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atile/toxic intermediate and channel it to downstream enzymes
(19, 24, 41, 44).
The protein shells of bacterial MCPs are typically composed
of 5 to 10 different proteins that have bacterial microcompartment (BMC) domains (60). Recent crystallography of BMC
proteins from several organisms has provided insights into the
structural basis of shell assembly and function (17, 26, 32, 33,
48, 55, 56). In crystals, single-BMC-domain proteins usually
form flat hexamers that tile into molecular sheets proposed to
form the facets of the shell (32). Shell proteins with two tandem BMC domains form hexagonal trimers suitably shaped to
form mixed sheets with single-BMC-domain proteins, suggesting that MCP shells are a mosaic of different types of BMC
domain proteins (26, 33, 48). Another BMC protein (EutS) is
a bent hexamer that could form the edges of the shell (57). A
striking feature of BMC domain proteins is that they have
central pores thought to mediate the transport of enzyme cofactors, substrates, and products between the interior of the
MCP and the cytoplasm of the cell (32). Different shell proteins have pores that differ in charge and size, suggesting substrate selectivity (17, 26, 32, 33, 48, 55, 56). Moreover, some
BMC domain proteins appear to have gated pores, and in one
instance a BMC domain protein has an iron-sulfur center that
might be used to conduct electrons between the cell cytoplasm
and the interior of the MCP (16, 39). Lastly, a BMC domain
fused to a probable DNA-binding protein was reported (57),
and one class of shell protein which lacks a recognizable BMC
domain (CcmL type) forms pentamers proposed to form the
vertices of the shell (55). Overall, structural studies suggest
that the shells of diverse MCPs are built from several types of

Many diverse bacteria use proteinaceous microcompartments (MCPs) as simple organelles for the optimization of
metabolic pathways that have toxic or volatile intermediates (4,
11, 14, 61). Bacterial MCPs are polyhedral in shape and 100 to
150 nm in cross-section (about the size of a large virus) and
consist of a protein shell that encapsulates metabolic enzymes.
They are composed of 10,000 to 20,000 polypeptides of 10 to 20
types, and there is no evidence for lipid components. Based on
sequence analysis, it is estimated that MCPs are produced by
20 to 25% of bacteria and function in seven or more different
metabolic processes (2, 4, 14). Different types of MCPs have
related protein shells but differ in their encapsulated enzymes.
In the cases that have been studied, MCPs encase enzymes that
catalyze sequential reactions with a toxic or volatile intermediate. The best-studied MCP is the carboxysome, which is used
to enhance autotrophic CO2 fixation by confining CO2 in the
immediate vicinity of ribulose bisphosphate carboxylase monooxygenase (11, 42). Other MCPs are used to confine toxic/
volatile aldehydes formed during the catabolism of ethanolamine and 1,2-propanediol (1,2-PD) or have unknown
functions (8, 24, 41, 46, 47, 54). The protein shell of MCPs is
thought to act as a diffusion barrier that helps retain the vol-
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Hundreds of bacterial species use microcompartments (MCPs) to optimize metabolic pathways that have toxic
or volatile intermediates. MCPs consist of a protein shell encapsulating specific metabolic enzymes. In Salmonella,
an MCP is used for 1,2-propanediol utilization (Pdu MCP). The shell of this MCP is composed of eight different
types of polypeptides, but their specific functions are uncertain. Here, we individually deleted the eight genes
encoding the shell proteins of the Pdu MCP. The effects of each mutation on 1,2-PD degradation and MCP structure
were determined by electron microscopy and growth studies. Deletion of the pduBBⴕ, pduJ, or pduN gene severely
impaired MCP formation, and the observed defects were consistent with roles as facet, edge, or vertex protein,
respectively. Metabolite measurements showed that pduA, pduBBⴕ, pduJ, or pduN deletion mutants accumulated
propionaldehyde to toxic levels during 1,2-PD catabolism, indicating that the integrity of the shell was disrupted.
Deletion of the pduK, pduT, or pduU gene did not substantially affect MCP structure or propionaldehyde accumulation, suggesting they are nonessential to MCP formation. However, the pduU or pduT deletion mutants grew more
slowly than the wild type on 1,2-PD at saturating B12, indicating that they are needed for maximal activity of the
1,2-PD degradative enzymes encased within the MCP shell. Considering recent crystallography studies, this suggests that PduT and PduU may mediate the transport of enzyme substrates/cofactors across the MCP shell.
Interestingly, a pduK deletion caused MCP aggregation, suggesting a role in the spatial organization of MCP within
the cytoplasm or perhaps in segregation at cell division.
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functionally specialized shell proteins needed for assembly of
the shell, metabolite transport, and other functions.
Our prior studies showed that an MCP is used for coenzyme
B12-dependent 1,2-PD utilization (Pdu MCP) by Salmonella
enterica (4, 6, 7, 17, 23, 24, 34, 35, 50). 1,2-PD is a major
product of the anaerobic degradation of the common plant
sugars rhamnose and fucose, and this product is thought to be
an important carbon and energy source in anoxic environments
such as sediments, the depths of soils, and the large intestines
of higher animals (38). Moreover, the capacity to degrade
1,2-PD is tentatively linked to pathogenesis in Salmonella and
Listeria (9, 15, 25, 31). The first two steps of 1,2-PD degradation take place within the lumen of the Pdu MCP, where
1,2-PD is converted to propionaldehyde and then to propionylcoenzyme A (CoA) by B12-dependent diol dehydratase
(PduCDE) and propionaldehyde dehydrogenase (PduP), respectively (Fig. 1) (23, 24, 34). Propionyl-CoA is thought to exit
the MCP into the cytoplasm, where it is converted to propionate or enters central metabolism via the methylcitrate pathway (27, 38). The shell of the Pdu MCP is proposed to confine
the propionaldehyde formed in the first step of 1,2-degradation
in order to mitigate its toxicity as well as reduce DNA damage
and limit diffusive loss through the cell membrane into the environment (6, 23, 24). The genes for 1,2-PD utilization (pdu) are
found in a single contiguous cluster (pocR, pduF, pduABB⬘
CDEGHJKLMNOPQSTUVWX) (5–7, 12, 20, 21, 30, 34, 35, 45).
Analyses of purified MCPs and labeling studies indicate that
the Pdu MCP is composed of at least 17 polypeptides, all of
which are encoded by the pdu operon (the PduABB⬘CDEGH
JKNOPSTUV gene) (13, 23, 40). The shell of the Pdu MCP is
thought to include eight different polypeptides (PduABB⬘JK
NTU) (23). PduABB⬘JKTU have a BMC domain(s), and
PduN is homologous to a pentamer that forms the vertices of
the carboxysome shell (6). Prior studies with Salmonella
showed that PduA is a component of the shell (24) and that
pduAB or pduJK double deletion mutants were defective in
MCP formation (24, 50). In addition, these double mutants
where shown to accumulate propionaldehyde to toxic levels,

