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ABSTRACT Efficient protein secretion is often a valuable alternative to classic cellu-
lar expression to obtain homogenous protein samples. Early on, bacterial type | se-
cretion systems (T1SS) were employed to allow heterologous secretion of fusion pro-
teins. However, this approach was not fully exploited, as many proteins could not be
secreted at all or only at low levels. Here, we present an engineered microbial secre-
tion system which allows the effective production of proteins up to a molecular
mass of 88 kDa. This system is based on the hemolysin A (HIyA) T1SS of the Gram-
negative bacterium Escherichia coli, which exports polypeptides when fused to a
hemolysin secretion signal. We identified an A/U-rich enhancer region upstream of
hlyA required for effective expression and secretion of selected heterologous pro-
teins irrespective of their prokaryotic, viral, or eukaryotic origin. We further demon-
strate that the ribosomal protein S1 binds to the hlyA A/U-rich enhancer region and
that this region is involved in the high yields of secretion of functional proteins, like
maltose-binding protein or human interferon alpha-2.

IMPORTANCE A 5’ untranslated region of the mRNA of substrates of type | secre-
tion systems (T1SS) drastically enhanced the secretion efficiency of the endoge-
nously secreted protein. The identification of ribosomal protein S1 as the interac-
tion partner of this 5’ untranslated region provides a rationale for the enhancement.
This strategy furthermore can be transferred to fusion proteins allowing a broader,
and eventually a more general, application of this system for secreting heterologous
fusion proteins.

KEYWORDS 5’ untranslated region, hemolysins, mRNA, protein-mRNA interaction,
protein secretion

he Gram-negative bacterium Escherichia coli is used as the organism of choice for

the production of recombinant proteins (1), and the FDA has approved more than
150 recombinant peptide- or protein-based therapeutics of which one-third are pro-
duced in E. coli (2). Polypeptide expression and secretion into the extracellular media
represent a valuable alternative to the classical approach of expression within the
cytosol (3-5). Especially, product titers can be impressive, reaching up to 30 g/liter (5,
6). However, these titers are usually only obtained for homologous proteins in opti-
mized processes and are uncommon for heterologous protein secretion (6-10).

The secretion strategy described herein is based on the hemolysin A (HlyA) type |
secretion system (T1SS) of E. coli (11). HIyA is a member of the repeats-in-toxin (RTX)
family that forms pores in the cell membrane of human host cells, resulting in lysis.
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FIG 1 Schematic representation of the hly operon and the effect of the enhancer region on the
expression of HlyA1. (a) The hly operon consists of four genes in the order hlyC, hlyA, hlyB, and hlyD (73).
Downstream of the promoter (depicted with a black arrow), a JUMPstart (shown in gray box) (28) and an
ops sequence (represented by a black box) (29) are present. The stem-loop termination sequence located
between the hlyA and hlyB genes is shown as a kink. (b) The AU-rich upstream region of hlyA is
highlighted in the box. The start codon of hlyA (AUG) and the stop codon of hlyC (UAA) are shown in
bold, while the ribosome-binding site is underlined. (c) SDS-PAGE analysis of nonconcentrated super-
natant obtained after expression of hlyAT gene containing either 159 (lane 1) or 17 (lane 2) nucleotides
upstream of the hlyA region and a molecular weight marker (lane M).

Early on, HlyA was recognized as an interesting carrier for the secretion of heterologous
proteins, including vaccines (12, 13). Despite great efforts, until now, an application as
a secretion platform has not been achieved, and the majority of polypeptides are
secreted with only low yields of approximately 100 ug/liter, if at all (12, 14-16).

The hly operon of E. coli comprises hlyC, hlyA, hlyB, and hlyD (17) (Fig. 1a). The
cytoplasmic protein HlyC is required for a posttranslational modification, i.e., the
acylation of HlyA at two lysine residues (Lys564 and Lys690) (18, 19). This modification
converts the inactive HIyA into an active toxin but is dispensable for efficient secretion
(20). hlyB and hlyD encode an ABC transporter and a periplasmic adapter protein,
respectively (11), which form the inner membrane complex of the T1SS. Its interaction
with HIlyA recruits the multifunctional outer membrane protein TolC, completing the
secretion apparatus (21). This complex catalyzes the transport of HlyA from the cyto-
plasm across the two membranes into the extracellular space, without any detectable
periplasmic intermediate(s) (22). The C terminus of hemolysin A contains the secretion
sequence (approximately the last 60 amino acids) (18) and upstream six repeats of a
nonapeptide sequence that binds Ca?* in the extracellular space, triggering protein
folding (23). Secretion of the hemolysin A type | secretion system is independent of
substrate size and operates at a rate of approximately 16 amino acids per transporter
per second (24). Furthermore, it was shown that the secretion efficiency and Ca2™
binding affinity of the C-terminal fragment of HlyA (amino acids 807 to 1024; around 24
kDa) called HlyA1 is comparable to full-length HlyA (18). Furthermore, HlyA1 does not
possess any of the toxic properties of HlyA, and this signal sequence domain has been
extensively used for the secretion of various heterologous proteins (12, 16, 25, 26).

