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ABSTRACT

Poly-y-glutamic acid (PGA) produced by many Bacillus species is a polymer with many distinct and desirable
characteristics. However, the multi-subunit enzymatic complex responsible for its synthesis, PGA Synthetase
(PGS), has not been well characterized yet, in native nor in recombinant contexts. Elucidating structural and
functional properties are crucial for future engineering efforts aimed at altering the catalytic properties of this
enzyme. This study focuses on expressing the enzyme heterologously in the Escherichia coli membrane and
characterizing localization, orientation, and activity of this heterooligomeric enzyme complex. In E. coli, we were
able to produce high molecular weight PGA polymers with minimal degradation at titers of approximately 13 mg/
L in deep-well microtiter batch cultures. Using fusion proteins, we observed, for the first time, the association and
orientation of the different subunits with the inner cell membrane. These results provide fundamental structural
information on this poorly studied enzyme complex and will aid future fundamental studies and engineering

efforts.

1. Introduction

Poly-y-glutamate synthetase (PGS) is a multimeric enzyme present in
some Bacillus species and a few other organisms. While some other amide
ligases are able to synthesize poly-glutamate with a-amide linkages be-
tween the amino and a-carboxyl groups of L-glutamate (Hamano et al.,
2013; Kino et al., 2011), PGS produces an unusual anionic polymer with
y-amide linkages, where the amino group reacts with the side chain
carboxyl group of glutamate. In its natural cell environment, this poly--
y-glutamate (PGA) polymer functions as a glutamate storage, a cryo-
protective material, and a protection against protease attacks and pH
changes near the cell surface (Ashiuchi and Misono, 2003, 2002). Bacillus
cultures that produce PGA usually have a highly viscous appearance and
they have been used in Japan for a long time to produce fermented food
products such as natto (Ashiuchi and Misono, 2002). Each species/strain
presents a different preference for glutamate enantiomer utilization and
molecular size distribution of the final polymer. Bacillus anthracis has a
PGA composed of only D-glutamate, while Bacillus halodurans uses only
L-glutamate for polymer production.

For industrial applications, most studies have relied on bio-
synthesizing PGA in B. subtilis (Ashiuchi, 2013; Halmschlag et al., 2019;
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Park et al., 2005; Wang et al., 2017) and other Bacillus species (Feng
et al., 2017, 2015; Ogunleye et al., 2015; Tian et al., 2014; Xavier et al.,
2019; Yoon et al., 2000), although there have been significant efforts in
moving the complex to recombinant hosts such as E. coli (Ashiuchi et al.,
1999; Cao et al., 2013, 2011; Jiang et al., 2006; Liu et al., 2019; Wang
et al., 2011), Corynebacterium glutamicum (Xu et al., 2019), and even
tobacco plants (Tarui et al., 2005). A major advantage of recombinant
hosts is that PGA synthesis can be decoupled from native cellular regu-
latory processes and engineered for higher productivity, yield, stereo-
chemical composition, and molecular weight. Further, the absence of any
endogenous PGA hydrolytic enzyme (e.g. PgsD and GGT (Ojima et al.,
2019; Scoffone et al., 2013)) ensures higher product stability during
culture. Despite significant molecular and bioprocess engineering efforts,
there have been few efforts focused on characterizing the structure, as-
sembly, and function of this enzyme complex. Current research findings
support the hypothesis that PGS is a membrane-associated protein
comprised of four subunits — PgsB, PgsC, PgsA, and PgsE, as proposed
previously (Ashiuchi, 2013) — and that polymerization of glutamate oc-
curs concurrently with secretion of the growing chain. The PgsB subunit
has conserved regions for interaction with ATP and is therefore probably
the catalytic subunit of PGA (Ashiuchi et al., 2001; Urushibata et al.,
2002). The other subunits (PgsC, PgsA, PgsE) most likely perform
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Abbreviations:

PGA poly-y-glutamic acid
PGS poly-y-glutamic acid synthetase

MGAA  E.coli MG16554recAsenda
RFU relative fluorescence unit
oD optical density

MW molecular weight

EV empty vector

supporting roles in exporting the polymer or stabilizing the protein
complex, since no other conserved domains are present.