resulting in a 20-hour period of growth arrest and increased
DNA damage, indicating that a primary function of the Pdu
MCP is to mitigate propionaldehyde toxicity (24, 50). In morerecent studies, the Citrobacter pdu operon was expressed in
Escherichia coli and shown to mediate the formation of MCPs
(39). Further studies in this system showed that the pduA or
pduBB⬘ genes were required for MCP formation (39). Very
recently, the Citrobacter PduABB⬘JKN proteins were produced
in recombinant E. coli and shown to be necessary and sufficient
for formation of what appeared to be empty MCP shells, suggesting that they are structural proteins of the MCP shell (40).
Thus, prior studies suggest that the PduABB⬘JKNTU proteins
are shell components. However, their specific roles are uncertain, and the effects of deleting these genes singly (with the
exception of pduA and pduBB⬘) on MCP structure and 1,2-PD
degradation have not been reported previously. Therefore, to
better understand the specific functional and structural roles of
the Pdu MCP shell proteins, we constructed in-frame deletion
mutants of each Salmonella pdu shell gene individually (pduA,
pduBB⬘, pduJ, pduK, pduN, pduT, and pduU) and determined
their effects on MCP structure and 1,2-PD catabolism using
electron microcopy, growth studies, and metabolite measurements.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The bacterial strains used in
this study are listed in Table 1. The rich medium used was Luria-Bertani/Lennox
(LB) medium (Difco, Detroit, MI) (36). The minimal medium used was nocarbon-E (NCE) medium (3, 58).
Chemicals and reagents. Antibiotics were from Sigma Chemical Company (St.
Louis, MO). Isopropyl-␤-D-thiogalactopyranoside (IPTG) was from Diagnostic
Chemicals Limited (Charlotteville PEI, Canada). Restriction enzymes and T4
DNA ligase were from New England BioLabs (Beverly, MA). Other chemicals
were from Fisher Scientific (Pittsburgh, PA).
General molecular methods. Agarose gel electrophoresis, plasmid purification,
PCR, restriction digests, ligation reactions, and electroporation were carried out
using standard protocols as previously described (35, 49). Plasmid DNA was

