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Summary

Bacterial microcompartments (MCPs) are complex organelles that consist of metabolic enzymes
encapsulated within a protein shell. In this study, we investigate the function of the PduJ MCP
shell protein. PduJ is 80% identical in amino acid sequence to PduA and both are major shell
proteins of the 1,2-propanediol (1,2-PD) utilization (Pdu) MCP of Sa/monella. Prior studies
showed that PduA mediates the transport of 1,2-PD (the substrate) into the Pdu MCP. Surprisingly,
however, results presented here establish that PduJ has no role 1,2-PD transport. The crystal
structure revealed that PduJ was nearly identical to that of PduA and, hence, offered no
explanation for their differential functions. Interestingly, however, when a pduJgene was placed at
the pduA chromosomal locus, the PduJ protein acquired a new function, the ability to mediate 1,2-
PD transport into the Pdu MCP. To our knowledge, these are the first studies to show that that gene
location can determine the function of a MCP shell protein. We propose that gene location dictates
protein-protein interactions essential to the function of the MCP shell.
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Introduction

Many bacteria use proteinaceous organelles known as microcompartments (MCPs) to
optimize metabolic processes (Bobik et al., 2015, Rae et al., 2013, Chowdhury et al., 2014,
Abdul-Rahman et al., 2013). MCPs are polyhedral in shape, about the size of a large virus
(100-200 nm in diameter), and consist of metabolic enzymes encapsulated within a
selectively permeable protein shell. The functions of MCPs are to accelerate catalysis, block
wasteful by-reactions, and sequester toxic or volatile metabolic intermediates in order to
minimize cellular damage and/or loss of valuable carbon (Fig 1A) (Havemann et al., 2002,
Sampson & Bobik, 2008, Penrod & Roth, 2006, Price & Badger, 1989). Bioinformatic
analyses indicate that MCPs are produced by hundreds of different bacterial species ranging
across 23 different phyla and that they are used to enhance seven or more different metabolic
processes (Abdul-Rahman et al., 2013, Jorda et al., 2013). The three best-studied MCPs are
carboxysomes, which are used for autotrophic carbon fixation (Rae et a/., 2013) and the Pdu
and Eut MCPs which are involved in the coenzyme B1,-dependent catabolism of 1,2-
propanediol (1,2-PD) and ethanolamine, respectively (Chowdhury et al., 2014). Other MCPs
are proposed to be involved in ethanol degradation (Seedorf et a/., 2008), choline catabolism
(Craciun & Balskus, 2012, Kuehl et al., 2014), 1,2-PD degradation initiated by a glycyl
radical enzyme (rather that a B;,-dependent enzyme) (Petit et al., 2013, Scott et al., 2006)
and in the degradation of algal polysaccharides (Erbilgin et al., 2014).
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Although MCPs are functionally distinct in terms of metabolism due to variation in their
encapsulated enzymes, all have related protein shells (Yeates et al., 2013, Chowdhury et al.,
2014). MCP shells are primarily composed of a family of proteins known as bacterial
microcompartment (BMC) domain proteins (Kerfeld ef a/., 2005, Tanaka et a/., 2008, Tanaka
et al., 2009, Yeates et al., 2013). Most MCP shells are built from several thousand BMC-
domain proteins of 5-10 different types (Chowdhury et al., 2014). A number of BMC-
domain proteins pack tightly side-by-side into extended two-dimensional layers and
different types of BMC-domain proteins have edges with complementary shapes. Hence, the
protein shells of bacterial MCPs are thought to be composed primarily of mixed sheets of
BMC-domain proteins (Fig. 1A) (Crowley et al., 2010, Heldt et al., 2009, Klein et al., 2009,
Sagermann et al., 2009). Nearly all MCPs also include at least one bacterial
microcompartment vertex (BMV) protein (Tanaka ef a/., 2008, Wheatley et al., 2013). BMV
proteins are pentamers (unrelated to BMC-domain proteins) that cap the vertices of MCPs
and help close the polyhedral structure (Fig. 1A) (Tanaka et al., 2008, Wheatley et al., 2013).

MCP function requires that the substrates and cofactors needed by the encapsulated enzymes
cross the protein shell and enter the MCP interior (Cheng et al., 2008). However, the MCP
must also restrict the egress of certain toxic/volatile intermediates (Havemann et a/., 2002,
Sampson & Bobik, 2008, Penrod & Roth, 2006, Price & Badger, 1989). Studies indicate that
BMC-domain proteins provide the basis for a selectively permeable protein shell that fulfills
these requirements (Crowley et al., 2010, Kerfeld et al., 2005). In the case of the Pdu MCP,
crystallographic studies showed that the PduA shell protein tiles into tightly packed protein
sheets whose most notable openings are central pores at the six-fold axis of the PduA
hexamer (Crowley et al., 2010). These pores are lined with numerous hydrogen-bond donors
and acceptors suggesting they might preferentially allow the movement of 1,2-PD (the
substrate) compared to propionaldehyde (a toxic intermediate) which is less polar (Fig 1A)
(Crowley et al., 2010, Crowley et al., 2008). Importantly, Chowdhury and co-workers
recently demonstrated selective permeability; structure-guided mutagenesis showed that the
PduA pore acts as a major route for entry 1,2-PD into the Pdu MCP while restricting the
egress of a propionaldehyde (Chowdhury et al., 2015, Crowley et al., 2010). Interestingly,
crystallographic studies have suggested that tandem-BMC domain proteins such as PduB
might have an allosterically-gated pores that allow the entry of bulkier enzymatic cofactors
(Klein et al., 2009, Sagermann et al., 2009, Tanaka ef a/., 2010, Cai et al., 2013, Thompson
et al., 2015). Several tandem-BMC domain proteins have been crystallized in alternate
conformations that have either a large central pore or one that is occluded suggestive of a
gate (Klein et al., 2009, Sagermann et al., 2009, Tanaka et al., 2010, Cai et al., 2013). In
addition, the EutL tandem-BMC-domain protein has been shown to bind ethanolamine (the
substrate of the Eut MCP) in a manner that indicates allosteric regulation of its pore
(Thompson et al., 2015). It is also notable that the PduT shell protein has a [4Fe-4S] cluster
where the central pore would typically be found (Crowley et al., 2010, Pang et al., 2011). It
has been suggested that PduT might act as an electron conduit or in the transport of Fe-S
clusters between the cytoplasm of the cell and the MCP lumen (Crowley et al., 2010,
Crowley et al., 2008).

