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ABSTRACT: Versatile DNA assembly standards and compatible,
well-characterized part libraries are essential tools for creating
effective designs in synthetic biology. However, to date, vector
standards for Gram-positive hosts have limited flexibility. As a result,
users often revert to PCR-based methods for building the desired
genetic constructs. These methods are inherently prone to
introducing mutations, which is problematic considering vector
backbone parts are often left unsequenced in cloning workflows. To
circumvent this, we present the ProUSER2.0 toolbox: a standardized
vector platform for building both integrative and replicative shuttle vectors forBacillus subtilis. The ProUSER2.0 vectors consist of a
ProUSER cassette for easy and efficient insertion of cargo sequences and six exchangeable modules. Furthermore, the standard is
semicompatible with several previously developed standards, allowing the user to utilize the parts developed for these. To provide
parts for the toolbox, seven novel integration sites and six promoters were thoroughly characterized in B. subtilis. Finally, the capacity
of the ProUSER2.0 system was demonstrated through the construction of signal peptide libraries for two industrially relevant
proteins. Altogether, the ProUSER2.0 toolbox is a powerful and flexible framework for use in B. subtilis.
KEYWORDS: gram-positive, Bacillus subtilis, synthetic biology, standardization, protein expression
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■ INTRODUCTION
The Gram-positive model bacterium Bacillus subtilis has
obtained a status as a robust workhorse for the production
of various industrially relevant proteins and value added
chemicals for multiple industries including agriculture, food
and feed, biofuels, and pharmaceuticals.1

B. subtilis is particularly interesting as a cell factory due to its
capacity to secrete large amounts of protein, which is far
superior to that of most Gram-negative bacteria. Protein
secretion occurs mainly through the signal peptide-dependent
Sec and Tat pathways.2 Although extensively studied, rationally
predicting signal peptide sequences leading to high secretion
levels of a given protein is currently impossible, and current
best practices consist of screening libraries of signal
peptides.3−5 Additionally, parts such as promoters, ribosome
binding sites (RBSs), genomic integration sites, etc. all
influence final production titers, which highlights the
importance of having a modular and customizable vector
platform accompanied by a library of compatible and well-
characterized parts. With the advancement of synthetic
biology, the range of available molecular tools for B. subtilis
has vastly increased, facilitating the engineering of the
organism.6−8 However, many tools used for expression in B.
subtilis as well as other Gram-positive bacteria lack the

modularity, customizability, and characterization of the tools
available for Gram-negative bacteria.
One of the most widely used standards in prokaryotic

synthetic biology is the Standard European Vector Architec-
ture (SEVA) collection.9 However, a caveat of the SEVA
standard is that it is only designed for construction of
replicative vectors with a single origin of replication and a
single resistance marker cassette. It is therefore not directly
compatible with construction of shuttle vectors needed for
many Gram-positive hosts. To accommodate this, an extension
of the SEVA standard was recently developed for cloning
shuttle vectors forB. subtilis, called the Bacillus SEVA sibling
collection.10 This introduces a Golden Gate cloning11 step,
which enables insertion of homology regions for subsequent
genomic integration in B. subtilis while still remaining
compatible with the SEVA standard. A drawback of this
method is that the standard does not allow for the sole
exchange of the Gram-positive antibiotic marker. Other
alternative shuttle vector systems for Gram-positives have
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been developed, such as the pMTL8000012 and the Bacillus
BioBrick Box 2.013,14 collections. However, all of the
mentioned standards are limited to a single plasmid mode
either replicative or integrative. Further, they all depend on
cumbersome and often inadequate cloning techniques based
on restriction enzymes for insertion of the cargo, particularly
when multiple fragments are to be inserted. As a result, many
shuttle vectors are built using PCR-based cloning approaches
such as Gibson assembly15 or traditional USER cloning.16 This
can lead to the accumulation of mutations in the plasmid
backbone, which often remains undetected since these parts
are typically not sequenced after assembly.
A variety of both constitutive and inducible promoters have

been characterized for B. subtilis. This includes both native
promoters such as PmtlA,

17 PmanA,
18 and Pveg

19 as well as
heterologous and synthetic promoters such as PxylA,

20 PtetA,
21

PspaS,22 PliaI,23 PBBa_J23101,
14 and PamyL-PamyQ-PcryIIIA-

cryIIIAstab
24 (from hereon called P3P). The characterization of

these promoters has predominantly been done using β-
galactosidase reporter assays or by coupling the expression to
a luminescence or fluorescence output using bulk culture
measurements. These methods lack the power to resolve
heterogeneity between individual cells in the population in
contrast to the use of fluorescent proteins (FPs) in
combination with flow cytometry techniques, which allows
for identification of differences in outputs on the single-cell
level. However, although flow cytometry constitutes a powerful
method, the excitation wavelength of the most commonly used
FP, green fluorescent protein (GFP), is associated with high
background fluorescence from other molecules found in
biological samples.25 This negatively affects the sensitivity of
measurements and can result in difficulties detecting low
fluorescence levels, associated with, for example, basal
expression levels of tight inducible promoters. Bright red

fluorescent proteins such as mRuby226 might therefore be
better alternatives despite their relatively slow maturation time.
In this paper, we present a novel standard for assembly of

shuttle vectors called ProUSER2.0. The standard allows for
modular exchange of six elements, which can be tailored to the
specific needs of a given application. The plasmid mode can be
switched between integrative and replicative, allowing for
increased freedom in the design. The standard is semi-
compatible with both the SEVA standard and the pMTL80000
standard and thus allows for the exchange of promoters and
cargos from the existing standards to be incorporated into
ProUSER2.0 vectors or vice versa. The promoters and novel
integration sites characterized in this study are provided for
easy use within the collection. The standard incorporates the
previously reported ProUSER cloning approach,27 which
allows different cargos to be easily inserted into the target
vectors without the need for PCR amplification of the
backbone. To highlight the ease with which constructs can
be created with the ProUSER2.0 toolbox, we built and tested a
signal peptide library to optimize the secretion of two
industrially relevant proteins.