TABLE 1. Bacterial strains used in this study
Straina

Genotype

BE464
BE213
BE184
BE770
BE772
BE885
BE901
BE287
TA1464
TA1409
TA1411
TA1412
TA1414
BE777
BE778
BE779
BE780
BE918
BE917
BE924
BE925

⌬pduA687::frt
⌬pduBB⬘675
⌬pduJ654
⌬pduK680
⌬pduN681::frt
⌬pduT682::frt
⌬pduU683::frt
/pLAC22-no insert
⌬pduA687::frt/pLAC22-pduA
⌬pduBB⬘675/pLAC22-pduBB⬘
⌬pduBB⬘675/pLAC22-no insert
⌬pduJ654/pLAC22-pduJ
⌬pduJ654/pLAC22-no insert
⌬pduK680::frt/pLAC22-no insert
⌬pduK680::frt/pLAC22-pduK
⌬pduN681::frt/pLAC22-no insert
⌬pduN681::frt/pLAC22-pduN
⌬pduT682::frt/pLAC22-pduT
⌬pduT682::frt/pLAC22-no insert
⌬pduU683::frt/pLAC22-pduU
⌬pduU683::frt/pLAC22-no insert

a

Source or
reference

This
This
This
This
This
This
This
59
This
This
This
This
This
This
This
This
This
This
This
This
This

study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study
study

All strains are derivatives of Salmonella enterica serovar Typhimurium LT2.
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FIG. 1. Model for 1,2-propanediol degradation by Salmonella. The
dashed line indicates the shell of the MCP, which is composed of eight
different polypeptides (PduABB⬘JKNTU). The first two steps of
1,2-PD degradation occur in the lumen of the compartment and the
remaining steps in the cytoplasm. The function of the Pdu MCP is to
sequester the propionaldehyde produced by the first reaction of
1,2-PD degradation to minimize its toxicity. For the Pdu MCP to
function, enzyme substrates, products, and cofactors must cross the
shell and the MCP must segregate properly during cell division. Abbreviations: 1,2-PD, 1,2-propanediol; PduCDE, coenzyme B12-dependent diol dehydratase; PduP, propionaldehyde dehydrogenase; PduL,
phosphotransacylase; PduW, propionate kinase; PduQ, 1-propanol dehydrogenase.
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RESULTS
Electron microscopy of MCP shell mutants. Our prior studies indicated that the pduA, pduB, pduB⬘, pduJ, pduK, pduN,