Based on all these previous insights and the need to understand the
role and membrane localization of these poorly-characterized subunits,
our study is focused on producing the PgsBCAE enzymatic complex from
B. subtilis in E. coli and analyzing if it was enzymatically active and
localized correctly to the membrane in this non-native host. We charac-
terize PGS by co-expressing different combinations of its four subunits
and fusing different reporters to assess membrane (co-)localization and
orientation. We determine the orientation of the different subunits
within the cytoplasmic and periplasmic space. Results from this work
shed light into the assembly of PGS and will aid in future engineering
efforts.

2. Materials and methods
2.1. Strains and culture media

Bacterial strains used for this project are listed in Table S1. Escherichia
coli NEB5a competent strain was used during the cloning steps. E. coli
MG1655 (DE3)ArecA-AendA oaq yised for recombinant gene expression.
Chemically competent cells were prepared by the calcium chloride/MES
method. Luria-Bertani (LB) media (VWR Life Science, #97064-110) was
used for propagation, preservation of bacterial cells and expression ex-
periments. In the case of solid medium, 18 g/L of bacteriological agar was
added, and whenever the cells where transformed with plasmids, the
appropriate antibiotic was added to the cooled medium at the recom-
mended final concentration (25 pg/mL chloramphenicol or 100 pg/mL
ampicillin). Isopropyl p-D-1-thiogalactopyranoside (IPTG) was added for
induction, and its concentration varied among experiments. Growth in
liquid media was done in orbital shaker at 250 rpm and 37 °C, unless
noted otherwise. “Magic” medium was used in initial expression trials,
and constituted of 15 g/L LB broth (VWR Life Science, #97064-110), 5 g/
L glucose, 10 g/L yeast extract, 2 g/L Tris, 4 mL/L glycerol, 55 mM
K,HPO,4, 15 mM KH,PO,4, 10 mM MgSO4, and 10 mM (NH,)»SO, pre-
pared with tap water.

2.2. Cloning and expression

Plasmid extraction was performed using the E.Z.N.A® Plasmid DNA
Mini Kit I (OMEGA Bio-tek, #D6943-02). Horizontal DNA electropho-
resis in agarose gel was performed in 1x TAE buffer according to
(Sambrook and Russell, 2001). Purification of DNA fragments from
agarose gels used the MicroElute® Gel Extraction Kit (OMEGA Bio-tek,
#D6294-02). DNA concentration was quantified by UV absorbance
with the SpectraMax M3 microplate reader using a SpectraDrop
Micro-Volume Microplate (Molecular Devices). DNA amplification with
Taq DNA polymerase or Phusion® High-Fidelity DNA polymerase was
performed according to manufacturer recommendations (New England
Biolabs, Thermo Fisher Scientific). DNA digestion with restriction en-
zymes, DNA ligation with T4 DNA ligase, and DNA assembly with NEB-
uilder kit were done according to the manufacturer recommendations
(New England Biolabs). DNA sequences of constructs were confirmed by
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sequencing with the appropriate primers, which was performed by
GENEWIZ (Boston Lab, Cambridge, MA). The pgsBCAE operon was
amplified from B. subtilis 168 genome and used as template for all the
constructs. In general, the PGS subunits were inserted in a pACYC-Duet1
plasmid under control of a T7 promoter. Different combinations of the
subunits in a operon inducible by IPTG, generating the plasmids
described on Table S2. Later, tagged versions of each subunit were
created at the C terminus of each protein a 12 amino acid linker and
different reporters (6 xHis tag, sftGFP, mCherry, GFPuv, PhoA).

For construction of E. coli strain MGAA-AphoA, the lambda red
recombineering method was used (Datsenko and Wanner, 2000). In brief,
MGAA cells were first transformed with pKD46 for lambda red recom-
binase expression under an arabinose-induced promoter. A deletion
cassette was constructed by amplifying part of pKD3 containing a cat
gene flanked by FRT sites. Flanking both sides of the cassette it was added
a 40 bp sequence homologous to the phoA gene. This cassette was elec-
troporated in the MGAA pKD46 cells for recombination at the locus site
to occur. Selected colonies were finally transformed with pCP20 for
removal of the chloramphenicol resistance by action of the FLP recom-
binase at the FRT sites. Deletion of phoA was confirmed by both
sequencing of this genomic region and the absence of PhoA activity in the
resulting cells.