■ RESULTS AND DISCUSSION

ProUSER2.0 Vectors Allow for Easy and Standardized
Assembly. To improve the synthetic biology toolbox for B.
subtilis, we provide a well-characterized vector platform
enabling the user to tailor the plasmids to their specific
needs. To accommodate this, the plasmids were divided into
seven modules: a Gram-negative resistance marker, a Gram-
positive resistance marker, a Gram-negative origin of
replication (ori), an upstream homology arm or spacer
sequence, a downstream homology arm or Gram-positive ori,
an origin of transfer (oriT), and finally, the cargo site (Figure
1A). This design contains all of the modules needed to build

Figure 1. Schematic representation of the architecture of the ProUSER2.0 plasmid cassette. (A) Schematic representation of the modular structure
of the ProUSER2.0 plasmids and the associated restriction sites. (B) Comparison of the original ProUSER cassette (top) and the ProUSER2.0
cassette (bottom). (C) Overview of the ProUSER2.0 nomenclature. The Gram-negative parts are numbered according to the SEVA nomenclature.
Amp = ampicillin, Cam = chloramphenicol, Ery = erythromycin, Spc = spectinomycin, Kan = kanamycin, US = upstream, DS = downstream, T0 =
ρ-independent transcriptional terminator of phage λ (from pSEVA), T1 = ρ-independent transcriptional terminator of the rrnB operon of E. coli
(from pSEVA). Superscript “BS” designates that the resistance marker is for B. subtilis. Superscript “a” designates that the sequence contains PshAI
and SpeI restriction sites, and superscript “b” designates that the sequence contains an XhoI restriction site.
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shuttle vectors for Gram-positive bacteria such as B. subtilis.
The plasmid mode can be switched between integrative and
replicative by replacing the homology arms with an ori (in
place of the downstream homology arm) and a spacer
sequence (in place of the upstream homology arm).
PCR amplification of a DNA molecule is prone to

introducing errors in the DNA molecules despite the
availability of high-fidelity enzymes.28 These errors can cause
constructs to significantly deviate from the intended designs
and cause unforeseen implications when implemented in the
host strains. This is specifically problematic considering
backbone parts are often not sequenced prior to further use.
The ProUSER2.0 standard circumvents this issue through

the use of the nicking-based USER cloning approach called
ProUSER27 for making promoter−gene fusions in the cargo
module. Here, a cloning cassette containing two AsiSI sites and
two Nt.BbvCI sites is introduced downstream of the promoter.
Digestion of the plasmids yields two overhangs compatible
with USER cloning. The gene(s) of interest is PCR-amplified
using complimentary USER overhangs and introduced into the
vector by USER cloning. It was decided to update the
ProUSER cassette by inserting a ∼1800 bp spacer fragment
(Figure 1B). This serves to make it easier to distinguish
between the undigested and correctly digested plasmid in the
cloning workflow. The ProUSER2.0 vectors were further
designed so that the individual modules can be exchanged with
modules of the same type by a simple restriction−ligation
workflow. The plasmids are designed to be fully compatible
with the application module of the pMTL80000 vector series
and the oriT, the Gram-negative resistance marker, and the
cargo site modules of the SEVA collection. This allows the user
to utilize already existing parts from these collections or
transfer the ProUSER2.0 cargo site to SEVA or pMTL80000
vectors if desired.
In order to easily translate plasmid names into meaningful

concepts, a simple nomenclature was implemented. The
nomenclature has a SEVA-style characteristic where numbers
or letters represent the different modules, with new modules
continuously being given the next available number or letter
for the given module. For the sake of simplicity, parts shared
with the SEVA collection were given the same numbers. An
application-specific identifier is provided after the plasmid
name (e.g., the gene being expressed). As an example,
ProUSER13A1A-sfgfp contains an ampicillin resistance marker
for E. coli, the pBRR1 origin for E. coli, the pHT315 origin for
B. subtilis, a chloramphenicol resistance marker for B. subtilis,
and a cargo site containing the gene-encoding superfolder GFP
under control of the Pveg promoter. An overview of the naming
concept and the modules currently available in the vector

series is shown in Figure 1C, and ProUSER2.0 plasmids
deposited at Addgene are listed in Table 1.