pduT, and pduU genes of Salmonella encode shell proteins of
the Pdu MCP (23, 24, 50); however, the effects of deleting
individual Salmonella shell protein genes on MCP structure
have not been reported. Previously, a Salmonella pduA deletion mutant was investigated by our laboratory, but we later
found that this mutant was constructed based on erroneous
DNA sequence data and deleted both the pduA gene and the
start of the pduB gene (24). Here, a new pduA deletion mutant
was constructed based on a corrected DNA sequence, and
electron microscopy was used to examine the effects of the
pduA, pduBB⬘, pduJ, pduK, pduN, pduT, or pduU deletion
mutations on the structure of the Pdu MCP of Salmonella. In
all cases, several sections and hundreds of cells were examined
from cultures grown on at least 2 different days. Representative images are presented in Fig. 2 and Fig. S2 to S9 in the
supplemental material. Results showed that a strain with a
pduA deletion formed MCPs that were somewhat enlarged
compared to the wild type but generally similar in appearance
(Fig. 2). For both wild-type Salmonella and the pduA deletion
mutant, 40 MCPs were measured (80 total) in thin sections.
Each MCP was measured twice, first on the longest axis and
then 90 degrees to the first measurement, using ImageJ software (43) or manual measurements. The average of these two
measurements was taken to indicate the cross-sectional length
of the MCP. The mean cross-sectional length of wild-type
MCPs ⫾ 1 standard deviation was 123 ⫾ 30 nm, compared to
155 ⫾ 48 nm for MCPs from the pduA deletion mutant. We
also plotted the size distribution of MCPs from wild type and
the pduA mutant (Fig. S1). Compared to the wild type, the
pduA mutant formed about 9-fold more MCPs that measured
ⱖ180 nm. Thus, the pduA deletion mutant formed enlarged
MCPs. This is in contrast to prior studies with the incorrect
pduA mutant mentioned above (actually a pduAB double mutant), which did not form MCPs at all (24).
pduB and pduB⬘ are overlapping genes (23, 39) and hence
were deleted together. In a pduBB⬘ deletion mutant, MCP
formation was eliminated. No MCPs were observed in several
hundred cells examined, and a single polar body was seen in
about 20% of the cells (Fig. 2; see also Fig. S2 to S4 in the
supplemental material). In addition, ⬍1% contained unusual
structures other than the polar bodies. Given their low numbers, these structures were most likely electron microscopy
artifacts. In contrast, no polar bodies were observed in wildtype Salmonella, MCPs were present in ⬎90% of cells, and
unusual protein structures were seen in ⬍1% of cells. Thus, the
electron microscopy indicates that the pduBB⬘ deletion mutant
was unable to from MCPs.
In a strain with a pduJ deletion, highly elongated structures
were observed in 22% of cells (Fig. 2). Further, ⬃20% of the
examined cells contained amorphous inclusion bodies similar
in appearance to those seen for the pduBB⬘ deletion mutant.
Most cells (57%) lacked MCPs or other unusual structures.
Fewer than 1% of cells contained unusual protein structures of
uncertain origin. This is in stark contrast to what was found for
the wild type, where ⬃90% of cells contained normal-appearing MCPs. Thus, a pduJ deletion either prevents MCP formation or leads to the formation of elongated structures. This
tentatively suggests that assembly might arrest at two different
steps in a pduJ mutants, raising the possibility of more than one
assembly pathway.
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purified by the alkaline lysis procedure (49) or by using Qiagen products
(Qiagen, Chatsworth, CA) according to the manufacturer’s instructions. Following restriction digestion or PCR amplification, DNA was purified using Promega
Wizard PCR Preps (Madison, WI) or Qiagen gel extraction kits. Restriction
digests were carried out using standard protocols (49). For ligation of DNA
fragments, T4 DNA ligase was used according to the manufacturer’s directions.
Electroporation was carried out as previously described (6).
P22 transduction. Transductional crosses were performed as previously described, using P22 HT105/1 int-210, a mutant phage that has high transducing
ability (53). Transductants were tested for phage contamination and sensitivity by
streaking on green plates against P22 H5.
Construction of clones for complementation studies. The coding sequences of
pduA, pduBB⬘, pduJ, pduK, pduN, pduT, and pduU were cloned into pLAC22 via
PCR with template pEM55 as previously described (6). Vector pLAC22 allows
tight regulation of protein production by IPTG (59). The DNA sequences of all
clones were verified.
Construction of pdu deletion mutants. Two PCR-based methods were used to
construct pdu deletion mutants. In each case, deletions removed nearly the entire
coding sequence but left predicted translation signals of all pdu genes intact. The
pduBB⬘ and pduJ deletions were made by the method of Miller and Mekalanos
with modifications previously described (37). The pduA, pduK, pduN, pduT, and
pduU deletions were made by linear transformation of PCR products with
modifications as described previously (18, 24). For mutants made by linear
transformation, the kanamycin resistance cassette was moved to wild-type
Salmonella by P22 transduction and then removed using the flp recombinase
as described previously (18). The DNA sequences of Del pduA687 (BE464)
and Del pduK680 (BE770) were verified by direct sequencing of chromosomal
DNA (1 g/l) purified using a Qiagen DNeasy tissue kit and using primers
pduA-348FF (GCCCATCATACGGGAGATTCGAGC), pduA-114FR (CTG
CCATAGCCGTCTCTCGTATAG), pduK448FF (ACACTCGCTGGTCGT
GCATTA), and pduK431FR (AAGCGGCGACATATGGATAT). In addition, PCR was used to verify all deletions as described previously (18).
Growth studies. Growth rates were determined using a Synergy HT microplate
reader (BioTek, Winooski, VT) as previously described (35). Doubling times
were calculated from semilog plots, where doubling time was calculated as
0.693/(2.303)(slope of the linear region of the plot). For determination of propionaldehyde levels, 50-ml cultures were grown in 250-ml Erlenmeyer flasks at
37°C with shaking at 275 rpm in an Innova I2400 incubator shaker (New Brunswick Scientific) (24). These cultures were inoculated to an optical density at 600
nm (OD600) 0.1 with an LB overnight culture that had been centrifuged and
resuspended in NCE with 1 mM MgSO4.
Propionaldehyde determination. Cultures were sampled at timed intervals.
Cells were removed by centrifugation followed by filtration with 0.22-m Millex-GV syringe filters (Millipore Corporation). Propionaldehyde was then determined by high-performance liquid chromatography (HPLC) and by the 3-methyl2-benzothiazolinone hydrazone (MBTH) assay as described previously (50).
Electron microscopy. For electron microscopy, strains were grown in 125-ml
Erlenmeyer flasks containing 10 ml of NCE minimal medium supplemented with
1 mM MgSO4, 0.5% succinate, 0.4% 1,2-PD, and 50 M ferric citrate. Cultures
were inoculated to an OD600 of 0.1 with an LB overnight culture that had been
centrifuged and resuspended in NCE medium with 100 M MgSO4. After the
cultures reached optical densities between 1 and 1.2 at 600 nm, cells were
harvested by centrifugation. Imbedding, sectioning, and electron microscopy
were carried out as described previously (6, 24).
SDS-PAGE and Western blots. Protein concentration was determined using
Bio-Rad (Hercules, CA) protein assay reagent, with bovine serum albumin
(BSA) as a standard. SDS-PAGE was performed using Bio-Rad 18% Tris-HCl
ready gels. For Western blots, proteins were transferred from SDS-PADE gels to
nitrocellulose membranes and detected by primary antibody from rabbit and
goat anti-rabbit immunoglobulin conjugated to alkaline phosphatase as a secondary antibody (Bio-Rad). Chromogenic developing agents were used in accordance with the manufacturer’s instructions (Bio-Rad).
DNA sequencing and analysis. DNA sequencing was carried out at the Iowa
State University DNA Facility using Applied Biosystems, Inc., automated sequencing equipment. The template for DNA sequencing was plasmid DNA
purified using Qiagen 100 tips or Qiagen miniprep kits. BLAST software was
used for sequence similarity searching (1).
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A pduK deletion resulted in the formation of what appeared
to be aggregates of MCPs (Fig. 2; see also Fig. S5 to S8 in the
supplemental material) in ⬃52% of the cells examined. About
1% of cells contained unusual structures of uncertain origin. In
⬃47% of the cells examined, neither normal nor aggregated
MCPs were detected. In contrast, no aggregates similar in
appearance to those formed by the pduK deletion mutant were
observed in wild-type cells, and ⬃90% of cells contained normal-appearing MCPs. The aggregates formed in pduK mutants
differed from the polar bodies found in pduBB⬘ mutants in that
they appeared to be composed of MCPs delineated by shells,
whereas the perimeters of the polar bodies were amorphous
and lacked any observable indication of a shell. Moreover,