The PduJ and PduA proteins are both major components of the shell of the Pdu MCP which
is used by Salmonella and many other species for the catabolism of 1,2-PD as a carbon and
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energy source (Havemann & Bobik, 2003). The function of the Pdu MCP is to sequester
propionaldehyde to prevent toxicity during 1,2-PD metabolism (Fig. 1A) (Havemann et al.,
2002, Sampson & Bobik, 2008). As mentioned above, PduA provides a major route for the
selective entry of 1,2-PD into the Pdu MCP (Chowdhury et af., 2015). Sequence alignments
show that PduJ and PduA are 80% identical in amino acid sequence and have identical pore-
lining residues (Fig. 2A). Hence, it would seem reasonable the PduJ and PduA have similar
functions. Surprisingly, however, results presented here show that unlike PduA, the PduJ
protein has no role in 1,2-PD transport. We also present the crystal structure of PduJ and
show that the pore structures of PduA and PduJ are highly conserved. Lastly, we show that
the function of the PduJ protein depends on the chromosomal position of its encoding gene.
If a pauJgene is placed in the chromosomal position normally occupied by pduA, the Pdul
protein can then mediate 1,2-PD transport into the Pdu MCP. Based on these findings, we
propose a model in which the specific location of the PduJ protein within MCP shell
determines whether it can function in 1,2-PD transport.

A PduJ pore mutant grows normally on 1,2-PD minimal medium

Recent studies showed that the pore structure of the PduA shell protein allows for the
selective influx of substrate (1,2-PD) into the Pdu MCP (Chowdhury et al., 2015). In these
studies, a PduA S40L pore mutant was shown to be impaired for 1,2-PD transport across the
MCP shell (Chowdhury et al., 2015). Because the pore region of PduJ is identical in
sequence to PduA (Fig. 2A), we tested whether the PduJ pore might also play a role in 1,2-
PD uptake into the Pdu MCP. A chromosomal PduJ S39L mutant was constructed (S39 of
PduJ corresponds to S40 of PduA). However, in contrast to a PAuA S40L mutant which
grows slowly in 1,2-PD minimal medium at limiting B1, due to impaired 1,2-PD transport
(Chowdhury et al., 2015), a PduJ S39L mutant grew similarly to wild-type (Fig. 2B). The
doubling times were as follows: wild-type (17.6 +1.1 h); PduA S40L (22.8 + 0.6 h); and
PduJ S39L (16.4 + 0.8 h). We also tested growth of a PduJ S39L PduA S40L double mutant,
and found that it grew similarly to PduA S40L (Fig. 2B) (the doubling time of the PduJ
S39L PduA S40L double mutant was 23.1 + 0.6 h). The error shown for doubling times is
one standard deviation from the mean and in all cases was determined from at least three
biological replicates measured in triplicate. The similar growth pattern of PduJ S39L to
wild-type tentatively suggests that PduJ does not mediate 1,2-PD transport despite the fact
that the pore region of PduJ is identical in sequence to that of PduA. Thus, despite their high
sequence identity, PduJ seemed to have a different function than PduA.

MCPs isolated from the PduJ S39L pore mutant exhibited diol dehydratase activity similar

to wild-type

Diol dehydratase (DDH) is an MCP lumen enzyme that catalyzes the first step of 1,2-PD
degradation (the conversion of 1,2-PD to propionaldehyde); hence, its activity depends on
the diffusion of 1,2-PD across the MCP shell. Previous studies showed that MCPs purified
from a PduA S40L mutant exhibited lower DDH activity compared to wild-type due to
impaired diffusion of 1,2-PD across the MCP shell (Chowdhury et al., 2015). Therefore, as a
second test to assess whether the PduJ pore has a role in 1,2-PD transport, we assayed DDH
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activity of MCPs purified from a PduJ S39L mutant. PduJ S39L MCPs were purified as
described (Sinha et al., 2012) with a yield > 90% compared to wild-type. In addition,
transmission electron microscopy showed no gross abnormalities in the size and shape of
PduJ S39L MCPs (Fig. S1 and S2) and SDS-PAGE followed by densitometry showed no
obvious changes in the major proteins bands compared to wild-type MCPs (Fig. S3).
However, unlike PduA S40L MCPs which had substantially reduced DDH activity, the DDH
activity of PduJ S39L MCPs was indistinguishable from wild-type (Table 1). In addition,
MCPs purified from the PduA S40L PduJ S39L double mutant had DDH activity similar to
the PduA S40L single mutant further indicating that the PduJ S39L mutant did not restrict
1,2-PD transport (Table 1). As a control, dialysis and sonication were used to disrupt the
shells of each type of MCP to allow free diffusion of 1,2-PD to DDH (Chowdhury et al.,
2015). After their shells were broken, wild-type, PduJ S39L, PduA S40L and PduA S40L
PduJ S39L (double mutant) MCPs all had similar DDH activity (Table 1) showing that DDH
was normally recruited and incorporated into the mutant MCPs. Thus, DDH assays
supported the growth studies described above and provided further evidence that in contrast
to PduA, PduJ has no role in 1,2-PD influx into the Pdu MCP.