In E. coli, mRNA production of the components of the hly operon employ the
anti-termination factor RfaH (27) to read through the termination signal that is located
between the hlyA and hlyB genes (Fig. 1a). It is proposed that the RNA polymerase stops
at the JUMPstart (just upstream of many polysaccharide-associated starts) sequence,
which allows binding of RfaH (28). The operon-polarity suppressor (ops) sequence
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serves the same function (29). Binding of RfaH allows readthrough of a stem-loop
termination sequence (30) (Fig. 1a), which is located between the hlyA and hlyB genes,
suggesting that mRNA production of the acylase gene hlyC and the structural gene hiyA
are uncoupled from the expression of hlyB and hlyC in the absence of RfaH (28).
However, the exogenous signal(s) that induce production of HIyA in the stationary
phase are currently unknown.

In general, expression of high-abundance proteins, like phage coat proteins (31),
ATP synthase proteins (32), translational factors (31), or nucleoid proteins (33), is
accompanied by an A/U-rich region upstream of the translation initiation codon and
the ribosome-binding site, and this region acts as an enhancer by attracting ribosomal
protein S1, also known as RpsA. Except for leaderless mRNAs that lack a 5" untranslated
region (5" UTR), S1 is required for the translation of almost all mMRNAs in E. coli (34), and
loss-of-function mutations of RpsA are lethal for E. coli (35); even S1 depletion and
overexpression cause cell growth impairment (36). Ribosomal protein S1 is the largest
ribosomal protein with high affinity for mRNA (37, 38) and is only weakly associated
with the ribosome (39). It associates late during assembly of the 30S ribosomal subunit
(40) and serves as a catching arm for mRNA (31). Besides having a critical role in
translation, S1 has been implicated in several other cellular processes, such as enhance-
ment of transcription through transcriptional cycling (41), protection of single-stranded
RNA from degradation by RNase E (42), stabilization of mRNA (43), rescue of stalled
ribosomes (44), and promotion of RNA unwinding by binding 10 nucleotides of RNA in
a multistep fashion (45). It interacts with pyrimidine-rich regions in the 5’ UTR of
mRNAs, which have been identified in cross-linking experiments (31). Free S1 activates
the process of mRNA binding by 30S particles lacking ST and acts as a translational
repressor if added in molar excess over the 30S particles (31). A/U-rich sequences
placed upstream of native or foreign genes provide a high efficiency of expression (31,
46, 47), where translation enhancers with a Shine-Dalgarno sequence regulate ribo-
somal liberation from translation initiation to determine the translation efficiency of the
downstream localized coding region (47).

HlyA was recognized previously as an interesting carrier for the secretion of heter-
ologous proteins (12), and its signal sequence domain (HIyA1) has been extensively
used for the secretion of various heterologous proteins (12, 16, 25, 26). In principle, the
fusion of the C terminus of a heterologous protein to HlyA1 would lead to its secretion
in the presence of the inner membrane components HlyB and HlyD. However, the huge
biotechnological relevance of this system has been limited due to the fact that not all
of the proteins were efficiently secreted (16). Thus, we were interested in exploiting and
optimizing the HIyA T1SS for the production of heterologous proteins. Here, we report
a hemolysin-specific A/U-rich enhancer region, which we identified upstream of the
hlyA start codon. The presence of this enhancer elevated the secretion levels. This is
highlighted by our results that in combination with our engineered two-plasmid
system, the HlyA-based secretion system including the enhancer sequence is now
converted into a platform for the secretion of heterologous proteins in E. coli.

RESULTS

The upstream region of hlyA affects HlyA1 production. For cloning and secretion
studies, the C-terminal part of HlyA (HIlyA1) derived from plasmid pSU2726 (48, 49)
expressing full-length HlyA was used. While subcloning the hlyA gene into another
vector, it was observed that the secretion of HlyA was comparably low. Sequence
analysis of the parental vector revealed the presence of an additional sequence of 159
nucleotides (nt) derived from the hlyC gene (cloning artifact resulting from restriction
sites) and noticed that this natural upstream region of hlyA (Fig. 1b) had a strong
influence on the level of secretion.