2.3. PGA production

E. coli cells were grown in 10 mL culture tubes containing 5 mL of LB
or rich media broth supplemented with 30 g/L L-glutamate, 10 pM IPTG,
and 25 pg/mL chloramphenicol. Cultures were incubated at 30 °C, 250
rpm, for 24 h. B. subtilis strains were also grown in similar conditions,
except without the addition of IPTG and antibiotic. The PGA produced in
the supernatant was either measured directly or purified by a modified
version of the copper precipitation method described by (Manocha and
Margaritis, 2010; Yuan et al., 2019). In brief, 0.5 M CuSO4 was added to
the supernatant and the solution was mixed by inversion and let stand for
1 h at room temperature. Tubes were centrifuged at 5000xg for 30 min
and the pellets were later resuspended in phosphate buffered saline (PBS)
pH 7.4 with 50 mM EDTA. The solution was dialyzed with SnakeSkin®
Dialysis Tubing 3.5 kDa molecular weight cut-off (MWCO) (Thermo
Fisher Scientific, #68035) to remove salts, followed by drying in a vac-
uum centrifuge (Eppendorf Vacufuge Concentrator 5301).

2.4. Analytical methods

2.4.1. Polymer and amino acids detection

The concentration of dialyzed samples of PGA was performed by
adapting the cetrimonium bromide (CTAB) turbidity method described
by (Halmschlag et al., 2019). To every 100 pL of sample it was added 50
pL of CTAB solution (CTAB 0.1 M, NaCl 1 M) and incubated for 5 min
without agitation. Turbidity of the resulting solution was measured at
400 nm. Based on a calibration curve using standards of pure PGA
(Sigma-Aldrich, #G1049-100 MG) in the concentration range of 0.25 —
0.025 g/mlL, the concentration of y-PGA from the culture supernatant
was determined. PGA detection by dot blot with nylon membrane also
uses a similar staining procedure. The membrane was briefly dried at 37
°C and 2.5 pL each sample was applied to the membrane. The loaded
membrane was dried again at 37 °C for 30 min and fixed with 60%
ethanol for 20 min. Ethanol was evaporated at 37 °C and the dry mem-
brane was stained with 0.04% methylene blue in methanol for 5-10 min.
Final de-staining was done with 25% ethanol for 30 min. PAGE separa-
tion of PGA was done in a NuPAGE Bis-Tris 4-12% gel (Thermo Fisher
Scientific, #NP0322BOX) and ran in 1 x MOPS buffer (50 mM MOPS, 50
mM Tris, 0.1% SDS, 1 mM EDTA, pH 7.7) at 120 V for 2 h. The gel was
washed twice with distilled wash for 5 min and stained with 0.03%
methylene blue in 300 mM sodium acetate pH 5.2 for 15 min with a
gentle rocker agitation. The gel was de-stained by multiple washes with
deionized water until the background and clear against the PGA bands
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Fig. 1. PGA produced by bacterial strains
detected in cell-free culture supernatants by
PAGE. (A) 48 h (“magic” medium) culture su-
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(Soto and Draper, 2012).

2.4.2. PGA hydrolysis and HPLC

Purified PGA samples from E. coli were hydrolyzed 6 M HCl at 100 °C
for 4 h in a vacuum sealed tube (Chemglass, #CG-4025-01). Acid was
immediately removed with a vacuum centrifuge and pellet was resus-
pended in deionized water. The presence of glutamate in the hydrolyzed
samples was analyzed on an Agilent 1100 Series HPLC System, equipped
with a Poroshell 120 HILIC-Z column (guard: 2.5 x 5 mm, 2.7 pm; main:
2.1 x 150 mm, 2.7 pm) and a diode array detector (Agilent, G1315B)
measuring a signal at 338 nm wavelength (bandwidth = 10 nm) using
reference wavelength 390 nm (bandwidth = 20 nm). Amino acid samples
were derivatized with Fluoraldehyde o-phthaldialdehyde reagent
(Thermo Fisher Scientific, #26025) prior injection in the system. The
flow rate was constant and set at 0.3 mL/min. Solvents were run in a
gradient condition with mobile phase A consisting of 10 mM ammonium
acetate at pH 9.0 in water and mobile phase B consisting of 10 mM
ammonium acetate at pH 9.0 in water:acetonitrile 1:9. After sample in-
jection, mobile phases were run according to the following conditions:
0-2 min: 0% A — 100% B; 2-15 min: linear gradient to 30% A — 70% B!
15-16 min: linear gradient to 45% A — 55% B; 16-20 min: linear gradient
to 0% A — 100% B; 20-25 min: 0% A — 100% B