Red Fluorescent Proteins Are Good Reporters for B.
subtilis when the Signal-to-Noise Ratio Is Critical. To
assess small changes in expression levels as accurately as
possible, reporter proteins with a high signal-to-noise ratio are
required. Thus, in order to find a fluorescent protein (FP) with
both a high signal-to-noise ratio as well as a strong signal,
which would be able to support these measurements, the
autofluorescent characteristics ofB. subtilis were assessed by
analyzing the emission spectra of exponential phase cultures at
commonly used excitation wavelengths. The emission
spectrum of the media was also measured, and the
autofluorescence of the cells was calculated by correcting for
the fluorescence of the media (Figure 2A). The data shows
thatB. subtilis is highly autofluorescent at shorter excitation
wavelengths used for blue, cyan, green, and yellow FPs. In
contrast, both the cells and the media were found to be almost
devoid of autofluorescence at an excitation wavelength of 561
nm, which is used for many red FPs (RFPs)29 as also found by
Popp et al.13 This indicates that RFPs can be excellent choices
as reporters for use in B. subtilis when the signal-to-noise ratio
is a critical factor.
In order to find a suitable RFP forB. subtilis, the

characteristics of mCherry, a codon-optimized version of
mCherry (mCherryOPT), and mRuby2 were assessed by
expressing the genes under control of the constitutive
promoter Pveg integrated downstream of glmS. The fluores-
cence intensities of the resulting strains were measured by flow
cytometry in a time course experiment. Substantial hetero-
geneity was observed early in the cultivations, with the
populations becoming homogeneous after 6 h (Figure S1). Pveg
is highly active inB. subtilis during both the vegetative state and
during the sporulation phase; however, mother cells have
previously been shown to not express the veg gene.30 Thus,
upon outgrowth from stationary phase overnight cultures,
differences in cell states will result in heterogeneous expression
levels but homogenizes when the entire culture reaches
exponential phase expression.
We therefore chose the 6 h time point for comparison of the

RFPs (Figure 2B). The strain expressing mCherryOPT
exhibited an improved signal compared to mCherry; however,
due to the superior signal strength of mRuby2, this was
ultimately chosen as the RFP of choice. It should be noted that
fluorescence settings can deviate slightly from the ideal optima
for different FPs, which can influence the relative brightness.
A drawback of using mRuby2 is the relatively long

maturation time (150 min)26 when compared to many blue,
cyan, green, and yellow FPs, which have previously also been
shown to be applicable for use inB. subtilis,13 with maturation

Table 1. Overview of ProUSER2.0 Plasmids Deposited at Addgenea

Gram− AbR Gram− OriV Gram+ OriV or integration site Gram+ AbR regulator and promoter

pProUSER13D2A Amp pBBR1 yrbD EryBS PVeg

pProUSER13C1B Amp pBBR1 glmS CamBS P3P

pProUSER13F4C Amp pBBR1 ΔsigF KanBS manR, PmanA

pProUSER13B4D Amp pBBR1 pE194ts KanBS PmtlA

pProUSER13A1E Amp pBBR1 pHT315 CamBS xylR, PxylA

pProUSER13E3F Amp pBBR1 yhgE SpcBS tetR, PtetA

pProUSER13G2F Amp pBBR1 rsbP EryBS tetR, PtetA
aAmp = ampicillin, Cam = chloramphenicol, Ery = erythromycin, Spc = spectinomycin, Kan = kanamycin. Superscript “BS” designates that the
resistance marker is for B. subtilis.
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times as low as 15−40 min.31 Thus, when a user wishes to
identify fast temporal changes when a clear signal over noise is
possible, other FPs can be better suited, highlighting the
importance of selecting adequate FPs for the used system and
desired output.
The isolation of the cargo site was also assessed by

integrating a promoter-less RBS-mRuby2 construct into the
glmS locus and quantifying the fluorescence of this strain. This

analysis showed that the cassette was sufficiently isolated to
neglect the signal originating from unintentional transcription
events (Figure 2C).

Characterizing Integration Sites Distributed through-
out the Genome for the ProUSER2.0 Toolbox. To
facilitate genomic expression, six novel neutral integration
sites downstream of the genes glmS, yhgE, cheV, yrbD, rsbP, and
pyrG as well as an integration site replacing the coding

Figure 2. Characterization of RFPs and expression patterns at different integration sites. (A) Autofluorescence spectra ofB. subtilis at different
excitation wavelengths. (B) Fluorescence intensities of strains expressing mCherry, mCherryOPT, and mRuby2 from the 6 h samples, including a
background strain control. (C) Analysis of the transcriptional isolation of the expression cassette. Fluorescence intensity of strains expressing
mRuby2 with and without promoter and RBS, respectively. (D) Schematic representation of the position of the individual integration sites in the
genome. (E) Fluorescence intensity as a function of chromosomal position of the integration sites. The line represents a second-order polynomial
fitted to the values ( f(x) = 0.0195x2 − 7.41x + 1473), and the gray area represents the 95% confidence intervals of the regression. (F) Population
data from a representative sample of each strain expressing mRuby2 from the different integration sites. (G) Fluorescence intensities associated
with the different integration sites. The bars/points indicate the means of the measured values, and the error bars indicate standard deviations of
three biological replicates for the autofluorescence data and four biological replicates for all other data.

