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Hundreds of bacterial species produce proteinaceous microcompart-
ments (MCPs) that act as simple organelles by confining the enzymes
of metabolic pathways that have toxic or volatile intermediates. A
fundamental unanswered question about bacterial MCPs is how
enzymes are packagedwithin the protein shell that forms their outer
surface. Here, we report that a short N-terminal peptide is necessary
and sufficient for packaging enzymes into the lumen of an MCP
involved in B12-dependent 1,2-propanediol utilization (Pdu MCP).
Deletion of 10 or 14 amino acids from the N terminus of the propio-
naldehyde dehydrogenase (PduP) enzyme, which is normally found
within the PduMCP, substantially impaired packaging, with minimal
effects on its enzymatic activity. Fusion of the 18 N-terminal amino
acids from PduP to GFP, GST, or maltose-binding protein resulted
in their encapsulation within MCPs. Bioinformatic analyses revealed
N-terminal extensions in two additional Pdu proteins and three pro-
teins from two unrelatedMCPs, suggesting that N-terminal peptides
may be used to package proteins into diverse MCPs. The potential
uses of MCP assembly principles in nature and in biotechnology
are discussed.
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Diverse bacteria use proteinaceous intracellular compartments
to optimize metabolic reactions having toxic or volatile

intermediates (1–3).These compartments, which are polyhedral in
shape and about 100–150 nm in cross-section, have been called
bacterial microcompartments (BMCs). They are typically built
from several thousand polypeptides of 10–20 types and consist of a
protein shell that encapsulates metabolic enzymes. There is no
evidence for lipid components. Based on sequence analysis, it is
estimated that microcompartments (MCPs) are produced by 20–
25% of all bacteria and function in seven or more different met-
abolic processes (1). Different types ofMCPs have related protein
shells but differ in their encapsulated enzymes (1, 4, 5). The best-
studied MCP is the carboxysome, which enhances autotrophic
CO2fixation by confiningCO2 in the immediate vicinity of ribulose
bisphosphate carboxylase monooxygenase (2, 3, 6). Because of
their presence in virtually all cyanobacteria, carboxysomes con-
tribute substantially to global CO2 fixation (7). Other MCPs
sequester aldehyde intermediates formed during catabolic pro-
cesses to prevent toxicity and carbon loss or have unknown func-
tions (1, 3, 8–11). A characteristic of bacterial MCPs is that their
shells aremainly formed froma group of related proteins that have
one or two BMC domains (Pfam, PF00936). Recent crystallog-
raphy has shown that BMC-domain polypeptides assemble into
extended protein sheets that are perforated by discrete pores
thought to mediate transport of enzyme substrates, products, and
cofactors between the lumen of theMCP and the cytoplasm of the
cell (12–16). Different shell proteins have pores that differ in size
and charge, and somemay have gated pores tentatively suggesting
substrate selectively and regulated movement of metabolites
across the shell (12–18). In the literature, MCPs have also been
referred to as polyhedral bodies/organelles, enterosomes, and
metabolosomes (1, 3, 10).

Salmonella enterica produces an MCP used for B12-dependent
1,2-propanediol (1,2-PD) utilization (Pdu MCP) (19, 20). 1,2-PD
is amajor product of the anaerobic degradation of the plant sugars
rhamnose and fucose and is an important carbon and energy
source in natural environments (21, 22). In addition, the capacity
to degrade 1,2-PD has been tentatively linked to pathogenesis in
Salmonella andListeria (23–26). ThePduMCPconsists of about 14
different polypeptides, including seven different shell proteins and
four enzymes (27) (Fig. 1). The first two steps of 1,2-PD degra-
dation occur in the lumen of theMCP, and the latter steps occur in
the cytoplasm of the cell (1). The encapsulated enzymes include
coenzyme B12-dependent diol dehydratase and CoA-dependent
propionaldehyde dehydrogenase (PduP), which convert 1,2-PD to
propionyl-CoA via a propionaldehyde intermediate (8, 27). Pro-
pionyl-CoAexits theMCP into the cytoplasmof the cell, where it is
converted to 1-propanol and propionate or enters central metab-
olism via the methylcitrate pathway (19, 27–30). The function of
the Pdu MCP is to sequester propionaldehyde formed by the first
step of 1,2-PD degradation primarily to protect cells from cyto-
toxicity and DNA damage (31). It is thought that the shell of the
Pdu MCP restricts the outward diffusion of propionaldehyde.
A key to the function of bacterial MCPs is the encapsulation of