The structure of Pdud is nearly identical to that of PAduA

The dissimilar transport behavior of PduA and PduJ, despite identical amino acid sequences
in their pore regions, was unexpected. One possibility was that PduJ and PduA have
significant structural differences despite their high sequence identity (80%). To examine this,
PduJ K25A was crystallized in space group P6 and its structure was solved at 1.5A
resolution. The K25A mutant was used to reduce crystallographic problems that result from
edge-to-edge aggregation of BMC hexamers (Sinha et al., 2014). The structure was refined
using PHENIX and manual manipulation using COOT, and BUSTER 2.10.0. Protein
geometry analysis revealed no Ramachandran outliers, with 98.9% residues in favored
regions. The Molprobity clash score after adding hydrogens was 0.78. Data collection
statistics are shown in Table S1. In the crystal structure, PduJ K25A forms a hexamer,
adopting the canonical BMC hexamer conformation (PDBID 5D6V, Fig. 3A). In the PduJ
structure, the C-terminal region is well-ordered and forms a short alpha helix whereas this
segment is disordered and not resolved in the PduA structure (Fig. 3B). Structural alignment
of the PduJ hexamer with the PduA hexamer (PDBID 3NGK) gives a backbone r.m.s.d.
deviation of 0.28A (Fig. 4A). The pore region of PduJ appears identical to that of the PduA
(Fig. 4B). Aligning all atoms of the pore regions (PduJ residues 137-L41 and PduA residues
138-L42) of the monomers gives an r.m.s.d of 0.185A. Also, the PduJ pore has a similar pore
diameter of 5.7A to that of PduA, 5.6A (Fig. 4B). Thus, there are no obvious structural
differences between PduA and PduJ that could account for the dissimilar transport behavior.

pduA can complement the growth phenotype of a pduJ deletion mutant but not vice versa

Prior studies showed that a paduA deletion mutant grows faster than wild-type at limiting
levels of By, (20 nM) (Cheng et a/., 2011, Sinha et al., 2014). This phenotype results from a
damaged MCP shell which allows increased access of the lumen enzymes to their substrates
(Sinha et al., 2014). Hence, growth rate at limiting B4, provides a test for the structural
integrity of the Pdu MCP (Cheng ef a/., 2011). Using this test, we examined whether PduJ
and PduA are interchangeable for MCP assembly. Control experiments (complementation
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tests) showed that the fast-growth phenotype of ApaduJwas restored to wild-type levels by
expression of pauJfrom plasmid pLac22 at ~50 uM IPTG (Fig. 5A, Table 2). We also found
that production of PduA using 50 uM IPTG largely corrected the fast-growth phenotype of a
pauJdeletion mutant (Fig. 5B, Table 2). In contrast, a pa/A deletion was only partially
complemented by expression of PduA at optimal IPTG levels (Fig. 5C, Table 2) as reported
previously (Cheng et al., 2011), and was not complemented at all by production of PduJ
from pLac22 at any IPTG concentration tested (Fig. 5D, Table 2). Thus, with respect to
MCP function, PduA can replace PduJ but not vice versa.

We note that the growth phenotypes certain strains (4pauAlpLac22-pauA and Apdu/
pLac22-pduJ) were more severe (faster growth) without added IPTG (Fig. 5A, 5C). We
speculate that a very low level of expression from pLac22 plasmid might have an
antagonistic effect on MCP assembly in these particular cases.

pduA can complement the DDH phenotype of a ApduJ mutant but not vice versa

MCPs purified from a pduJ deletion mutant show higher DDH activity than wild-type MCPs
because the MCP shell was disrupted allowing DDH greater access to its substrate 1,2-PD
(Table 3) (Sinha et al., 2014). Ectopic production of either PduJ or PduA reduced the DDH
activity of purified ApduJ MCPs substantially closer to wild-type levels (Table 3) consistent
with growth studies (Fig. 5). The ectopic production of PduA and PduJ from pLac22 was
confirmed by SDS PAGE of purified MCPs (Fig. S3). In contrast, production of PduJ from
pLac22 had no effect on the DDH activity of MCPs purified from a pauA deletion (Table 3).
Thus, in vitro assays with purified MCPs also indicate that PduA can substantially substitute
for PduJ, but not vice versa.

The aberrant morphology of ApduJ MCPs is partially corrected by expression of PAuA
from a plasmid

A pauJ deletion mutant produced elongated MCPs (Fig. 6) as was observed earlier (Cheng et
al., 2011, Sinha et al., 2014). The structure of 4pduJMCPs was partly corrected by
production of PduA from a plasmid (Fig. 6). Upon expression of PduA, the elongated MCPs
produced by a ApduJ mutant assumed a rounded shape more similar to wild-type although
they had a somewhat more wrinkled or folded appearance (Fig. 6). A 4pduA mutant forms
slightly enlarged MCPs (Fig. 6 and S2) as was previously shown (Cheng et a/., 2011). PduJ
expressed from a plasmid did not observably change the MCP morphology of ApduA mutant
although any cross complementation would be difficult to discern since 4pduA MCPs are
only slightly larger than wild-type MCPs (Fig. 6 and S2). Nonetheless, overall, three lines of
evidence (described above) indicate that PduA can substitute for PduJ to a large extent but
not vice versa. This emphasizes the question, why can PduA functionally substitute for PduJ
but not vice versa?

