology
of AdoCbl-dependent processes, 1,2-propanediol degradation
by S. enterica serovar Typhimurium LT2 was investigated. The
DNA sequence of the pdu operon was completed and ana-
lyzed, and evidence was presented that polyhedral organelles
are involved in AdoCbl-dependent 1,2 propanediol degrada-
tion. Analyses of previously unpublished pdu DNA sequence
substantiated previous studies indicating that the pdu and cob
operons were acquired by a single horizontal gene transfer
event (30) and allowed the identification of 16 hypothetical
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FIG. 3. The pdu locus of S. enterica with a summary of the encoded functions.
Genes thought to be involved in the formation of polyhedra are indicated above
the genetic map. Genes thought to be involved in the pathway of 1,2-propanediol
degradation and in the conversion of vitamin B;, (CN-Cbl) to coenzyme B,
(AdoCbl) are indicated below the genetic map. Arrows above pocR, pduF, and
pdu indicate the direction of transcription.

genes. In all, 23 pdu genes are proposed, and these genes fall
into six classes: pathway, diol dehydratase reactivation, un-
known, polyhedral body formation, transport, and regulation
(Fig. 3 and Table 3).

With one exception, pdu genes corresponding to each en-
zyme of the proposed 1,2-propanediol degradative pathway
have now been identified (Fig. 3). A pdu gene corresponding to
a proposed phosphotransacylase was not identified. This en-
zyme might be encoded by one of the six pdu genes of unknown
function, or perhaps the proposed CoA-dependent aldehyde
dehydrogenase (PduP) is bifunctional or a kinase; a Blast-
ProDom search showed that the PduP protein shares a domain
with ProA proteins, enzymes that catalyze the reduction of
glutamate-5-semialdehyde to gamma-glutamyl-5-phosphate.

Six hypothetical Pdu proteins of unknown function (PduL-
MOSVX) were also identified. Genetic tests have shown that
the pdu operon encodes functions for the conversion of vitamin
B,, (CN-Cbl) to AdoCbl, the active cofactor of diol dehy-
dratase. The PduG protein has been implicated in this process,
but additional Pdu proteins might also be involved. Studies
with several different systems have indicated that a decyanase,
one or two cobalt reductases, and an adenosyltransferase are
needed (22, 28). The PduL protein is a possibility, since related
proteins are found in an operon that encodes an AdoCbl-
dependent glycerol dehydratase (17, 44). Other possible func-
tions for Pdu proteins are suggested by physiological studies. S.
enterica grows via the anaerobic respiration of 1,2-propanediol
with tetrathionate as a terminal electron acceptor (9). Hence,
some Pdu proteins might be specific to the 1,2-propanediol-
tetrathionate respiration. The PduS protein is a possibility,
since it is related in amino acid sequence to several membrane-
bound oxidoreductases. In addition, previous studies have in-
dicated that the pdu operon encodes a protein involved in
regulation of the prpBCDE operon (56). Hence, one of the Pdu
proteins of unknown function may fulfill this regulatory role.

The polyhedral bodies formed by S. enterica during growth
on 1,2-propanediol were also investigated. Based on results
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reported here and previous results, we propose that S. enterica
forms polyhedral organelles involved in 1,2-propanediol deg-
radation that consist of AdoCbl-dependent diol dehydratase
(and perhaps other proteins) encased within a protein shell
related to the shell of carboxysomes. During growth on 1,2-
propanediol, S. enterica forms polyhedra that are protein-
aceous in nature and that have sharp edges indicative of a shell
(this study and reference 46). Immunogold labeling indicated
that diol dehydratase is associated with the polyhedra and that
it is localized to the interior of these structures. DNA sequence
analyses showed that the pdu operon encodes five to seven
proteins that are related to those involved in the formation of
carboxysomes (this study and reference 13), and genetic tests
showed that genes of the pdu operon are required for polyhe-
dral body formation. In addition, a pdu mutant was found that
produced aberrantly shaped polyhedra. Thus, some pdu genes
are required for proper organelle shape, while others appar-
ently encode its basic structural components. Analogous Syn-
echococcus mutants (that produce aberrantly shaped carboxy-
somes) were previously identified (35).

Although the polyhedral bodies involved in 1,2-propanediol
degradation are apparently related to carboxysomes structur-
ally, a functional relationship is uncertain. Carboxysomes are
proposed to play a role in concentrating CO, for RuBisCo,
since mutations in shell genes result in strains that require high
CO, for autotrophic growth (36, 47, 48). On the other hand,
the polyhedra of S. enterica function in AdoCbl-dependent
catabolism of 1,2-propanediol, and this process has no known
association with CO,. Previous reports, which identified the
carboxysome shell protein gene homologues in the eut and pdu
operons of S. enterica, discussed some possible functions for
polyhedral bodies in the AdoCbl-dependent catabolism of eth-
anolamine and 1,2-propanediol (13, 40, 49). It was suggested
that polyhedral bodies could be used to sequester toxic alde-
hydes formed both during 1,2-propanediol and ethanolamine
degradation and channel them to subsequent pathway en-
zymes. It was also suggested that polyhedra might be used to
protect diol dehydratase and ethanolamine ammonia-lyase
from oxygen, a molecule to which both are sensitive (13). The
finding reported here, that AdoCbl-dependent diol dehy-
dratase is associated with polyhedra, is consistent with both of
these hypotheses.

Although their precise function is unknown, the size of the
polyhedral organelles and the number of genes involved attest
to the substantial resources devoted to AdoCbl-dependent 1,2-
propanediol degradation. Formation of these bodies must play
an important role in S. enterica survival and niche establish-
ment among the competitive flora of natural environments.
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