specific enzymes within a protein shell. Although there has been
substantial progress in understanding the structure of bacterial
MCPs, particularly carboxysomes, the signals that target proteins to
the interior of MCPs are unknown in any system. Prior studies
showed that the N-terminal extensions of the PduD and PduE pro-
teins were not required for enzymatic activity, and a possible role in
MCP assembly was suggested but not investigated experimentally
(32).Here,wepresent a seriesof studies that showa shortN-terminal
peptide of the PduP protein is necessary and sufficient for packaging
proteins into the lumen of the Pdu MCP. We also present bio-
informatic evidence that suggests N-terminal peptides may have a
general role in packaging proteins within diverse MCPs.

Results
A Short N-Terminal Region of PduP Is Required for Efficient Packaging
into the Pdu MCP. A sequence alignment of PduP homologues
shows relative agreement over the core sequence regions, with a
notable exception at the N termini. Most homologues predicted to
be MCP-associated (based on genomic context) have N-terminal
extensions of about 20 amino acids that are absent in sequences
lacking a predicted MCP association (Fig. 2 and Dataset S1). This
suggested to us that the N-terminal region might have a role in
packaging PduP into the lumen of the Pdu MCP. To test this,
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PCR was used to make plasmid constructs for production of
PduP lacking 10 or 14 N-terminal amino acids (PduP11–464 and
PduP15–464). Full-length PduP and each deletion were produced
from vector pLac22 in strains having a deletion of the chromoso-
mal copy of pduP, and the resulting MCPs were purified and
analyzed by SDS/PAGE (Fig. 3A). The PduP protein is clearly
present in the MCPs purified from the WT strain (lane 1) and the
ΔpduP strain producing full-length PduP from pLac22 (lane 3). In
contrast, much smaller amounts of PduP11–464 and PduP15–464 were
associated with purifiedMCPs when these proteins were produced
frompLac22 in the ΔpduP background (lanes 4 and 5). This finding
suggests that deletion of the N-terminal region of PduP impaired
its association with the MCP.

We also measured the PduP enzyme activity in cell extracts and
purified MCPs (Fig. 3B). Except for the negative control, cell
extracts all had similar activity. This established that PduP11–464

and PduP15–464 are stable and active and eliminated the possibility
that they failed to associate with the Pdu MCP because of low
production, instability, or misfolding. Enzyme assays also showed
that MCPs purified from cells producing PduP11–464 or PduP15–464

had much lower PduP enzyme activity than those purified from
cells producing native PduP, supporting the SDS/PAGE analyses
that indicated PduP11–464 and PduP15–464 were impaired for MCP
association. Given that PduP11–464 and PduP15–464 are stable and
active but largely absent from purifiedMCPs, we infer that a short
N-terminal region of PduP is required for efficient packaging of
PduP into the Pdu MCP.

A Short Region of the N Terminus of PduP Is Sufficient for Packing
Heterologous Proteins into the Lumen of the Pdu MCP. To determine
whether the N-terminal region of PduP was sufficient for pack-
aging and to investigate the minimal sequence length required,
we fused 10, 14, 18, or 70 amino acids from theN terminus of PduP
to enhanced GFP (eGFP). Each fusion protein (PduP1–10-eGFP,
PduP1–14-eGFP, PduP1–18-eGFP, and PduP1–70-eGFP) was pro-
duced from pLac22 in a pduP deletion mutant, and Western blots
were used to determine whether eGFP was associated with puri-
fied MCPs (Fig. 4A). No eGFP was detected in MCPs purified
from the WT strain or a pduP deletion mutant expressing native
eGFP (lanes 1 and 2). In contrast, each fusion protein was
detected in purified MCPs. A faint band was seen for PduP1–10-
eGFP, but longer fusion proteins localized more efficiently. When
14 amino acids from the N terminus of PduP were fused to eGFP,
the fusion protein was readily detected byWestern blotting. These
results, in conjunction with the above studies, indicate that a short
region of the N terminus of PduP is necessary and sufficient for
packing proteins to the lumen of the MCP.
A similar set of studies was done by fusing N-terminal sections

of PduP to GST and maltose binding protein (MBP). Either, 10,
14, 18, or 70 amino acids from the N terminus of PduP were
fused to GST. Native GST failed to associate with the MCP, but
each fusion protein did so (Fig. 4B). In the case of MBP, one
fusion protein was constructed having 18 amino acids from the N
terminus of PduP. This fusion protein was clearly present by
Western blotting, whereas WT MBP was not detected (Fig. S1).
We also note that PduP1–18-MBP, PduP1–70-eGFP, and PduP1–