A pduJ gene can complement a pduA deletion if placed at the pduA chromosomal locus

In order to examine the effects of genomic position, the chromosomal copy of the paduA
gene was replaced with a paJ gene that had altered codon usage (to block recombination
with the native copy of pduJ) but produced a wild-type PduJ protein. We refer to the
resulting mutant as ApauA..paduV (M for modified). Studies showed that the growth rate of
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ApduA:.pduV mutant on 1,2-PD minimal medium with limiting B1» was substantially
closer to wild-type compared to the pauA deletion mutant whose growth rate is markedly
increased due to increased permeability of the MCP shell. The doubling times were as
follows: wild-type, 17.6 + 1.1 h; ApduA::pauV, 14.5 + 0.2 h; and ApduA was 9.1 + 0.8 h.
(Fig. 7). The error shown for doubling times is one standard deviation from the mean and in
all cases was determined from at least three biological replicates measured in triplicate.
Hence, these growth tests suggested that PduJ partially replaced PduA when produced from
the paduA chromosomal position. This contrasted with tests in which PduJ was produced
from a plasmid where no observable correction of the ApaduA phenotype was observed at
any IPTG level used (0, 10, 20, 30, 50, 100, 200, 500 uM or 1 mM) (Fig. 5D).

We also purified MCPs from a ApduA.:.pdusY mutant and found that they had close to wild-
type levels of DDH activity (~29 umol min~tmg~1) (Table 4). This is in contrast to MCPs
purified from the ApduA mutant which had increased levels of DDH activity (~34 pmol
min~tmg™1) (Table 4) due to a damaged shell. Furthermore, control experiments showed that
when MCPs of ApduA::pduV mutant were broken by dialysis followed by sonication, the
DDH activity the mutant was similar to that of broken wild-type MCPs. This showed that
the amount of DDH encapsulated in the PduJM MCPs were similar to the parent strain. We
also note that the PduJM MCPs were purified with ~90% yield compared to wild-type
MCPs. Transmission electron microscopy did not reveal any obvious morphological defect
in the PduJM MCPs (Fig. S1 and S2) and SDS-PAGE followed by densitometry indicated
that the major MCP proteins were present at near wild-type levels (minor proteins are not
detected by SDS-PAGE) (Fig. S4). The near wild-type levels of DDH activity in purified
ApduA.:pduM MCPs further supported the idea the pal can replace pauA when expressed
from the chromosomal position of pauA.

The pore of PduJM functions in 1,2-PD transport

Prior studies showed that the PduA shell protein functions in 1,2-PD transport and that a
PduA S40L pore mutation impairs movement of 1,2-PD into the MCP lumen (Chowdhury et
al., 2015). To determine if a change in chromosomal position allowed the PduJ pore to
function in 1,2-PD transport, we mutated serine 39 to leucine in PduJM to produce
ApduA.:paduV S39L. Changing the pore lining serine to leucine (S39L) in PdudM resulted in
a slower growth rate on 1,2-PD which is indicative of impaired 1,2-PD transport into the Pdu
MCP (Fig. S5) as previously described for a PduA S40L mutant (Chowdhury ef a/., 2015).
This is in contrast to S39L mutation in pauJlocated at its wild-type chromosomal position
where no growth defect was observed (Fig. 2B).

As a second test of the pore function in PduJM, we purified PduJ™ S39L MCPs and
measured their DDH activity. The PduJM S39L MCPs had lower DDH activity (18.8 + 1.5
umol min~t mg=1) than purified wild-type or PduJM MCPs (28.2 + 1.2 and 29.3 + 0.6 pmol
min~1 mg~1) (Table 4, line 6). Controls showed that when the PduJM S39L MCPs were
broken, their DDH activity was similar to that of broken wild-type showing normal DDH
targeting the mutant MCPs (Table 4, line 7). Thus, the reduced DDH activity of the PduJM
S39L MCPs is indicative of impaired pore function as previously described for PduA S40L
(Chowdhury et al., 2015). These results contrast markedly to those obtained for the PduJ
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S39L mutation (the pduJ gene encoding the S39L mutation is at its wild-type chromosomal
location) which had no significant effect on DDH activity (Table 1). Together, these studies
provide strong evidence that the function of PduJ changes depending on the location of its
encoding gene.

As a further control, we used LC-MS/MS to verify incorporation of both PduJ and PduJM
S39L into purified MCPs isolated from the pauA:: pduV S39L mutant. A number of
peptides with m/zvalues in good agreement with predictions from the protein sequence
confirmed the presence of both PduJ and PduJM S39L (Table S2) in purified MCPs.