ACS Synthetic Biology pubs.acs.org/synthbio Research Article

https://doi.org/10.1021/acssynbio.1c00130
ACS Synth. Biol. 2021, 10, 3278−3289

3281

https://pubs.acs.org/doi/10.1021/acssynbio.1c00130?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00130?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00130?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00130?fig=fig2&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.1c00130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sequence of sigF were analyzed by expressing mRuby2 under
control of Pveg from these sites. The integration sites were
chosen with the aim of reaching an even distribution
throughout the genome (Figure 2D). Contrary to the most
commonly used integration sites amyE, sacA, and thrC,13 the
novel glmS, yhgE, cheV, yrbD, rsbP, and pyrG integration sites
are neutral, preventing the creation of a knockout or truncated
version of the gene at the integration locus that may have
unforeseen effects on cellular functions. The coding sequence
of sigF was selected, since deletion of this gene results in a
sporulation-deficient strain that can be desirable for industrial
production.32 In an attempt to limit the risk of the integration
event affecting the expression of the surrounding genes, the
homology regions were designed to ensure that the integration
cassette was integrated between two genes transcribed in
opposite direction of the expression cassette. In line with this,
there was no difference in the growth rates of strains harboring
Pveg-mRuby2 expression cassettes in the different integration
sites (Figure S2).
The fluorescence intensities of the resulting strains were

monitored by flow cytometry in a time course experiment, and
the 6 h data points were used for comparison. The data
showed that the expression levels were dependent on
chromosomal position, with the highest expression level
observed close to oriC and the lowest around the ter region,
in agreement with previous studies.10,33 The integration sites
exhibited homogeneous populations, with the exception of
cheV and pyrG, which both exhibited small subpopulations of

high fluorescence, which could be due to some transcriptional
readthrough in these loci (Figure 2E−G).

Characterizing Two Constitutive Promoters for the
ProUSER Toolbox. Constitutive promoters are often used in
B. subtilis for protein production and other applications where
high expression is required and toxicity is not an issue.34 In
order to provide parts for this, in addition to the frequently
used Pveg promoter, the P3P promoter was characterized inB.
subtilis by expressing mRuby2 under its control. The P3P
promoter has previously been shown to facilitate production
of heterologous proteins in large amounts.24,35 The expression
from the P3P promoter was compared to Pveg in a time course
experiment. Unexpectedly, the observed growth curves varied
significantly between strains expressing mRuby2 and the wild-
type strain (Figure 3A). Repeating the experiment did not
resolve this, and it was therefore concluded that this was
caused by an unresolved biological effect rather than an
experimental bias. Due to this shift, the flow cytometry
measurements recorded in exponential phase and stationary
phase for each strain were chosen for comparison (Figure 3B−
D; the chosen data points are indicated by orange and purple
arrows in Figure 3A). P3P was found to be significantly stronger
than Pveg in both growth phases, increasing the fluorescence
intensity about 42-fold in the exponential phase and about 13-
fold in the stationary phase. This observed increase is probably
due to the tandem promoter architecture of P3P, which has
previously been shown to increase promoter strength,36 and it
suggests that P3P is a good choice for protein production,
provided that the target protein is nontoxic to the production

Figure 3. Comparison between Pveg and P3P. (A) Growth curves recorded during a time course experiment. The orange arrows indicate the
exponential phase samples, and the purple arrows indicate the stationary phase samples. (B) Fluorescence intensities of the strains in exponential
phase and stationary phase (logarithmic scale). The bars indicate the means of the measured values and the error bars indicate standard deviation of
four biological replicates. (C) and (D) Population data for a representative replicate of each strain.
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host. None of the promoters resulted in the formation of
fluorescent subpopulations at the chosen time points (Figure
3C,D).
Escherichia coli is often used as cloning strain when building

constructs forB. subtilis. Leaky expression in a cloning strain
can lead to mutations in the functional parts, especially if the
expressed gene(s) introduces a stress condition. In order to

simulate such unwanted expression in a routine cultivation step
during cloning, the fluorescence of the E. coli cloning strains
was also analyzed in overnight LB cultures (Figure S3). Here,
P3P was found to exhibit significantly reduced expression in E.
coli compared to Pveg, rendering it a potentially better choice
for cloning of genes that are toxic to the cloning strain.

Figure 4. Comparison of inducible promoters with mRuby2 reporter. Median fluorescence intensities for each timepoint during the time course
experiments for PmanA (A), PmtlA (B), PxylA (C), and PtetA in M9extra (G) and LB (H), respectively. Corresponding population data from
representative replicates of PmanA (D), PmtlA (E), PxylA (F), and PtetA in M9extra (I) and LB (J), respectively. The population data is from the time
point of highest fluorescence for each individual promoter (t = 10 h for PmanA and PmtlA, 15 h for PxylA, 4 h for PtetA in M9extra, and 8 h for PtetA in
LB). Note that PxylA was characterized using a MACSQuant VYB cytometer, while the other promoters were characterized using a FACS Aria
cytometer (for logistical reasons); thus, the absolute expression levels for PxylA cannot be compared with the other promoters in this figure. For
comparison with sfGFP as reporter, see Figure S6. The bars indicate the means of the measured values, and the error bars are the standard
deviation of four biological replicates.
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Characterizing Four Inducible Promoters for the
ProUSER2.0 Toolbox. Inducible promoters are often used
inB. subtilis for applications where timing of expression is
important as well as when protein toxicity can hamper cell
growth. Thus, in order to accommodate this in the
ProUSER2.0 toolbox, four inducible promotersPxylA, PmanA,
PmtlA, and PtetAwere characterized. Initially, we tested two
versions of PmtlA; the wild-type PmtlA (long) and a truncated
PmtlA version, which have previously been characterized.16 PmtlA
(long) displayed lower expression levels than the truncated
PmtlA version (Figure S4), and we therefore characterized only
the latter thoroughly. The operational range of the promoters
were first investigated in a time course experiment using a plate
reader, where the strains were cultured and supplemented with
inducers in a broad range of concentrations (Figure S5). Here,
mRuby2 was selected as the output of choice to adequately
identify small changes in promoter activity over background
levels as well as between different inducer concentrations.
PmanA and PmtlA exhibited binary on/off behavior, and it was
therefore decided to perform the final characterization using
two induction concentrations (no inducer and saturating
concentration) for these promoters. In contrast, PxylA and PtetA
displayed titratable characteristics, and the final character-
ization of these promoters were therefore performed using four
induction levels (no inducer, two intermediate concentrations,
and saturating concentration). Anhydrotetracycline concen-
trations surpassing 0.1 μg mL−1 were found to inhibit growth
inB. subtilis (Figure S5), and this was therefore set as the
maximum inducer concentration for PtetA.
PmanA, PxylA, and PtetA were found to be highly repressed in