2.4.3. Immunodetection of subunits

Subunits of PGS with 6xHis tags were detected by Western blot.
Expressing cells were recovered from culture media and resuspended in
2500 pL phosphate buffered saline (PBS) with 50 pL lysozyme 5 mg/mL,
5 pL DNasel 5 mg/mL, and 2 pL 1M phenylmethylsulfonyl fluoride
(PMSF). The cell suspension was lysed by sonication in a BRANSON
Sonifier 150 (10 s ON, 1 min OFF, 5 min total ON, Amplitude 40% with
microtip). Following sonication, the tubes were centrifuged 3000xg for
15 min at 4 °C to remove debris and un-lysed cells. Proteins from this
lysate was quantified by BCA method (Abelson and Simon, 2009) and
diluted to same concentration to load similar amounts of protein in each
gel lane. These samples were separated in a 4-12% NuPAGE Bis-Tris gel
and ran in 1x MES buffer at 120 V until loading dye reached the bottom
of the gel. Protein staining was done with SimplyBlue SafeStain (Thermo
Fisher Scientific, #LC6060) according to manufacturer instructions.

II
[8][A]

pernatants from B. subtilis (strain 168 and
6633) and E. coli MGAA expressing PgsBCAE
on high-copy vector (pCDFlac). Purchased pure
PGA with molecular weight >750 kDa was
used as a positive control for methylene blue
staining. Rightmost lane contains a protein MW
marker for reference. (B) Precipitated PGA
from 24 h culture supernatant (LB medium)
from B. subtilis and E. coli MGAA with PgsBCAE
construct on a low-copy vector (pACYC-Duet1).
EV = empty vector negative control.
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Transference to a PVDF membrane for Western blot was done with the
Invitrogen Xcell II blot module. Membrane was blocked with 5% skim
milk and antibody labeling used a primary mouse monoclonal anti-6 x His
(Thermo Fisher, #MA1-21315) and a secondary rabbit anti-mouse IgG
with HRP (Abcam, #ab6728). Chemiluminescence was detected with
SuperSignal West Dura Extended Duration Substrate (Thermo Fisher
Scientific, #34075).

2.4.4. Microscopy of labeled subunits

Cells were pelleted and washed with 1 x PBS solution for preparation
of microscope slides. A thin 2% (w/v) agarose pad was prepared on a
glass slide and 1 pL of cell suspension was added on top and air dried for
about 5 min before placing a glass cover slip (Ke et al., 2016). Imaging
was performed with a DMi8 automated inverted microscope (Leica
Microsystems, #11889113) equipped with a CCD camera (Leica Micro-
systems, #DFC300 G), and a TXR (Leica Microsystems, #11525310) and
YFP (Leica Microsystems, #11525306) filter cube. The Z-stack of
captured images was processed in a blind deconvolution to remove out of
focus fluorescence with the LAS X software version 3.3.3.16958 (Leica
Microsystems, #11640612) with 3D deconvolution package (Leica
Microsystems, #11640865).