Discussion

Bacterial MCPs are distinguished from other known organelles in having a protein shell
rather than a lipid membrane as a permeability barrier. MCP shells are generally composed
of 5-10 different types of BMC-domain proteins that are functionally diversified to allow the
selective transport of metabolites and perhaps to satisfy different architectural requirements
(Chowdhuryet al., 2014, Rae et al., 2013, Yeates et al., 2013). Regardless of the structural
diversification, nearly all BMC domain proteins have a conserved flat hexagonal structure
(Chowdhury et al., 2014, Rae et al., 2013, Yeates et al., 2013), and it is thought that shape
complementarity along the edges allows different types of BMC-domain proteins to
tessellate edge-to-edge to form the mixed protein sheets that comprise the facets of the shell
(Fig. 1A) (Chowdhury et al., 2014, Raeet al., 2013, Yeates et al., 2013). This idea is
supported by alanine scanning mutagenesis studies that showed a conserved N-R-K triad
found along the edges of BMC-domain proteins is essential in sheet formation and MCP
assembly (Sinha et al., 2014). The structural similarity and edge complementarity among
varied BMC domain proteins raises the question of the rules that determine the incorporation
of particular shell proteins into the MCP. Is the shell a random assembly of BMC-domain
proteins, or do particular BMC proteins occupy specific positions within the polyhedral
shell? Modeling suggested that mixed sheets of the PduA and PduB proteins would allow
their edges to align more precisely resulting in greater stability (Pang et a/., 2012). Thus,
minor variations along the edges of BMC-domain proteins might guide assembly. In
addition, prior studies showed that N-terminal extensions are necessary and sufficient for
targeting enzymes to the MCP lumen and that these extensions interact with the termini of
shell proteins (Fan et al., 2010, Fan et al., 2012). Hence, it was proposed that the cargo
enzymes might play a role in organizing the shell. In the case of the carboxysome, a scaffold
protein (CcmN) links the cargo proteins to the shell and might serve a role in shell assembly
(Cameron et al., 2013, Cot et al., 2008, Kinney et al., 2012). On the other hand, studies have
suggested that empty MCP shells can be produced by recombinant strains (although their
organization is uncertain) (Parsons et a/., 2010). In addition, prior studies have indicated that
certain hexameric BMC domain shell proteins are interchangeable (Cai et al., 2015).
Hexameric B-carboxysomal CcmK4 was shown to structurally complement a AccmK2
mutant of Synechococcus elongatus PCC 7942 (Cai et al., 2015). Moreover; a chimeric
carboxysomal shell was also constructed by replacing p-carboxysomal shell protein CcmK2
with the a-carboxysomal shell protein CsoS1. In the chimeric carboxysomal MCP the a-
carboxysomal BMC hexamer fit well into a p-carboxysome shell because of their structural
similarity. In the present study, we found that PduJ was unable to compensate for the
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structural defects in a ApduA mutant, when expressed from a plasmid even though PduJ and
PduA are very closely related in amino acid sequence (80% identical). Several explanations
are possible for this finding: 1) plasmid expression might result in improper protein levels;
2) the difference in amino acid sequence between PduJ and PduA might dictate interactions
with other MCP proteins or result in structural variation; or 3) interactions with proteins
encoded by adjacent chromosomal genes might be necessary for proper PduA function. It
seems unlikely to us that protein production levels are the cause of the observed behavior.
The vector used in these studies (pLac22) has a low level of expression without IPTG
(Warren et al., 2000), and in our prior studies, pLac22 was successfully used in
complementation tests with a number of different Pdu proteins including major and minor
shell proteins as well as proteins whose dosage is critical to MCP assembly (Cheng et al.,
2011). We also found that PduA itself did not fully complement a ApduA mutant when
produced from a plasmid (Fig. 5C) as was shown previously (Cheng et al., 2011).
Furthermore, partial complementation (the best result obtained) occurred at an intermediate
level of IPTG suggesting that higher or lower levels of PduA expression would not have
resulted in improved complementation. Thus, these results suggested that the sequence
variation between PduA and PduJ does not fully account for the inability of ectopically
produced PduJ to correct a ApduA mutation. Moreover, we determined the crystal structure
of PduJ and found it to be nearly identical to the structure of PduA (Crowley et a/., 2010,
Sinha et al., 2014). On the other hand, we found that defects in MCP function that result
from a ApduA mutation were largely corrected by replacing pduA with pduJ
chromosomally. The growth phenotype and the MCP morphology of a ApduA::pau™
mutant were similar to wild-type (Fig. 6, 7 and S2), and the DDH activity of MCPs purified
from a ApduA:: pdusM mutant was close to normal (Table 4). In addition, we showed that
PduJ assumed a new function when expressed from the pau/A locus. PduJ did not mediate
1,2-PD transport into MCPs when produced from its native chromosomal locus (Fig. 2B,
Table 1), but it did so when produced from the pduA locus (Fig. S5). We propose that when
PduJ is produced from the pduA locus, it interacts with new protein partners in a manner
that changes its function. The pa operon is transcribed as a polycistronic message (Fig. 1B)
(Bobik et al., 1999). The juxtaposition of the pduA and pduB genes will result in co-
localization of their protein products in time and space during and immediately following
translation and this might promote protein-protein interactions needed for proper MCP shell
assembly. Thus, high sequence similarity allows PduJ to replace PduA and assume its
transport function when expressed from the pauA locus but not when expressed from its
native chromosomal position or from a plasmid. When Pdul is expressed from its native
chromosomal position, it is apparently incorporated into the MCPs in a fashion that does not
allow it to mediate 1,2-PD transport. The fact that PduJ changes function depending on the
chromosomal position of its encoding gene strongly supports this model. At the present time
it is unclear whether the observed phenomena reflect context-dependent differences in local
protein conformation (e.g. in the pore of PduJ) or more global differences in the way
subunits are arranged in the fully-assembled MCP. Precedence for gene location influencing
protein assembly was recently described for bacterial luciferase (LuxAB) (Shieh et al.,
2015). In this case, LuxA and LuxB were shown to assemble close to the site of synthesis,
and localization of the /uxA and /uxB genes at distant chromosomal sites impaired formation
of the LuxAB heterodimer. Importantly, the studies reported here show for the first time that
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gene location influences the interactions among MCP proteins and is critical to the higher
order structure and function of bacterial MCPs. They also provide an example of how gene
position can guide assembly and even determine protein function in large multi-protein
complexes.