the noninduced state, in contrast to PmtlA, which was found to
be relatively leaky in the noninduced state (Figure S3). PmanA
and PtetA exhibited high expression levels in the induced state
(Figure 4A,C,G), while PmtlA had lower expression in the
induced state than the other promoters (Figure 4B). The
expression levels of PxylA were measured on a different flow
cytometer, and the values from this experiment can therefore
not be compared with those of the other promoters. The
population data revealed that PmanA showed some hetero-
geneities in the induced population (Figure 4D). PxylA and PtetA
both exhibited a high degree of inducibility (Figure 4C−G).
To assess the time response of the inducible promoters,

strains were constructed harboring the promoters controlling
sfGFP37 integrated into the glmS locus. Overall, these results
show a similar yet approximate 2 h faster response upon
induction when sfGFP is the reporter as compared to mRuby2,
as would be expected by the respective maturation times of the
proteins (Figure S6). PmanA and PmtlA(short) show maximum
fluorescence after 6 h, whereas PxylA reaches maximum
fluorescence intensity after 10 h and PtetA only 2 h after
induction. Notably, at 1 h post induction, PxylA and PtetA show a
fast response but with heterogeneous, nonexpressing sub-
populations. This is resolved within the following hour and
may be attributed to a combination of timed promoter
response and maturation of the reporter protein. Interestingly,
at 2 h post induction, PxylA expression levels drops somewhat,
only to pick up again 10 h post induction (Figure S6). This
behavior may be attributed to the growth on glucose, as also
observed by the result of an endogenous catabolite repression
when the cultures are grown and induced in the presence of
glucose. Although the PxylA promoter, as used here, lacks the
catabolite repressive element (CRE) binding site present in the
beginning of xylA, preventing repression by CcpA at this locus,

a delayed response in promoter activity when grown on
glucose as carbon source is still observed, which has been
reported previously.14,38

Due to the desirable characteristics of PtetA (low basal
expression, high degree of titratability, high induced
expression, and short induction time), the kinetics of the
promoter was also assessed in LB media. Here, the kinetics
were found to be similar to what was observed in M9extra,
although with a more constant expression from 2 to 8 h in LB
(Figure 4H−J). These findings suggest that PtetA is a well-
performing inducible promoter useful for a range of conditions.
The leakiness of the inducibleB. subtilis promoters was

furthermore compared in overnight LB cultures of E. coli
(Figure S3). PmanA and PmtlA exhibited intermediate basal
expression levels in the cloning strain, while PxylA exhibited
high basal expression in the cloning strain, despite exhibiting
low basal expression inB. subtilis. In contrast, PtetA was found to
have exceptionally low basal expression in the cloning strain,
which makes it an excellent choice for applications where this
is critical in the cloning host.

The ProUSER2.0 Toolbox Accommodates Efficient
Construction of Vector Libraries for Optimizing
Secretion Levels. To demonstrate the applicability and
ease of use of the ProUSER2.0 vectors and the toolbox, it was
used to build vectors for production of two secreted proteins:
the native α-amylase fromB. subtilis, AmyE, and the previously
characterized lytic polysaccharide monooxygenase (LPMO)
from Bacillus atrophaeus, BatLPMO10. AmyE was chosen since
it constitutes a model protein for expression and secretion inB.
subtilis,39 and the amount of secreted protein can easily be
subjected to a functional assay in a semihigh-throughput
manner.40 BatLPMO10 is a chitin-active LPMO that has
previously been shown to express and secrete well inB.
subtilis.35,41 Furthermore, since the choice of signal peptide is
known to have a significant influence on the secretion
efficiency of a given protein,3 both enzymes were screened
with a library of 32 signal peptides (Table S4). The 32 signal
peptides in the library were chosen based on previous
secretomics data forB. subtilis.2,42,43 Using the ProUSER2.0
platform for the construction of signal peptide libraries has the
advantage of a scarless N terminus of the target protein over
classical restriction−ligation approaches.3 This can be critical
for target proteins where the N-terminal is crucial to the proper
functioning of the produced protein, such as LPMOs.44 To
further ease the cloning approach prior to generating the
peptide libraries, all signal peptides were converted to having
the signal peptide peptidase cleavage motif converted to ASA,
providing a USER site for fusing the signal peptide to the
protein of interest. In order to assure high expression, the
genes and signal peptide-encoding sequences were cloned into
the pProUSER13C1B (integrating in the high-expression
integration site glmS and with the strong constitutive promoter
P3P driving expression).
As expected, the amount of secreted protein was found to