2.4.5. Detection of membrane orientation

Fusions to PhoA (alkaline phosphatase) are the most widespread
periplasmic reporter fusions. Colonies expressing periplasmic PhoA fu-
sions can be visually screened by supplementation of the agar medium
with a PhoA-specific substrate 5-bromo-4-chloro-3-indolyl phosphate (X-
Pho), yielding blue colonies when enzyme is active in the periplasm
(Karimova and Ladant, 2017). Cells were streaked in a LB plate supple-
mented with 100 pg/mL X-Pho and grown at 30 °C for 4 h. After this
period, a filter disc containing 5 nmol IPTG was plated at the center and
the cells continued to grow at 30 °C for 24 h. Plates were then photo-
graphed to check development of a blue color due to PhoA activity.
Conversely, GFPuv folds efficiently in the cytoplasm but does not form
stable structure when targeted to the periplasm by a Sec-type signal
peptide. GFPuv does fold properly, however, when attached to cyto-
plasmic domains of inner-membrane proteins (Drew et al., 2002). Cells
were inoculated in 5 mL LB-IPTG 10 pM media and induced at 30 °C for 4
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Fig. 2. Topology prediction by CCTOP (Dobson et al., 2015). Each PGS subunit was analyzed individually by multiple prediction algorithms, and CCTOP combined the
probability of each amino acid being intracellular, transmembrane, extracellular, or part of a signal peptide. Black arrows indicate residues where fusions are con-

structed (vide infra).

h with shaking at 250 rpm. After this period, ODggp and fluorescence
(excitation: 395 nm, emission: 509 nm) were measured with black
microplates plates with clear bottom in a SpectraMax M3 microplate
reader.

2.5. Bioinformatic analysis

An initial prediction of each protein interaction with the cell mem-
brane was performed with the Constrained Consensus TOPology pre-
diction server (CCTOP) (Dobson et al., 2015). It uses a combination of
prediction methods (HMMTOP, Memsat, Octopus, Philius, Phobius, Pro,
Prodiv, Scampi-single, Scampi-msa, TMHMM, SignalP) and generates a
consensus topology with increased prediction accuracy. Homology
model were also constructed with the SWISS-MODEL server (Schwede
et al., 2003).

3. Results and discussion
3.1. Functional expression of recombinant PGA synthetase in E. coli

Initially, E. coli MGAA cells expressing all PGS subunits (PgsBCAE)
and wild type B. subtilis strains (168 and 6633) were cultured in “Magic”
medium supplemented with 30 g/L L-glutamate. Initial trials in LB media
resulted in very poor growth and expression with the high-copy vector
pCDFlac. A rich complex media such as the “Magic” medium was able to
overcome this problem. Cultures were grown at 30 °C (E. coli) and 37 °C
(B. subtilis) — a lower incubation temperature was chosen for the former

because burden of expression resulted in poor growth, probably due to
membrane destabilization by the enzyme complex and the polymer
produced. The crude fermented broth was recovered and run on a PAGE
and the PGA was detected using methylene blue staining (Fig. 1A). We
found that the polymer produced by these bacteria have a high molecular
weight (HMW), comparable to the pure commercial HMW PGA (>750
kDa). The use of a very rich medium such as the “Magic” medium still
resulted in long culture times to achieve detectable levels of PGA in the
supernatant and led to purification problems due to the numerous ad-
ditives in the medium. To reduce burden of expression and allow the use
of a simple medium, we moved the operon to a low-copy vector (pACYC-
Duet1), which significantly improved growth of the E. coli transformants,
allowing us to switch from “Magic” medium to glutamate-supplemented
LB. We then tested which of the components are essential for PGA syn-
thesis using strains expressing PgsBCAE, PgsBCA, PgsBCE, PgsBC, PgsBA,
PgsB, or PgsA. Cultivation conditions were scaled down to a 24-deepwell
plate containing 5 mL of media, sealed with aluminum film, and agitated
at 700 rpm in a microplate shaker. After 24 h, a fraction of the super-
natant was collected and precipitated with a copper solution as described
in materials and methods to obtain a clearer PAGE staining result
(Fig. 1B). With purified PGA, we could also quantify the polymer by the
CTAB method and estimate a concentration of 13 mg/L and <1.6 mg/L
by PgsBCAE and PgsBCA expressing E. coli, respectively (Figure S1). The
final optical density for these producer cells was 0.467 and 0.435,
respectively. None of the other constructs tested in E. coli, nor wildtype
B. subtilis 168, produced any detectable amounts of PGA under these
conditions. These results also indicate that while PgsE is not essential for
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Fig. 3. (A) SDS-PAGE of E. coli cell lysate expressing PgsBCAE subunits with a 6 xHis-tag at the C-terminal (labeled with ‘H’ at legend). Red arrows indicate proteins
present in the recombinant strains when compared to E. coli with empty vector control (EV). (B) Western blot of same samples using anti-6 xHis antibodies.