Experimental procedures

Chemicals and Reagents

Antibiotics, vitamin B1, (CN-B1,), coenzyme B1, (AdoB1,), NAD*, NADH, NADP*, and
NADPH are from Sigma-Aldrich (St. Louis, MO). KOD DNA polymerase and restriction
enzymes and T4 ligase were respectively from Novagen (Cambridge, MA) and New
England Biolabs (Beverly, MA). Isopropyl-B-D-1-thiogalactopyranoside (IPTG) was from
Diagnostic Chemicals Limited (Charlotteville, PEI, Canada. Choice 7ag Blue Mastermix
was from Denville Scientific (South Plainfield, NJ). Other chemicals were from Fisher
Scientific (Pittsburgh, PA).

Bacterial strains, media, and growth conditions

The bacterial strains used are listed in Table 5. All strains are derivatives of Sa/lmonella
enterica serovar Typhimurium strain LT2, referred to as LT2. The rich medium used was
Luria-Bertani/Lennox (lysogeny broth) (LB) medium (Difco, Detroit, MI). For selecting
transformants TYE media was used (Chang & Cronan, 1982) where bacto-tryptone, yeast
extract and agar were purchased from Difco Laboratories (Difco, Detroit, MI). The minimal
medium used was no carbon-E (NCE) medium supplemented with 1 mM MgSQy,, 0.3 mM
each of valine, isoleucine, leucine, and threonine and 50 uM ferric citrate (Berkowitz et al.,
1968, Cheng et al., 2011, Price-Carter et al., 2001).

Construction of chromosomal mutations

Chromosomal pduA and pauJ deletions and the point mutations surrounding the pore region
were constructed by recombineering as described (Chowdhury et al., 2015, Datsenko &
Wanner, 2000, Sinha et af., 2014). All the mutants were confirmed by sequencing.

P22 Transduction

In order to make double mutants, the sacB-cat cassette at pauA loci was moved to a ApauJ
mutant by transduction as previously described, using P22 HT105/1 int210 (Schmieger,
1971). Transductants were tested for phage contamination and sensitivity by streaking on
green plates against H5- /nt. Finally, the sacB-cat cassette was replaced by recombination
with single stranded oligo having the desired mutation. Deletion mutations were confirmed
by PCR followed by DNA sequencing.

Construction of clones for complementation studies

The coding sequences of pduA, and pduJwere cloned into pLac22 (Cheng et al., 2011,
Warren et al., 2000) using Bg/ 1l and Hird 111 restriction sites. The DNA sequences of all
clones were verified. The recombinant plasmids were transformed into respective deletion
mutants using electroporation (Cheng et al., 2011).
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Chromosomal replacement of pduA with pdud

To determine if chromosomal position has any effect on complementation, the chromosomal
PpAduA gene was replaced with the paliJ gene using a recombineering method (Chowdhury et
al., 2015, Datsenko & Wanner, 2000, Sinha et al., 2014). A codon-modified paduJgene
(pauV) was designed using a codon optimization tool from Integrated DNA Technologies,
(Coralville, IA). A Shine Dalgarno sequence was placed after the stop codon of pau/V to
assure proper expression of downstream genes. The pauM gene with needed flanking
sequences was synthesized by Integrated DNA Technolgies as a gBlock with the sequence
shown in Fig. S6. This construct was used to transform the cells where a sacB-cat cassette
was inserted at pauA locus in a strain expressing the A-red recombinase from pKD46
(Datsenko & Wanner, 2000). Positive transformants were confirmed through DNA
sequencing.

Growth studies, MCP Purification and Diol dehydratase activity

Growth studies were performed at limiting CN-B15 (25 nM) as previously described using a
Synergy HT Microplate reader (BioTek, Winooski, VT) (Cheng et a/., 2011). Experiments
were done in triplicate. Pdu MCPs were purified according to a prior protocol (Chowdhury
et al., 2015, Sinha et al., 2012). Their protein content was verified by SDS PAGE. To check
MCP integrity, the purified MCPs were negatively stained with uranyl acetate (2%) and
visualized using a transmission electron microscope (JEOL 2100, Peabody, MA) as
described (Chowdhury et al., 2015, Sinha et al., 2012). Purified MCPs were assayed for diol
dehydratase using the coupled NADH-dependent alcohol dehydrogenase reaction as
described (Chowdhury et al., 2015, Fan & Bobik, 2011).

Protein identification by LC-MS/MS

To verify the incorporation of PduJ™ into microcompartment shell, the MCP particles were
purified and fractionated by SDS PAGE. Protein band of interest was excised from a SDS-
polyacrylamide gel, cut into small pieces and distained with mixture of 25 mM ammonium
bicarbonate and acetonitrile (ACN) (v/v 1:1) according to the protocol described earlier
(Shevchenko et al., 2006). The proteins inside the gel were reduced with 1 mM DTT and
cysteine residues were alkylated with iodoacetamide. Trypsin (proteomics grade, Promega)
was added to the gel pieces and incubated for 16-18 h according to a published procedure
(Shevchenko et al., 2006). The trypsin digested peptides were extracted and subjected to
liquid chromatography mass spectrometry analysis according to the manufacturer's
instructions (Thermo, Q Exactive™ Hybrid Quadrupole-Obrbitrap Mass Spectrometer).
Tandem mass spectra were searched against the known protein sequence from S. enterica
serovar Typhimurium LT2 using both MASCOT and Sequest HT (Thermo Proteome
discoverer software from Thermo Fisher) with maximum mixed cleavage sites 2, fixed
carbamidomethylation and variable methionine oxidation. The precursor mass tolerance was
set to 5 ppm and fragment mass tolerance was 0.05 Da. Maximum delta Cn value was set to
0.05.
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PduJd structure determination

For ease of purification and characterization a PduJ K25A mutant was constructed by site-
directed mutagenesis method. The mutation greatly increased the solubility of the PduJ
protein as was previously observed for the analogous mutation in PduA (K26A). The PduJ
K25A and PduA K26A mutations (which are on the edges of the hexamers) reduce
interactions that lead to protein sheet formation at low protein concentrations (Sinha et al.,
2014). To construct this mutation, the coding sequence of full-length pduJof S. enterica
serovar Typhimurium LT2 was cloned into pET22b(+) vector (Novagen). Then, site-directed
mutagenesis was performed using a QuikChange kit (Stratagene) to generate the PduJ K25A
mutant. The construct was confirmed by DNA sequencing.