vary significantly between the signal peptides, with signal
peptide 32 (EglSSP) showing the highest extracellular amylase
activity for the AmyE samples (Figure 5A, highlighted in dark
purple) and signal peptide 31 (CwlOSP) resulting in the most
intense band on the SDS-PAGE gel for BatLPMO10 (Figure
5B, highlighted in dark orange).
In agreement with other studies,4,5,45,46 the secretion

patterns with a set of signal peptides are unique for individual
proteins (Figure S7). This underlines why an optimization
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approach, such as the one presented here, is relevant for
optimizing production titers. Furthermore, this highlights the
value of an efficient vector platform that is independent of
PCR amplification of the backbone vector.

■ CONCLUSIONS

In this study, we combine the advantages of restriction−
ligation-based cloning with the flexibility of the USER-based
ProUSER method in a highly customizable and easy-to-use
vector platform forB. subtilis called the ProUSER2.0 toolbox.
We established a workflow using mRuby2 for characterizing
genetic parts and thoroughly characterized seven novel
integration sites and six promoters (two constitutive and four
inducible). Last, we demonstrate the capacity of the developed
toolbox by constructing expression vectors for AmyE and
BatLPMO10 and optimizing their secretion using the
ProUSER cloning method for generating signal peptide
variants.
In order to facilitate the implementation of the ProUSER2.0

toolbox by the research community, seven vectors with
selected parts will be made available through Addgene
(Table 1). Adaptation of the ProUSER2.0 system within the
community can allow simple further expansion of the current
vector set when additional parts are desired, and we encourage
everyone to contribute to the collection.

■ MATERIALS AND METHODS

Strains, Media, and Growth Conditions. Bacterial cells
were routinely grown in LB media at 37 °C under shaking at
250 revolutions per minute (RPM) or on LB agar plates at 37
°C according to standard protocols.38,47 Cultures used for
plasmid preparation were grown in media with double the
amount of tryptone and yeast extract. When appropriate,
media was supplemented with antibiotics (100 μg mL−1

ampicillin (Amp) for E. coli strains and 5 μg mL−1

chloramphenicol (Cam), 5 μg mL−1 kanamycin (Kan), 10 μg
mL−1 erythromycin (Ery), and 100 μg mL−1 spectinomycin
(Spc) forB. subtilis strains). Characterization experiments were
performed with a modified M9 medium called M9extra (12.8 g
L−1 Na2HPO4·7H2O, 3 g L

−1 KH2PO4, 0.5 g L
−1 NaCl, 1 g L−1

NH4Cl, 2 mM MgSO4, and 0.1 mM CaCl2) supplemented
with 60 μM FeCl3, a trace element solution (1.25 μM MnCl2·
4H2O, 0.21 μM CoCl2·6H2O, 0.85 μM ZnSO4·7H2O, 0.05 μM
CuCl2·2H2O, 0,08 μM H3Bo3, 0.105 μM NiCl2·6H2O, 0.125
μM NaMoO4·2H2O, and 0.3 μM AlK(SO4)2·12H2O), 50 mg
L−1 L-tryptophan, and 10 g L−1 glucose as carbon source.
Protein production were either performed in lysogeny broth
(LB) media (LB broth (Lennox), Sigma-Aldrich, Saint Louis,
MO, USA), or in Cal18-2 media48 (40 g L−1 yeast extract, 1.3 g
L−1 MgSO4·7H2O, 50 g L−1 maltodextrin (DE 13−17 (Sigma-
Aldrich, Saint Louis, MO, USA)), 20 g L−1 NaH2PO4·2H2O,
6.7 mL L−1 Na2MoO4 stock solution (2.0 g L−1), 6.7 mL L−1

trace metal solution (consisting of 4.48 g L−1 MnSO4·H2O,
3.33 g L−1 FeCl3·6H2O, 0.625 g L−1 CuSO4·5H2O, and 7.12 g
L−1 ZnSO4·7H2O), and 100 μL L−1 Pluronic L-61 (Sigma-
Aldrich, Saint Louis, MO, USA), adjusted to pH = 6).

PCR Amplification, DNA Purification, and Sequenc-
ing. PCR fragments for USER cloning were generated using
Phusion U (Thermo Fisher Scientific, United States). Phusion
HSII (Thermo Fisher Scientific, United States) was used for
sequencing of genomic DNA fragments, and OneTaq (New
England BioLabs, United States) was used for colony PCRs.
Colony PCRs forE. coli strains were performed by suspending
individual colonies in 20 μL of LB media and adding 1 μL of
the suspended colonies as template in the reaction mixtures.
Colony PCRs forB. subtilis strains were performed by
suspending individual colonies in 20 μL of LB media and
diluting 10 μL of the suspended colonies in 10 μL of MilliQ
water. Subsequently, the dilutions were stored on ice for 5 min,
followed by three cycles consisting of 1 min of heating in a
microwave at 800 W and 30 s on ice. Afterward, the dilutions
were again stored on ice for 5 min, and 1 μL of the
microwaved dilutions were used as template in the reaction
mixtures. PCR products were purified using a NucleoSpin PCR
cleanup gel extraction kit (Macherey-Nagel, Germany),
following the manufacturer’s instructions. Plasmid DNA was
purified fromE. coli cultures using a NucleoSpin Plasmid kit
(Macherey-Nagel, Germany), following the manufacturer’s
instructions. Routine sequencing was performed using a
Mix2Seq kit (Eurofins Genomics, Luxembourg), following
the manufacturer’s instructions.