70-GST were easily detected as MCP components by SDS/
PAGE, followed by Coomassie staining showing that relatively
large amounts were present (Fig. S2). However, the lower
molecular mass fusion proteins were obscured in PAGE gels by
comigrating MCP proteins, necessitating detection by Western

Fig. 1. Model for the structure and function of the Pdu MCP. (A) Organ-
ization of the pdu operon. At least 14 pdu genes (colored) encode proteins
that are components of purified Pdu MCPs (27). Asterisks indicate genes that
encode polypeptides having potential N-terminal targeting sequences (in
the text). Seven genes (blue and cyan) encode shell proteins (27). Homologues
of the BMC family of shell proteins are shown in blue. (B) Electronmicrograph
of purified Pdu MCPs from S. enterica. (Scale bar: 100 nm). (C) Model for B12-
dependent 1,2-PD degradation by Salmonella. 1,2-PD is metabolized within
the MCP lumen, first to propionaldehyde (PA) and then to propionyl-CoA
(PrpCoA). The enzymes that localize to the MCP interior include coenzyme
B12-dependent diol dehydratase (PduCDE) and PduP, as well as adenosyl-
transferase (PduO) and a reactivase (PduGH) that are required for the main-
tenance of diol dehydratase activity (53–55). The proposed function of the
Pdu MCP is to sequester propionaldehyde to minimize its toxicity.

Fig. 2. Multiple sequence alignment of the N-terminal regions of 10 representative PduP homologues from different organisms. Terminal sequence
extensions are apparent in four of the five representatives whose genomic context suggests an association with MCP function (BMC-proximal). PduP
homologues belong to the conserved NAD(P)+-dependent aldehyde dehydrogenase superfamily (cl11961), whose members oxidize a range of aldehyde
substrates in distinct metabolic pathways. The representative homologues were selected from clusters of similar sequences from an alignment of some 100
distinct sequences (the number of sequences in each cluster follows the organism name in parentheses). The National Center for Biotechnology Information
gene accession identifications, beginning from the top entry, are 5069459, 16761381, 46907383, 123442957, 188587712, 27366378, 50121254, 110798574,
114563069, and 148378348. The full alignment is provided in Dataset S1. N-terminal methionine residues were omitted to prevent spurious alignment of the
divergent termini.
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blot. The fact that GFP, GST, and MBP all associated with the
MCP when fused to a short region of PduP is evidence against a
nonspecific interaction peculiar to a particular fusion protein and
favors the interpretation that fusion proteins specifically interact
with the MCP via the sequences derived from PduP.

Fusion Proteins Compete with PduP for MCP Association. To test the
specificity of the interaction between the PduP1–18-GFP and the
MCP, a competition experiment was performed. PduP1–18-GFP
was produced via an isopropyl-β-D-thiogalactopyranoside (IPTG)-
inducible promoter in a WT background that also produced PduP.
MCPs were purified, and Western blotting was used to detect the
PduP1–18-GFP and PduP (Fig. 5A). With increasing concentrations
of IPTG, the amount of PduP1–18-GFP present in purified MCPs
increased and the amount of PduP decreased, indicating that this
fusion protein competedwith PduP forMCP association. The PduP
and PduP1–18 eGFP present in purified MCPs were also quantified
by enzyme assay and relative fluorescence (Fig. 5B). The MCP-
associated PduP activity decreased with increasing concentrations
of IPTG and vice versa for PduP1–18-eGFP fluorescence. A similar
experiment was performed by producing PduP1–18-MBP in place of
PduP1–18-GFP. Western blots showed that PduP1–18-MBP also

competed with PduP for MCP association (Fig. S3). Thus, com-
petition studies indicate that PduP1–18-eGFP and PduP1–18-MBP
associate with the PduMCP by binding to the same site/region that
PduP would otherwise occupy.