PduJ K25A construct was transformed in BL21 CodonPlus(DE3)-RIL E. coli cells
(Stratagene), grown in LB media with ampicillin (100 ug mI~1) and chloramphenicol (34
ug/ml) at 37 °C, shaking at 225 rpm. When cell cultures reached an optical density at
wavelength 600 nm (ODggg) of 0.4, temperature was dropped to 30 °C; and at ODgqq of 0.6,
protein expression was induced with 0.5 mM isopropyl-D-1-thiogalactopyranoside (IPTG)
for 4 hours. Cells were pelleted at 4,000 rpm for 15 min and resuspended (15 g cell pellet
per 35 ml total) in 50 mM Tris-HCI and 200 mM NacCl, pH 9.0 (Buffer A). Resuspended
cells were stored at —80°C until purification.

Before purification the cells were thawed and homogenized in the presence of lysozyme,
protease inhibitor cocktail, DNase | and 1 mM MgCl,. Cells were lysed by sonication in 3
cycles, increasing amplitude from 40-60% per cycle. Cell lysate was centrifuged at 17,000 x
g for 30 min and the supernatant was clarified by 0.45um filtration. The clarified supernatant
was loaded on a HisTrap column (CV=5 ml, GE Healthcare). The column was washed with
10% Buffer B (50 mM Tris-HCI, 200 mM NaCl, 500 mM Imidazole, pH 8.0) and eluted
with a linear gradient (A90% Buffer B/45ml of elution). PduJ K25A construct was eluted
between 30-50% Buffer B. Fractions containing the fairly pure and large quantities of
protein migrating at 10 kDa were pooled and dialyzed into crystallization buffer (30 mM
Tris. HCI, 50 mM NacCl, 1% v/v glycerol, pH 8.0) overnight at 4 °C. PduJ K25A construct
was then concentrated to 100-250 mg/mL each, flash frozen with liquid N5, and stored at
-80°C.

Crystallization trials were set up in 96-well plate by hanging drop method including screens
from Emerald Biosystems, Hampton Research, and Qiagen. PduJ K25A (65.7 mg ml™1)
crystallized in hexagonal plate crystals in multiple conditions. PduJ K25A crystals that were
used for structure determination were optimized from 0.1 MES sodium salt pH 6.5, 2.0 M
ammonium sulfate, 5% PEG 400 (w/v).

Before data collection, protein crystals were first cryoprotected with 35% glycerol to 65%
well solution. An initial data set was collected in-house and the data were integrated,
merged, and scaled using the XDS suite programs for crystallography. A molecular
replacement solution was obtained with PHASER using PduA (PDB ID: 3NGK) as a search
model. A higher resolution data set was later collected at the Advanced Photon Source,
beamline 24-1D-C, at Argonne National Laboratories, IL. Refinement with the new data set

Mol Microbiol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chowdhury et al.

Page 13

began with rigid body refinement using coordinates from the previous molecular
replacement.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Model for the Pdu MCP of Salmonella
(A) The mosaic structure of the Pdu MCP where different BMC-domain proteins tile

together forming facets of the shell. A pentameric non-BMC domain protein (BMV) caps
the vertices of the polyhedral structure. The central pore of PduA, a BMC domain protein
plays a pivotal role in the selective transport of 1, 2-PD (the substrate) across the shell. A
primary reason for the encapsulation of enzymes for 1,2-PD degradation is to sequester a
toxic intermediate (propionaldehyde). (B) The organization of pdu operon which encodes
the known genes of the Pdu MCP including seven BMC-domain shell proteins and 1,2-PD
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degradative enzymes. The details of the functions of these genes were reviewed recently
(Bobik et al., 2015, Chowdhury et al., 2014)

Mol Microbiol. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chowdhury et al.

A

PduA

PduJ

PduA

PduJ

OD at 600 nm

Page 19

MQQEALGMVETKGLTAAI EAADAMVKSANVMLVGYE-LVTV |V 47
MNN- ALGLVETKGLVGAIEAADAMVKSANVQLVGYE LVTVMV 46
RGDVGAVKAATDAGAAAARNVGEVKAVHV I PRPHTDVEK I LPKGISQ 94
RGDVGAVKAAVDAGSAAASVVGEVKSCHVIPRPHSDVEAILPK--SA 91

0.6

0.4

02 ®m PduAS40L
A PduJS39L
®m PduAS40L- PduJS39L

0 - ‘ |
0 10 20 30 40 50
Time (h)

Figure 2. (A) Differential effects of analogous pore mutations in PduA and PduJ on growth of
Salmonella on 1,2-PD at limiting B1»

(A) Pairwise sequence alignment showing high level of identity between PduA and PduJ.
The conserved pore-lining residues are highlighted in blue. In PduA, S40 is a key pore-
forming residue that plays a crucial role in 1, 2-PD transport. The analogous residue in PduJ
is S39. (B) Growth of PduA S40L and PduJ S39L pore mutants with respect to wild-type
(WT). Growth assays were repeated at least three times in triplicate or more and
representative curves are shown.
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C-terminal
helix