Plasmid and Strains Construction. The ProUSER 2.0
vectors and initial plasmids used for characterization of the
promoters, and integration sites were constructed using USER
cloning or USER ligation PCR. USER reactions were
performed by mixing the different fragments together with
1.2 μL of T4 ligase buffer (New England BioLabs, United
States), 1 μL of USER enzyme (New England BioLabs, United

Figure 5. Screening signal peptide variants of AmyE and
BatLPMO10. Secretion levels from signal peptide variants of (A)
AmyE measured by amylase activity of culture supernatant normalized
to the native signal peptide (AmyESP) with the signal peptide yielding
the highest activity (32 = EglSSP) highlighted in dark purple and (B)
BatLPMO10 titers measured by pixel intensities from the associated
SDS-PAGE gel image with the signal peptide yielding the highest pixel
intensity (31 = CwlOSP) highlighted in dark orange. Cloning of the
signal peptide 4 (EprSP) was unsuccessful for AmyE; thus, no data
(ND) was recorded. The activity data for AmyE are the means from
three biological replicates, and the error bars are the standard
deviation from these values. The titers for BatLPMO10 are measured
values from single replicates. Detailed information for each signal
peptide is available in Table S4.
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States), and DNAse-/RNAse-free water to a total volume of 12
μL. The reaction mixtures were incubated at 37 °C for 25 min
followed by another 25 min at 25 °C. Subsequently, 8 μL of
MilliQ water was added to a total volume of 20 μL, and 5 μL
of the mix was used directly for transformation. For USER
ligation PCRs, 0.8 μL of T4 ligase buffer, 1 μL of T4 ligase
(New England BioLabs, United States), and 6.2 μL of MQ
water was added, and the mix was incubated at RT overnight.
Two microliters of the mix was used as template for a PCR
amplification; the fragment with the correct size was gel-
purified and used directly for transformation inB. subtilis. For
two ProUSER vectors, unwanted mutations occurring in the
backbone were rescued through digestion and ligation, after
which they were resequenced. mRuby2, sfGFP, and signal
peptides were amplified with a consensus AGGAGG and a 7
bp spacer before the start codon. The replicative vectors
pProUSER13A1A and pProUSER13B4A were validated by
cloning mRuby2 into the plasmids and confirming expression
by fluorescence (data not shown). The temperature sensitivity
of pE194ts was also verified as described in other studies.6 All
strains, plasmids, and oligos used in this study are detailed in
Tables S1−S3. The sequences of all plasmids used in this study
are available in the Supporting Information.
ProUSER 2.0 Cloning. ProUSER 2.0 plasmids were

digested by mixing 1 μg of plasmid DNA with 1 μL of AsiSI
(New England BioLabs, United States), 5 μL of CutSmart
buffer, and DNAse-/RNAse-free water to a final volume of 50
μL. The reactions were incubated at 37 °C for 16 h followed
by inactivation at 80 °C for 20 min. 1 μL Nt.BbvCI was added
to the reactions, which were subsequently incubated at 37 °C
for 1 h followed by inactivation at 80 °C for 20 min. The
desired fragments containing 6 and 8 bp single-stranded DNA
overhangs were selectively purified by elongated gel
purification (1 h, 100 kV). One to two microliters (10−20
ng) of the nicked ProUSER 2.0 plasmids were mixed with
PCR-amplified cargos (mRuby2 or signal peptides and enzyme
of interest) and subsequently USER-cloned as described above.
To ease the workload prior to generating the signal peptide
libraries, all signal peptides were converted to end on ASA (see
Table S4), which enabled combining all signal peptides with a
single enzyme-specific PCR reaction without modifying the N
terminus of the enzymes.
Transformations of Bacterial Cells. E. coli trans-

formations were performed as described previously.49 B.
subtilis 168 and PY79 and their derivatives were transformed
with plasmid DNA by natural competence as described
elsewhere50 but without adding histidine to the SM1 and
SM2 medium and at least 2 h of recovery. B. subtilis REG19
with mannose catabolism regenerated, andB. subtilis 168
glms::comKS was transformed with either plasmid DNA of
USER-ligated PCR fragments as described elsewhere6 but with
the recovery time extended to 2 h.
Generation of Autofluorescence Spectra. An overnight

culture was diluted to an OD600 of 0.1 in M9 media and grown
in triplicates to an OD of 0.5. The cultures were dispensed in
200 μL aliquots in a black Nunc 96-well plate (Thermo Fisher
Scientific, United States), and autofluorescence was measured
by performing emission spectra scans on a Synergy HM1
absorbance and fluorescence reader (BioTek Instruments,
United States) with a gain value of 100. All data points were
measured from unique wells to avoid bleaching.
Integration Sites and Promoter Characterization

Experiments. Single colonies were suspended in 1 mL of

LB and grown at 37 °C, 250 RPM during the day. Ten
microliters of culture was transferred to 50 mL of M9extra
media supplemented with 0.02% (w/v) yeast extract, 10 g L−1

glucose, 50 mg L−1 L-tryptophan, and appropriate antibiotics in
250 mL Erlenmeyer flasks and grown overnight at 37 °C, 250
RPM. Overnight cultures were diluted in 50 mL of M9extra
media supplemented with 10 g L−1 glucose and 50 mg L−1 L-
tryptophan to an OD600 of 0.05 or 0.1 and grown at 37 °C, 250
RPM in 250 mL Erlenmeyer shake flasks in duplicates for
initial experiments and quadruplicates for final experiments.
Strains with inducible promoters were grown up to an OD600
of 0.1−0.2 before induction.