Immunoprecipitation IndicatesThat theFusionProteinsAreEncapsulated
Within the Pdu MCP. To test whether the fusion proteins were
encapsulated within the shell, MCPs were purified from a strain
producing PduP1–18-eGFP and a portion was broken by dialysis
and sonication. Intact and broken MCPs were incubated with anti-
GFP antibody. Protein A-immobilized beads were used to pre-
cipitate the anti-GFP antibody and associated proteins. Western
blots showed that PduP1–18-eGFP coprecipitated with protein A-
immobilized beads incubated with anti-GFP antibody and broken
MCPs but not with protein A beads incubated with anti-GFP
antibody and intact MCPs (Fig. 6). These findings support the idea
that PduP1–18-eGFP is encapsulated within the shell of the Pdu
MCP, blocking its interaction with the anti-GFP antibody, and
oppose the idea that PduP1–18-eGFP is associated with the outer
surface of the MCP.

Fluorescence and EM Further Support Localization of PduP1–18-eGFP
and PduP1–18-GST to the Pdu MCP. We examined subcellular local-
ization of the PduP1–18-eGFP and PduP1–18-GST by fluorescence
and EM. In cells producing eGFP without the packaging sequence,
green fluorescence was distributed relatively evenly in 96% of the
cells and only 4% of cells showed localized brighter green fluo-

Fig. 4. Western blots for eGFP, GST, and fusion proteins. (A)Western blot for
eGFP. MCPs purified from (left to right) WT S. enterica, ΔpduP/pLac22-eGFP,
ΔpduP/pLac22-PduP1–10-eGFP, ΔpduP/pLac22-PduP1–14-eGFP, ΔpduP/pLac22-
PduP1–18-eGFP, and ΔpduP/pLac22-PduP1–70-eGFP. (B) Western blot for GST.
MCPs purified from (left to right) WT S. enterica, ΔpduP/pLac22-GST, ΔpduP/
pLac22-PduP1–10-GST, ΔpduP/pLac22-PduP1–14-GST, ΔpduP/pLac22-PduP1–18-
GST, and ΔpduP/pLac22-PduP1–70-GST.

Fig. 5. Competition between fusion proteins and PduP for MCP binding. (A)
Increasing IPTG concentrations (0, 0.01, 0.1, and 1 mM) were used to increase
production of PduP1–18-GFP by S. enterica/pLac22-PduP1–18-eGFP. MCPs were
purified, and Western blots were used to detect GFP and PduP. (B) Amount
of PduP and eGFP associated with MCPs purified from S. enterica/pLac22-
PduP1–18-eGFP grown with different IPTG concentrations based on PduP
enzyme activity and relative fluorescence.

Fig. 6. Western blot for eGFP following immunoprecipitation of eGFP from
brokenand intactMCPs.MCPswerepurified fromΔpduP/plac22-PduP1–18-eGFP,
and a portion was broken by dialysis and sonication. Rabbit anti-GFP was incu-
bated with broken and intact MCPs and then precipitated with protein A-
immobilized beads. The proteins that coprecipitated with the beads and the
supernatant fractions were analyzed by Western blot for eGFP. IgG was also
detected by the secondary antibody used for theWestern blot.

Fig. 3. Association of PduP with purified Pdu MCPs. (A) SDS/PAGE: (lane 1)
WT S. enterica, (lane 2) ΔpduP/pLac22-no insert, (lane 3) ΔpduP/pLac22-
pduP1–464 (full-length PduP), (lane 4) ΔpduP/pLac22-pduP11–464, and (lane 5)
ΔpduP/pLac22-pduP15–464. Ten micrograms of MCPs was loaded in each well.
(B) PduP enzyme activity for the starting cell extracts (dark gray) and purified
MCPs (light gray) analyzed in A.
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rescence (Fig. 7). In cells producing PduP1–18-eGFP, there was
localized brighter green fluorescence in 80% of cells and distributed
fluorescence in 20% of cells, consistent with the association of
PduP1–18-eGFP with MCPs in living cells. The fluorescence was
further supported by immunogold labeling, which showed that
PduP1–18-eGFP and PduP1–18-GST localized to the MCP, whereas
eGFP and GST did not (Fig. S4). Cumulatively, the series of studies
presented here demonstrates that a short N-terminal peptide is
necessary and sufficient for association of proteins with the Pdu
MCP and likely mediates packaging within the interior of the MCP.