synthetase activity or processivity, since it is unclear what role the sub- 2011b), its presence enhanced PGA production in our strain. The
unit plays in the multimer (Ashiuchi et al., 2013; Yamashiro et al., 2011a, non-essentiality of PgsE corroborates with other published studies where

(A)

Fig. 4. (A-D) Fluorescence microscopy of cells expressing individual subunits PgsA, C, E, and B, respectively, each with sfGFP at the C-terminus. Variants of PgsB are
(E) without signal peptide (PgsBA21) and (F) and with only the signal peptide (ssPgsB). (G) sfGFP alone as cytoplasmic expression control. Each image represents the
blind deconvolution of each captured z-stack. Side images represent orthogonal sections of the z-stack. Scale bar = 10 pm.
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(A) (B)

Fig. 5. Fluorescence microscopy of cells expressing pgsBCgAEr operon, where the PgsC subunit is linked to sfGFP/green and PgsE to mCherry/red, both at the C-
terminal. (A) GFP channel. (B) Red channel. (C) Overlay of both channels. (D) Fluorescence intensity of colocalized pixels from the green and red channels. Scale bar
=10 pm.

only the PgsBCA subunits were used for expression (Ashiuchi and
Misono, 2002; Cao et al., 2011, 2010; Jiang et al., 2006).

To confirm that the band detected in the PAGE corresponded to PGA,
the purified samples from a PgsBCAE expressing E. coli culture and a
commercial PGA (Sigma-Aldrich, #G1049-100 MG) were hydrolyzed
with HCI and analyzed by HPLC and compared to pure L-glutamate. The
hydrolysate presented a single peak with a elution time similar to pure L-
glutamate (Figure S2), suggesting that the polymer we purified is indeed
PGA and not any other negatively-charged polymer that may be inter-
acting with the methylene blue stain.

3.2. Topological prediction and expression of individual PGA synthetase
subunits

The amino acid sequence of each PGS subunit was analyzed by
different prediction tools in CCTOP to attest the presence of possible
signal peptides and transmembrane regions. Due to the nature of each
prediction algorithm and the training set that each of them uses, CCTOP
compiles all results and outputs a probable topology for the sequence
(Fig. 2 and Figure S3). The algorithm predicted a signal peptide for PgsB
and PgsC but only presence of a transmembrane domain for PgsA and
PgsE. Overall, this indicates that there is a high probability of co-
localization of these proteins at cell membrane.

We also performed a created a homology model for each subunit
(Figure S4). Sequence alignment by ClustalO (Sievers et al., 2011) of
PgsB with E. coli Mur family and FolC proteins shows some conserved
motifs related the ATP binding site. Construction of PgsB homology
structure model with SWISS-MODEL server (Schwede et al., 2003) pre-
sented highest similarity of ~29% and sequence coverage ~80% to
proteins in the Mur ligase family, which also catalyze peptide bonds
(Smith, 2006). These analyses are consistent with previous studies that
PgsB is homologous to other amide ligases and is the subunit responsible
for catalysis (Ashiuchi et al., 2001).

To confirm the correct localization of these proteins in E. coli, indi-
vidual PGS subunits were linked to a 6xHis tag for detection. Cells
expressing tagged subunits were lysed and the soluble fractions (con-
taining the soluble cytoplasmic proteins and small membrane fractions)
and analyzed by SDS-PAGE and Western Blotting. All proteins have the
expected size (PgsB: 44 kDa, PgsA: 43 kDa, PgsE: 7 kDa), except for PgsC
(16 kDa), which was not detected (Fig. 3). From the sequence analysis
(Fig. 2), we expect PgsC to have a lot of interactions with the membrane,
which likely hinders proper immunodetection within the soluble frac-
tion. Interestingly, even though PgsA and PgsE are expected to have
significant transmembrane interactions, we were able to detect them in
the soluble fraction, suggesting relatively weak membrane anchoring.