growth studies and metabolite measurements indicated that
the MCP aggregates formed in a pduK mutant function normally, supporting an intact shell (see below). Thus, we infer
that a pduK deletion primarily results in the formation of
aggregates of normally functioning MCPs.
A pduN mutant formed MCPs with a variety of morphologies, including elongated, enlarged, and aggregated MCPs and
some with rounded cross-sections (Fig. 2; see also Fig. S9 in the
supplemental material). The majority (⬃90%) of cells observed contained MCPs with unusual shapes. Based on visual
appearance (size, shape, and staining density), we judge that
few to none of the MCPs were of normal appearance. The
variety of MCP sizes and shapes seen in a pduN deletion
mutant is not easily described by size measurements; we therefore refer the reader to Fig. 2 and Fig. S9.
We also examined the effects of a pduT or a pduU deletion
on MCP structure. These mutations had no obvious effects on
MCP formation, based on electron microscopy observations
(not shown). For the pduU and pduT mutants, ⬃90% of cells
contained normal-appearing MCPs. By visual inspection, the
size, shape, and staining density of MCPs from these mutants
were similar to those of the wild type. The cross-sectional sizes
of MCPs formed by pduT and pduU deletion mutants were
determined as described above. The mean values ⫾ 1 standard
deviation were 121 ⫾ 20 nm for the ⌬pduT mutant and 113 ⫾
23 nm for the ⌬pduU mutant compared to the value for the
wild type, which was 123 ⫾ 30 nm. In addition, the size distributions of MCPs found in the wild type and in pduT and pduU
mutants were similar (see Fig. S1 in the supplemental material). Thus, pduT and pduU mutants form normal-appearing
MCPs.
PduN is a component of the Salmonella Pdu MCP. PduN is
homologous to CcmL and CsoS4A, which are non-BMC, pentameric proteins proposed to form the vertices of the carboxysomes (55). However, in prior studies, PduN was not identified
as a component of purified Salmonella Pdu MCPs (23). This
may have been due to low abundance. CsoS4A was not initially
detected in purified carboxysomes (although it was detected in
later studies by Western blot analysis), and individual icosahedra have only 12 vertex proteins among the hundreds of hexamers needed to form the triangular facets that comprise the
bulk of the shell (10, 55). In addition, green fluorescent protein
(GFP)-labeled PduN was shown to associate with what appear
to be empty MCP shells when the PduABB⬘JKN proteins from
Citrobacter are expressed from a plasmid in E. coli (40). Thus,
PduN is thought to be a low-abundance component of the Pdu
MCP. To directly test whether PduN is a component of intact
Salmonella Pdu MCPs, Western blot anslyses were performed
(see Fig. S10 in the supplemental material). A band near 12
kDa was detected in MCPs purified from wild-type S. enterica,
while no PduN band was detected in MCPs purified from the
pduN deletion mutant. Furthermore, when similar amounts of
protein were analyzed, Western blot analysis readily detected
PduN in purified MCPs but not in crude cell extracts (Fig.
S10). This indicated that purified MCPs were enriched in
PduN, strongly indicating that PduN protein is a component of
intact Pdu MCPs from Salmonella.
Growth of MCP shell mutants on 1,2-PD with saturating or
limiting B12. Prior studies showed that strains of Salmonella
having a pduAB or pduJK double deletion were unable to form