Effects of PduP Targeting on 1,2-PD Degradation.We also examined
the effects of PduP localization on growth of S. enterica on 1,2-
PD. To do this, we compared the growth of WT with that of
strain BE1375, which carries a chromosomal deletion of the
pduP gene and produces PduP lacking 18 N-terminal amino
acids from a plasmid pLac22. This strain has near-normal PduP
enzymatic activity, but the majority of that activity is found in the
cell cytoplasm rather than in the Pdu MCP. BE1375 grew more
slowly than WT S. enterica (a doubling time of 9.1 h compared
with 8.1 h) and accumulated propionaldehyde to a level about 2-
fold higher than WT (6.5 mM compared with 3 mM) during
growth on 1,2-PD. As an additional control, we examined growth
on 1,2-PD and propionaldehyde production by strain BE270,
which has a chromosomal deletion of pduP and produces WT
PduP enzyme from plasmid pLac22. For BE270, PduP localized
to the MCP (Fig. 3) and growth rate and propionaldehyde pro-
duction were indistinguishable from those of WT S. enterica.
These results are consistent with prior studies indicating that the
function of the Pdu MCP is to optimize growth by minimizing
propionaldehyde toxicity (8, 27, 31).

Bioinformatic Analysis Indicates That N-Terminal Sequences Are Part
of a General Mechanism for Packaging Proteins into Diverse Bacterial
MCPs. To expand on the finding that a short N-terminal sequence
targets PduP to the Pdu MCP, we searched the National Center
for Biotechnology Information genomic database for other pro-
teins that might be targeted to MCPs by a similar mechanism. We
asked whether protein families could be identified in which
extended N-terminal sequences are present only in homologues
that are associated with MCP function (Fig. 8). A protein was
treated as functionally associated with an MCP if its encoding
gene was within 10 genes upstream or downstream of a gene for a
BMC protein; proteins from this conserved family comprise the
shells of diverse MCPs. Multiple sequence alignments showed
that in addition to PduP, five other putative MCP enzymes had
N-terminal extensions compared with homologues unassociated
with MCPs: diol dehydratase small and medium subunits (PduD

and PduE) from the Pdu MCP (33), the ethanolamine ammonia
lyase small subunit (EutC) and ethanol dehydrogenase (EutG)
from the Escherichia coli K-12 Eut MCP (34–36), and the pyr-
uvate formate lyase (Pfl2) thought to be part of a yet uncharac-
terized Vibrio furnissii MCP (37). Collectively, these results raise
the intriguing possibility that N-terminal sequences are part of a
general mechanism for packaging proteins into diverse bacterial
MCPs, although other mechanisms may also be important
because N-terminal extensions appear to be absent from some
MCP-associated enzymes such as PduC (Dataset S1).

Discussion
The use of short N-terminal sequences for the formation of large
protein assemblies is somewhat atypical, because multiprotein
complexes often form via substantial subunit interfaces (38, 39).
However, various short peptides are known to mediate the for-
mation of protein assemblies. For example, PDZ domain proteins
typically bind short carboxyl-terminal peptides of membrane pro-
teins mediating the formation of higher order complexes (40). In a
nanocompartment in Thermotoga, a short carboxyl-terminal pep-
tide mediates encasement of the DyP protein within a shell
assembled from 60 encapsulin subunits (41). In this report, we
present evidence that short N-terminal sequences direct proteins to
the lumen of bacterial MCPs. Thus, various evolutionarily distinct
systems use short peptides for the formation of protein assemblies.
A common feature of these systems is the anchoring of proteins to
a biological surface. Hence, N- and C-terminal peptidesmay have a
wider role thangenerally recognized inarrayingproteinsonsurfaces
such as lipid membranes, viral capsids, bacterial and archaeal S-
layers, and bacterial MCPs. The use of N-terminal sequences to
target certain proteins to the interior ofMCPs also parallels systems
used to target proteins to organelles in higher organisms as well as
the periplasmic space of bacteria (42). Because systems for local-
izing proteins to various subcellular compartments and organelles
have distinct targeting sequences, it is likely that they arose inde-
pendently and converged to analogous functions during evolution.
The discovery of a growing number of such systems demonstrates
that N-terminal sequence extensions have provided a facile route
for the evolution of macromolecular assemblies.
The mechanism by which N-terminal sequences direct pack-

aging of PduP into the MCP is uncertain. Presumably, the
N-terminal extensions of PduP bind to the interior surface of a
particular shell protein. This could help to explain the diversity

Fig. 7. Localization of fusion proteins by fluorescence microscopy of cells
producing eGFP (A) and PduP1–18eGFP (B). Arrows point to areas of localized
brighter green fluorescence.