We also prepared an additional construct of PgsB designated
PgsBA21, which does not contain the predicted 21 amino acid N-terminal
signal peptide. We expect that this variant of the protein to not be
directed to the membrane and remain in the cytoplasm. We were also
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able to detect C-terminally tagged PgsA as part of operon structure
(pgsBCAE and pgsBCA), indicating that presence of other subunits does
not occlude the tag. The presence of these proteins in the soluble fraction
of the lysate indicate that they are not forming inclusion bodies inside the
cell, which is important to note when interpreting that the subsequent
microscopy studies.

3.3. Localization of PGA synthetase subunits at the membrane

Fusing each subunit with a fluorescent protein (sfGFP) enables us to
visualize how the different subunits localize in the cell. Superfolder GFP
(sfGFP) is a highly efficient and stable folding variant, forming a folding
intermediate that prevents the cysteine residues to form disulfide bonds
in the periplasm (Dammeyer and Tinnefeld, 2012). Therefore, it fluo-
resces regardless of whether the C-terminal is exposed to the cytoplasm
or periplasm. We fused each of the four subunits at their C-terminal to
sfGFP and also created two variants of PgsB — one lacking the initial
signal peptide (PgsBA21-sfGFP) and another with just the signal
sequence (ssPgsB-sfGFP). The localization of full-length PgsB fusion as
well as the signal peptide only fusion is evident at the membrane (Fig. 4D,
F), especially when compared to the N-terminally truncated (PgsBA21)
variant (Fig. 4E), where fluorescence is diffuse throughout the cytoplasm.
We checked whether E. coli MGAA expressing PgsBA21-CAE could pro-
duce PGA but could not detect any polymer in the supernatant
(Figure S5). For PgsC, PgsA, and PgsE we also note membrane localiza-
tion, albeit with lower fluorescence intensities compared to PgsB
(Fig. 4A-C). Even though PgsC predicted the presence of a signal peptide
in Fig. 2, we did not create any variants of PgsC similar to PgsB because it
also predicted multiple transmembrane segments and the fluorescence
microscopy in Fig. 4B shows the most clear membrane localization
among all constructs.

To determine that all components of PGS are directed and co-
localized to the E. coli cell membrane, we created two-fluorophore pgs
operon constructs. Since PgsC is predicted to strongly associate with the
membrane, we kept it fused to sfGFP and added a second component
(PgsB, A, or E) tagged with mCherry — giving PgsBrCgAE, PgsBCgATE,
and PgsBCgAEr (where r = red/mCherry and g = green/sfGFP). For the
PsgBCgAEr, it is evident that both proteins colocalize since we found high
correlation between the green and red fluorescence signals (Fig. 5). This
is indicative that the proteins are correctly expressed in this heterologous
host. However, for the other constructs (BrCgAE and BCgAr) we were
unable to detect both fluorescent signals simultaneously, even after
extensive attempts to optimize induction. We found that insertion of a
fluorophore in the operon structure had a strong polarity effect on
downstream genes.

3.4. Topology of PGA synthetase subunits

Having confirmed that all four components of PGS localize to the
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membrane and that at least some of them co-localize, we wanted to
determine the topology of each the polypeptide. The bioinformatic pre-
dictions summarized in Fig. 2 (and Figure S3) indicate no clear
consensus, likely due to the fact that each method uses a different
training set. Therefore, we want to experimentally determine the orien-
tation of the different subunits in the inner membrane. For this, our re-
porters of choice were alkaline phosphatase (PhoA) and GFPuv as C-
terminal fusions. PhoA is an enzyme that only folds correctly and pre-
sents activity if exported to the periplasm of E. coli, where disulfide bonds
can be formed. In the presence of a specific substrate such as 5-bromo-4-
chloro-3-indolyl phosphate (X-Pho), colonies expression PhoA in the
periplasm develop a blue color, while colonies whose enzyme is
expressed in the cytoplasm remains white (Karimova and Ladant, 2017).
Conversely, GFPuv only fluoresces in the cytoplasm since the oxidizing
environment in the periplasm promotes the formation of disulfide bonds
between C49 and C71, which causes misfolding, impeding chromophore
maturation (Dammeyer and Tinnefeld, 2012).