Downloaded from http://jb.asm.org/ on November 29, 2020 by guest

FIG. 2. Electron microscopy of wild-type Salmonella and selected
deletion mutants. The bar is 200 nm. For more images, see Fig. S2 to
S9 in the supplemental material.
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MCPs and accumulated propionaldehyde to levels that induced 20 to 30 h of growth arrest and increased DNA damage,
supporting the idea that the Pdu MCP functions to minimize
propionaldehyde toxicity (50). For this report, we conducted
growth studies on strains with nonpolar deletions in pduA,
pduBB⬘, pduJ, pduK, pduN, pduT, or pduU individually and on
wild-type Salmonella. At saturating B12, the wild type grew
normally and accumulated propionaldehyde to about 2 mM
(Fig. 3). Under similar growth conditions, two classes of mutants were found. For pduA, pduBB⬘, pduJ, and pduN deletion
mutants, propionaldehyde accumulated to 12 to 20 mM and
induced a period of growth arrest that lasted 15 to 20 h. The
results obtained with a pduBB⬘ deletion mutant are shown in
Fig. 3. For this mutant, growth arrest lasted 20 h and propionaldehyde peaked at 18.2 mM. For pduA, pduJ, and pduN
deletion mutants, the following values were obtained for
growth arrest and maximum propionaldehyde level: for
⌬pduA, 12 h and 12 mM; for ⌬pduJ, 16 h and 14 mM; and
for ⌬pduN, 20 h and 16 mM. The growth rates for pduA,
pduBB⬘, pduJ, and pduN deletion mutants were about the same
as those for the wild type (1.2, 1.0, 1.2, and 0.93 times the
wild-type rate, respectively) at saturating B12 (Table 2). In
contrast, for pduK, pduT, and pduU deletion mutants, propionaldehyde levels stayed below 2 mM (similar to the wild-type

FIG. 4. Growth of pduK, pduT, and pduU deletion mutants on
1,2-propanediol with saturating B12 (150 nm). Wild-type Salmonella
(closed circles) and ⌬pduK (closed diamonds), ⌬pduT (open squares),
and ⌬pduU (closed triangles) mutants. Growth curves were obtained
with a Biotek Synergy microplate reader as described in Materials and
Methods.

level), and growth rates with 1,2-PD and saturating B12 were
similar to the wild-type rate for the ⌬pduK mutant (0.96 relative to the wild-type rate) and moderately impaired for the
⌬pduT and ⌬pduU mutants (0.67 and 0.66 times the wild-type
rate, respectively) (Fig. 4 and Table 2).
Prior studies also showed that a pduAB double deletion
mutant grew faster than the wild type during growth on 1,2-PD
with limiting B12 (⬍50 nm) (24). This suggests that the shell of
the Pdu MCP acts as a barrier to B12, which is a required
cofactor for the diol dehydratase enzyme (PduCDE) encased
within the MCP (24). Here, we found that strains with mutations in pduA, pduBB⬘, pduJ, or pduN also grew substantially
faster than wild-type S. enterica at 20 nm B12 (2.2, 3.9, 2.4, or
4.1 times the wild-type rate, respectively) (Fig. 5A and Table
2). In contrast, however, strains with pduK, pduT, or pduU
mutations grew at about the same rate as wild-type at limiting
B12 (1.02, 0.94, or 1.02 times the wild-type rate, respectively)
(Fig. 5B and Table 2). The pduU deletion mutant was somewhat unusual in that it showed an increased lag time compared
to the wild type and grew to a higher cell density. For the
above-mentioned studies, growth rates (Table 2) were determined with a microplate reader using 6 replicates for each
strain. Propionaldehyde was determined from cultures grown
in shake flasks. This was done to provide sufficient amounts of
sample for metabolite analyses and for consistency with prior
studies (24) since culture conditions could affect the production of propionaldehyde and other metabolites. The observed
growth phenotypes on 1,2-PD medium with saturating or limiting B12 indicate that PduA, PduBB⬘, PduJ, and PduN are