Fig. 8. Approach for the bioinformatic detection of potential terminal tar-
geting sequences in MCP proteins. For a given MCP protein, homologous
sequences were retrieved and classified according to genomic context, with
genomic proximity to a BMC shell protein (blue) taken to indicate a likely
association with MCP function. For some proteins involved in MCP function
(like the one illustrated in the hypothetical example), the BMC-proximal
homologues encode amino-terminal sequence extensions of≈20–35 residues,
which are postulated to serve as MCP targeting sequences.
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of shell proteins used to construct the Pdu MCP; each lumen
protein might have a partner shell protein that directs its pack-
aging (19, 27). Such a system would offer an advantage by
allowing the MCP lumen enzymes to be arrayed on the inner
surface of the shell with an architecture that properly orients
sequential catalytic sites as well as the pores proposed to act as
metabolite conduits through the shell.
With regard to biotechnology, it has been suggested that bacterial

MCPs might find application as specialized reaction chambers for
the production of industrial chemicals (13, 43–47). A major chal-
lenge in engineering pathways for the production of biofuels, green
chemicals, and pharmaceuticals is balancing enzyme activities to
limit the accumulation of pathway intermediates, particularly those
that may be toxic to host cells. A promising solution to this problem
is anchoring enzymes to synthetic scaffolds to promote substrate
channeling as is found in some natural systems such as polyketide
synthases and cellulosomes (43, 45). Bacterial MCPs might also be
useful for enhancing engineered metabolic pathways by providing
reaction chambers for channeling substrates, increasing enzyme
efficiency, and limiting the toxicity of pathway intermediates.
Understanding the molecular basis of enzyme encapsulation into
MCPs is an important step toward this possibility.

Materials and Methods
Bacterial Strains, Media, and Growth Conditions. The bacterial strains used in
this study are derivatives of S. enterica serovar Typhimurium LT2 (Table S1).
The rich medium used was LB/Lennox medium (Difco) (48). The minimal
media used were no-carbon-E with 1 mM MgSO4 and 0.3 mM each valine,
isoleucine, leucine, and threonine (49, 50). Growth of S. enterica on 1,2-PD
and measurement of propionaldehyde were performed as described (31).

Protein andMolecular Methods. PAGEwas performed using Bio-Rad Ready gels
and Bio-Rad Mini-Protean II electrophoresis cells according to the manu-
facturer’s instructions. Following gel electrophoresis, Coomassie Brilliant Blue
R-250 was used to stain proteins. The protein concentration of solutions was
determined by using Bio-Rad protein assay reagent. The Pdu MCP was puri-

fied as described (27). PduP enzyme assays were carried out as previously
described (51). Standard methods for DNA manipulation and Western blots
were used (52). Some additional experimental details are presented in SI Text.

Immunoprecipitation. Purified MCPs were dialyzed with 50 mM Tris (pH 8.0),
50 mM KCl, and 5 mM MgCl2 overnight at 4 °C. The dialyzed MCPs were then
broken by sonication. Protein A-Sepharose 4B Fast Flow beads (Sigma) were
used to precipitate rabbit IgG. Beads were washed with cold PBS buffer three
times,diluted10-foldwithPBS,mixedwithanti-GFP,and shakengently for1hat
4 °C. Broken or intact MCPs were added and gently shaken for 1 h at 4 °C.
Mixtures were centrifuged for 2 min at 2,000 × g to collect the beads, and the
supernatantwas saved for analysis later. The beadsweremixedwith PBS buffer
and placed on ice for 10 min, and the supernatant was removed. This was
repeated three times. Next, the beads were mixed with Hepes (pH 7.0) centri-
fuged for 2 min at 2,000 × g, and the supernatant was removed. This was also
repeated three times, and the washed beads were used for analysis. The
supernatant and precipitate fractionswere analyzedbyWestern blots for eGFP.

GFP Quantification. GFP was quantified by means of the GFP Quantification
Kit (Biovision) following the manufacturer’s instructions with purified eGFP
as the standard. Fluorescence was monitored using a BioTek Synergy micro-
plate reader and 48-well flat-bottom plates (Falcon) (excitation/emmision =
488/507 nm).

Fluorescence Microscopy. For fluorescence microscopy, cells were grown as
described above for MCP purification. The cells were mounted on agarose-
coveredmicroscopeslidesandexaminedwithaLeicaSP5×confocalmicroscope
systemwith an inverted microscope front end at a resolution of 1,024 × 1,024
pixels. The green fluorescent images were created using 470- to 490-nm
excitation and 515 long-pass detection.
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