Sample Preparation for Flow Cytometry. Cells were
fixed by centrifuging 1 mL of culture at 6000g for 10 min,
removing the supernatant, and resuspending the pellet in 500
μL of 2% paraformaldehyde in phosphate-buffered saline
(PBS) (Thermo Fisher Scientific, United States). The samples
were left at room temperature for 30 min to 2 h. Subsequently,
the centrifugation step was repeated, the supernatant was
removed, and the pellet was resuspended in 500 μL of PBS.
The fixed cells were stored at 4 °C until analysis and analyzed
within 2 weeks of sampling.

Quantification of Fluorescence. The fluorescence of the
fixed cells in the initial induction experiments were analyzed
using a Synergy HM1 absorbance and fluorescence reader
(BioTek Instruments, United States). The samples were
dispensed in a black Nunc 96-well plate (Thermo Fisher
Scientific, United States) in 200 μL aliquots and measured
using excitation and emission values of 561 and 610 nm,
respectively, and a gain value of 150. The fluorescence of the
cells in the final characterization of the integration sites and
inducible promoters were performed by flow cytometry using a
FACS Aria cytometer (BD Bioscience, USA) or a MACSQuant
VYB cytometer (Miltenyi Biotec, Germany). The fluorescence
of single cells was measured after appropriate gating in the
forward scatter and side scatter channels. For the FACS Aria
cytometer, samples were analyzed by making appropriate
dilutions in FACS Flow. Fluorescence was detected by
excitation with a 561 nm laser, using a 610/20 nm band-pass
and 600 nm long-pass filter set. A total of 50,000 events were
recorded using the following voltage settings: forward scatter,
236 V; side scatter, 283 V; PE-Texas Red, 700 V. For the
MACSQuant VYB cytometer, the samples were run directly on
the cytometer. mRuby2 fluorescence was measured by
excitation with a 561 nm laser using a 615/20 nm band-pass
filter, whereas sfGFP fluorescence was measured by excitation
with a 488 nm laser and a 525/50 nm band-pass filter. Up to
50,000 events were recorded from the 200 μL sample using the
following voltage settings: forward scatter, 450 V; side scatter,
425 V; Y2 Channel, 496 V for leakiness measurements; 399 V
for all other measurements; and B1 channel, 500 V. Data was
analyzed using FlowJo (Tree Star Inc., Asland, OR). All
fluorescence data reported are the numerical pulse areas.

AmyE and BatLPMO10 Production. A single colony of
the desired strain was inoculated in either 600 μL of LB in a
96-well plate or 3 mL of LB in a 24-well plate supplemented
with appropriate antibiotics. The culture was grown O/N at 37
°C with 250 RPM shaking and back-diluted to 1:300 in either
300 μL of fresh LB in a 96-well plate (AmyE samples) or 3 mL
of fresh Cal18-2 media in a 24-well plate (BatLPMO10
samples). In both cases, the media was supplemented with
appropriate antibiotics. LB cultures were grown for 16 h at 37
°C with 250 RPM shaking, while Cal18-2 cultures were grown
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for 72 h at 20 °C with 250 RPM shaking. The cells were
harvested by centrifugation at 6000g for 5 min at 4 °C, the
pellet was discarded, and the supernatant was used for further
analysis.
Amylase Activity Assay. The assay was adapted from

Xiao et al.40 The supernatants were diluted five times in PBS,
and 10 μL of the diluted samples was mixed with 40 μL 2 g L−1

starch in 100 mM phosphate buffer (pH = 5.9) solution. The
reaction mixtures were incubated at 65 °C for 25 min, and the
reactions were stopped by adding 50 μL of 1 M HCl. The
reactions were mixed 1:1 with an iodine solution consisting of
5 mM I2 and 50 mM KI. The background was measured by
substituting the sample with PBS. The absorbance values were
measured at 580 nm, and the relative activity units were
calculated as U = (Abs580,background − Abs580,sample)/Abs580,AmyE

SP.
SDS-PAGE Analysis. Samples were mixed 1:1 with sample

buffer (8 M urea, 0.0105% (w/v) bromophenol blue, 5 mM
EDTA, 100 mM Tris-HCl pH 6.8, 4% (w/v) SDS, and 25%
(v/v) glycerol), and heated to 98 °C for 10 min. Ten
microliters of the sample was loaded on a 4−20% Mini-
PROTEAN-TGX gel (BioRad, Hercules, CA, USA) and run
for 160 V for 50 min. Gels were stained for at least 4 h using
InstantBlue Protein Stain (Expedeon Inc., San Diego, CA,
USA) and destained O/N using demineralized water. Pixel
values were calculated using Fiji software.51
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