TABLE 2. MCP phenotypes of pdu deletion mutants
Relevant genotype (strain)

Wild-type S. enterica LT2
⌬pduA (BE464)
⌬pduBB⬘ (BE213)
⌬pduJ (BE184)
⌬pduK (BE770)
⌬pduN (BE772)
⌬pduT (BE885)
⌬pduU (BE901)

MCP formation

Normal
Enlarged
Absent, with polar body present
Elongated or amorphous
Aggregated
Elongated and varied shapes
Normal
Normal

Doubling time with B12 (h)

Growth
arrest

Limiting

Saturating

Growth lag on 1,2-PD
minimal medium (h)

No
Yes
Yes
Yes
No
Yes
No
No

16.9 ⫾ 0.83
7.8 ⫾ 0.44
4.3 ⫾ 0.10
7.1 ⫾ 0.52
16.6 ⫾ 0.37
4.1 ⫾ 0.41
18.0 ⫾ 1.13
16.5 ⫾ 0.60

5.4 ⫾ 0.11
4.5 ⫾ 0.25
5.2 ⫾ 0.07
4.5 ⫾ 0.11
5.6 ⫾ 0.17
5.8 ⫾ 0.16
8.1 ⫾ 0.15
8.2 ⫾ 0.28

17.4 ⫾ 0.3
17.5 ⫾ 0.3
13.4 ⫾ 0.1
16.1 ⫾ 0.5
17.6 ⫾ 0.1
15.9 ⫾ 0.3
18.2 ⫾ 0.3
20.0 ⫾ 0.2
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FIG. 3. Growth and propionaldehyde production by wild-type Salmonella and a pduBB⬘ deletion mutant during growth on 1,2-PD minimal medium at saturating B12 (150 nm). Wild type: growth (closed
circles) and propionaldehyde production (open circles). pduBB⬘ deletion mutant: growth (closed diamonds) and propionaldehyde production (open diamonds). The pduBB⬘ deletion mutant underwent a period of growth arrest between 12 and 32 h that corresponded with a
spike in propionaldehyde levels. Generally similar results were obtained with pduA, pduBB⬘ pduJ, and pduN deletion mutants (see text).
Cultures were grown in 250-ml flasks, and samples were removed at
timed intervals to determine optical density and propionaldehyde levels in the culture medium.
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required for the structural integrity of the MCP shell but that
PduK, PduT, and PduU are not and hence may have specialized functional roles.
Complementation studies. Studies were performed to determine whether the growth phenotypes of the pduA, pduBB⬘,
pduJ, pduK, pduN, pduT, or pduU mutants could be complemented by the corresponding clone expressed from a plasmid.
For the pduA, pduBB⬘, pduJ, and pduN deletion mutants, limiting B12 was used, and for the pduK, pduT, and pduU deletion
mutants, saturating B12 was used. The vector used for complementation was pLAC22, which allows tight regulation of gene
expression by IPTG (59). For the pduBB⬘, pduJ, pduK, pduN,
pduT, and pduU deletion mutants, complementation was observed between 0.01 and 0.5 mM IPTG, indicating that the
observed growth phenotypes were the result of the mutation
under investigation and not due to polarity or an unknown
mutation. In the case of the pduA deletion mutant, partial
complementation was observed when the inoculum was grown
in the presence of 1 mM IPTG to preinduce expression of
pduA. No complementation was observed without preinduction (in contrast to what was found for the other deletion
mutants tested). Three different pduA deletion mutants were
constructed by linear transformation of PCR products, which is
designed to generate nonpolar mutations (18, 37), and all three
showed partial complementation. The DNA sequence of the
pduA clone used for complementation and the pduA deletion
present in BE464 were determined, and both were as expected.
It is also clear that all three pduA deletion mutants were
nonpolar, since each mutant grew well on 1,2-PD, which requires expression of multiple genes downstream of pduA. It
seems most likely to us that the lack of full complementation
was due to difficulty in establishing the precise gene dosage.
Therefore, despite the lack of full complementation, it is likely
the phenotypes observed for the pduA deletion mutant resulting from the pduA deletion.
DISCUSSION
In this study, we constructed precise deletion mutants of
pduA, pduBB⬘, pduJ, pduK, pduN, pduT, and pduU individually
and examined their phenotypes using electron microscopy,