Based on the predictions summarized in Fig. 2, we expect only PgsC to
have multiple transmembrane domains, with both cytoplasmic and
periplasmic segments. Each of the other subunits are expected to wholly
localized to either the cytoplasmic or periplasmic side of the inner
membrane. We created PhoA fusions to each full-length PGS component
and found that only PgsB did not develop a blue color, indicating that its
C-terminus is in the cytoplasm (Fig. 6A). All other components (PgsA, C,
and E) developed a strong blue color signal suggesting their C-termini are
periplasmically localized. For further analysis of PgsC, we created spe-
cific truncation (indicated by black arrows in Fig. 2 and numbered sub-
scripts in Fig. 6) and fused them to PhoA. Fig. 6A shows that only peptide
1-73 has a negative X-Pho signal, indicating that segments between 40
and 100 of PgsC are within the cytoplasm. All other truncations present
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Fig. 6. (A) LB + X-Pho plates after induction with
IPTG. Each section is an E. coli MGAA strain
expressing a full-length PGS subunit with a PhoA
fusion at its C-terminus. At the bottom there is a
positive and negative control for PhoA activity.
Truncated versions of PgsC were also assayed by the
same method. (B) Relative fluorescence (RFU/
ODgqo) of E. coli MGAA strains expressing each full-
length subunit with GFPuv fused at its C-terminus.
Negative and positive controls constituted of cells
expressing GFPuv in the periplasm and cytoplasm,
respectively. Error bars indicate standard deviation
of triplicate experiments. Asterisks indicate samples
statistically different from negative control (p <
0.05).
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Fig. 7. Schematic representation of PgsBCAE localization at cell membrane.
White circles indicate amino acid locations where reporter fusions from Fig. 6
were added.

as PhoA™, indicating periplasmic localization. To further confirm local-
ization, we used the GFPuv fusions. Specifically, constructs that are
positive for PhoA should be negative for fluorescence. In Fig. 6B, PgsB
presented a high signal, corroborating with the previous result that its C-
terminus is in the cytoplasm. Since GFPuv fusions to full-length PgsC,
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PgsA, and PgsE subunits emit fluorescence that is not statistically
different from the negative control (GFPuv—), we conclude that all these
components terminate in the periplasmic space. While fully-folded and
active GFPuv can be translocated to the periplasm by the Tat pathway
(Drew et al.,, 2002), it is most likely that these subunits use the
Sec-pathway, in which translocation is concurrent with translation. We
expected, based on PhoA activity data, that PgsC fragment 1—73 would
present a high fluorescence signal. However, only fragment 1—122 had
fluorescence statistically different from the negative control, albeit much
lower when compared the positive control (GFPuv-). Thus, the GFPuv
data are not very conclusive about the topology of PgsC.

Taking the PhoA and GFPuv results together, we can construct a
consensus schematic of these proteins in the inner membrane of E. coli
(Fig. 7). The results for PgsB are the most conclusive, having a very
distinct signal for its presence in the cytoplasm. The predicted signal
peptide from amino acids 1-21 does not direct the protein to the peri-
plasm but rather to the cytoplasmic side of the inner membrane. Based on
homology predictions (Figure S4) and the proposed reaction mechanism
(Ashiuchi and Misono, 2002), this subunit has access to the cytoplasmic
glutamate and nucleotide pools necessary for reaction. Similarly, results
were quite conclusive for PgsA and PgsE, both of which are present
largely in the periplasm. Discounting the GFPuv results for PgsC, where
the signals are very weak, and using only results from PhoA activity, we
conclude that it has at least two (and at most three) transmembrane re-
gions with the bulk of the protein being in the periplasm.

4. Conclusions

In this study, we successfully expressed the PgsBCAE membrane
enzyme in a heterologous host, E. coli. The enzymatic complex was fully
function and PGA was recovered from the supernatant of culture media.
Even though production was low due to the small scale of experiments,
achieving 13 mg/L of PGA, the polymer presented a high molecular
weight and minimal degradation due to the absence of hydrolytic en-
zymes in E. coli. The difference in membrane structure between B. subtilis
and E. coli motivated us to further investigate if the enzyme had the
correct localization in the heterologous host. Not only did we observe
that the tagged enzyme subunits are correctly directed to the inner cell
membrane by microscopy, we could also report for the first time the
orientation of the N- and C- termini of the different components across
the membrane. These results will help us further understand the role of
each subunit in the complex and aid in future engineering efforts.
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