Figure 3. Crystal structure of PduJ K25A (PDBID 5D6V)
(A) Cartoon representation from cytosolic face. (B) The C-terminal alpha helix of PduJ is

shown which is well-ordered, unlike PduA.
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Figure 4. Structural alignment of PduA and PduJ
(A) Pdud hexamer (purple) and PduA hexamer (cyan). (B) Close up view of the aligned pore

regions of PduA and PduJ.
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Figure 5. Complementation and cross-complementation studies with ApduA and ApduJ mutants
(A) Complementation of ApauJwith pduJ. (B) Complementation of ApduJby pduA. (C)

Partial complementation of ApduA by pauA. (D) Attempted complementation of ApduA by
pauJ. Gene expression from pLac22 was induced by adding IPTG at 0, 10, 20, 30, 50, 100,
200, 500 uM or 1 mM). The results shown in the figure are for the IPTG level at which
optimal complementation occurred. Other concentrations of IPTG gave resulted in similar or
worse complementation. All growth assays were done at least three times and in triplicate
and a representative outcome is shown.
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0
A7 g

Figure 6. Transmission electron micrographs of purified MCPs from PduA and PduJ deletion
mutants as compared to wild-type

WT is wild-type Salmonella. A pduA deletion mutant formed somewhat enlarged MCPs
(Sinha et al., 2014) while a ApauJ mutant formed elongated MCPs.
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Figure 7. Growth phenotypes of wild-type, ApduA and ApduA::pdudM at limiting B1»
WT is wild-type Salmonella. ApduA:.pdutV is a mutant were the chromosomal copy of

PAuA has been replaced by a recoded pauJ gene.
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Table 1
Effect of pore mutations in PduA and PduJ on the DDH activities of purified Pdu MCPs.

MCPs from Pdu Mutants Specific Activity (umol min~mg1)
Wild type (WT) 28212

PduJ S39L 27.6+0.8

PduA S40L 148+15

PduA S40L-PduJ S39L Mas11”

WT-Broken MCP 348+15

PduJ S39L-Broken MCP 342+08

PduA S40L-Broken MCP 338403

PduA S40L-PduJ S39L-Broken MCP 340+ 0.8*

The DDH activities shown are based on at least three biological replicates measured in triplicate. The error estimate shown is + one standard
deviation.

*
pvalue <0.0001 compared to wild-type.
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Table 2

Complementation and cross-complementation of paduA and pauJ mutants.

Pdu mutants Doubling time (h)
WT/pLac2? 194 +0.8
ApduA/pLac2? 105+08"
ApduA/plac22-pauA (induced with 500 uM IPTG) 15, (2™
Apdudplac22 10.1+0.7 *

Apau/plLac22-pduJ (induced with 50 pM IPTG) 18.1+05

ApduA/plac22-pdul (induced with 500 uM IPTG) 95+1.2 *

Apadu/pLac22-pduA (induced with 50 uM IPTG) 171+ 1.1

ApduA/pLac22-pduA (uninduced) 95+0.7 *

Apdud/pLac22-pauJ (uninduced) 88+11

Doubling times were calculated from at least three biological replicates measured in triplicate. The error estimate shown is + one standard deviation

*
p-value <0.001 compared to wild-type.
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Table 3

Effect of complementation on DDH activity

MCPs from Pdu Mutants  Specific Activity (umol min~tmg™1)

WT/pLac22
ApdudplLac22
Apadu/plLac22-paul
ApduAlpLac22-pduA

ApduAlpLac22
ApduAlpLac22-padu

ApdudplLac22-pduA

27.3+0.8
33.7+£0.7
27.8+0.7

*
295+0.8
348+1.1

*
345+09
28.7+0.7

Page 27

The DDH activities are based on at least three biological replicates measured in triplicate. The error estimate shown is + one standard deviation.

*
p-value <0.001 compared to wild-type/pLac22.
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Table 4

DDH activity upon change in chromosomal position of PduJ

MCPs from Pdu Mutants Specific Activity (umol mintmg)
Wild type (WT) 282+12

ApauA:.pduM 29.3+0.6

ApduA 343+12

WT-Broken MCP 33.7+0.8

ApduA::pduV-Broken MCP 342+1.2

APAuA.;pduVS39L 188415

ApduA::pdusMS39L-Broken MCP  33.4+0.6

DDH activities are based on at least three biological replicates measured in triplicate. The error estimate shown is + one standard deviation.

*
pvalue <0.001 compared to the parent, Apa’uA.'.'pduJM
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Table 5
Bacterial strains used in this study

Strains  Genotype/Variant Source

WT Salmonella enterica serovar Typhimurium strain LT2  Lab collection
BE293 LT2/pKD46 Lab collection
BE464 LT2, ApduA::frt Lab collection
BE184 LT2, Apdut Lab collection
CC33 LT2, ApduJl ApduA::frt This Study
CC3 LT2, PduAS40L This Study
CC17 LT2, PduJS39L This Study
CC32 PduAS40L-PduJS39L This Study
BE287 LT2/pLac22 Lab collection
BE1351  LT2, ApduA.:frtplLac22 Lab collection
TAl414  LT2, Apdujmplac22 Lab collection
BE1350 LT2, ApduA.:frtpLac22-pauA Lab collection
CC16 LT2, ApduA.:friplac22-pdul This study
CC10 LT2, ApduipLac22-pduA This study
TA1412  LT2, Apdu/pLac22-pdut Lab collection
CC76 LT2, ApduA::pdul™ This study
CC79 LT2, ApduA:pduMS39L This study
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