growth tests, and propionaldehyde measurements. The results
showed that pduA, pduBB⬘, pduJ, and pduN were essential for
MCP formation and mitigation of propionaldehyde toxicity. In
addition, interpretation of the electron microscopy in terms of
carboxysome structure (which is better understood) provides
some additional insights. The carboxysome is icosahedral, with
20 triangular facets composed of hexagonal BMC domain proteins (28, 29, 52, 55). The triangular facets are thought to be
joined by edge proteins (bent hexamers) and vertex proteins
that impart the curvature needed to form a closed structure
(55, 57). In this report, we showed that pduJ or pduN deletion
mutants formed highly elongated MCPs, suggesting that these
mutants are impaired for the formation of closed structures
(Fig. 2). Given that PduJ comprises a substantial part of the
total MCP protein (11%), PduJ is a good candidate for an edge
protein that joins facets at the proper angle needed for closure.
PduN is homologous to CcmL and CsoS4A, which are pentameric proteins proposed to form the vertices of the carboxysomes (55). Thus, results suggest that PduN is a vertex protein.
However, EutN (which is also related to PduN in sequence)
forms hexamers in crystals (22), and recent studies with Halothiobacillus have shown that strains carrying deletions of
csoS4-A and csoS4-B form a minority of aberrant structures,
suggesting that curvature also can be achieved without the
presence of the CsoS4A and CsoS4B proteins (10). Thus, some
unanswered questions remain regarding the role of PduN and
the mechanism by which curvature is imparted to MCPs. We
also examined a pduBB⬘ deletion mutant which eliminates two
overlapping genes. The pduBB⬘ deletion prevented MCP formation and resulted in the formation of large amorphous inclusion bodies presumably composed of misassembled MCP
proteins. Prior studies showed that the PduB and PduB⬘ proteins comprise nearly one-quarter of the total MCP protein,
12.8% and 12.1%, respectively (23). These findings are consistent with a role for PduBB⬘ as the major proteins that make up
the facets of the shell interacting with both edge and vertex
proteins and probably lumen enzymes as well. Accordingly,
loss of PduBB⬘ resulted in the complete disassembly of the Pdu
MCP. A pduA deletion mutant was also examined, and the
results showed that it formed MCPs that were enlarged compared to those of the wild type but generally similar in appearance (Fig. 2). This is in contrast to the results reported for
Citrobacter, where absence of pduA prevented MCP formation
(39). It was somewhat surprising that deletion of pduA (which
comprises about 7.5% of total MCP protein) (23, 24) had a
relatively modest effect on MCP structure. This suggests that
although PduA is a major component and essential for the
mitigation of propionaldehyde toxicity, this protein may have a
somewhat minor role in MCP assembly.
The phenotypes of pduT and pduU deletion mutants were
also examined. The results indicated that these genes were
nonessential for MCP formation and function (mitigation of
propionaldehyde toxicity). In addition, prior studies showed
that PduT and PduU are minor components of the Pdu MCP
(23). Hence, studies suggest that PduT and PduU have specialized functional roles. These could include transport of enzyme substrates, products, cofactors, or electrons across the
shell or the repair of Fe-S centers in lumen enzymes. These
ideas are supported by the fact that crystal structures show that
different shell proteins have Fe-S centers as well as pores that

Downloaded from http://jb.asm.org/ on November 29, 2020 by guest

FIG. 5. Growth of Salmonella pdu shell gene deletion mutants on
1,2-propanediol with limiting B12 (20 nM). (A) Wild-type (closed circles) and ⌬pduA (open triangles), ⌬pduBB⬘ (open diamonds), ⌬pduJ
(open circles), and ⌬pduN (closed squares) mutants. (B) Wild-type
Salmonella (closed circles) and ⌬pduK (closed diamonds), ⌬pduU
(closed triangles), and ⌬pduT (open squares) mutants. The growth
curves for the wild type and the ⌬pduK mutant are difficult to distinguish because they largely overlap. The growth medium was NCE
minimal medium with 0.4% 1,2-PD and 20 nM vitamin B12.
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