With a 159-nucleotide (nt) 5" sequence containing the 3’ end of the hlyC gene, a
much greater amount of HlyA1 was secreted than with a shorter fragment of only 17
nt (Fig. 1¢), indicating that this upstream sequence enhanced the expression and/or
secretion by an unknown mechanism.
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TABLE 1 Sequences of hlyA enhancer regions used in this study?

HIyA1 variant 5'-3' sequence (37 nt)

+159 AUUUUAAUUUUUCAUUAACUGGUUAAGAGGUAAUUAA
+62 AUUUUAAUUUUUCAUUAACUGGUUAAGAGGUAAUUAA
+41 AUUUUAAUUUUUCAUUAACUGGUUAAGAGGUAAUUAA
+36 CUUUUAAUUUUUCAUUAACUGGUUAAGAGGUAAUUAA
+35 GCUUUAAUUUUUCAUUAACUGGUUAAGAGGUAAUUAA
+34 AGCUUAAUUUUUCAUUAACUGGUUAAGAGGUAAUUAA
+33 GAGCUAAUUUUUCAUUAACUGGUUAAGAGGUAAUUAA
+32 CGAGCAAUUUUUCAUUAACUGGUUAAGAGGUAAUUAA
+23 UUACGAAUUCGAGCUUAACUGGUUAAGAGGUAAUUAA
+17 ACAUGAUUACGAAUUCGAGCGGUUAAGAGGUAAUUAA
+11 GCUAUGACAUGAUUACGAAUUCGAGCGAGGUAAUUAA
+8 ACAGCUAUGACAUGAUUACGAAUUCGAGCGUAAUUAA
A14-23 AGAAAGUCAGAUUUUAAUUUUUCAAAGAGGUAAUUAA
A24-32 GAAAGUCAGAUUUUUUAACUGGUUAAGAGGUAAUUAA
A33-41 GAAAGAAUUUUUCAUUAACUGGUUAAGAGGUAAUUAA
A36-41 AGUUUAAUUUUUCAUUAACUGGUUAAGAGGUAAUUAA
33u>g AUUUGAAUUUUUCAUUAACUGGUUAAGAGGUAAUUAA
34u>g AUUGUAAUUUUUCAUUAACUGGUUAAGAGGUAAUUAA
33u>g-34u>g AUUGGAAUUUUUCAUUAACUGGUUAAGAGGUAAUUAA
All AU AUUUUAAUUUUUAAUUAAUUAAUUAAGAGGUAAUUAA
AAAUUAA AUAAAUUAAUUUCAUUAACUGGUUAAGAGGUAAUUAA

aSequences of wild-type, truncated, and mutated hlyA enhancer regions are shown. The RBS is underlined,
part of the original enhancer sequence up to 37 nt upstream is depicted in bold.

Known hemolysin regulatory proteins are not responsible for enhanced ex-
pression. The hly operon is regulated by several mechanisms (30, 50-54). To test
whether one of the known regulatory proteins is involved in the observed increased
levels of HIyA1 secretion, we obtained E. coli mutant strains from the Coli Genetic Stock
Center (CGSC) lacking individual factors previously shown to affect HlyA secretion and
transformed the respective transporter plasmids together with either the hlyA1 expres-
sion plasmid containing the truncated hlyA upstream region of 17 nt or the plasmid
with the long upstream region of 159 nt (Table 1). E. coli K-12 BW25113 (wild type) was
used as a reference strain, which behaved like the expression strain E. coli BL21(DE3).
Mutants lacking typical hemolysin regulators, such as the stationary-phase sigma factor
RpoS (53) (JW5437-1), nucleoid-associated protein H-NS (53, 55) (JW1225-2), expression-
modulating protein Hha (55) (JW0449-5), anti-terminator factor RfaH (28) (JW3818-1),
and the small RNA DsrA (53, 56) (NM6003) did not show any significant differences in
the levels of secretion compared to the reference strain. Mutants lacking proteins
involved in posttranslational regulation or RNA stability, such as the chaperone Hfg
(57-59) (JW41-30-1), RNase E (60) (N3431), or RNase R (JW5741-1), were also analyzed,
and again, no significant differences in expression levels were observed (data not
shown).

Identification of an A/U-rich enhancer region upstream of hlyA. Next, the 5’
upstream region of hlyA was analyzed in more detail by conducting a comprehensive
mutational analysis (Fig. 2 and Table 1). Secretion experiments with HlyA1 combined
with 5’ truncations of various lengths uncovered that an upstream region of at least 34
nt is responsible and required for optimal high-level production. Strikingly, this region
is rich in the nucleotides adenine and uracil (Fig. 1b). As expected, the strain without
a ribosome-binding site (termed +8) did not express detectable levels of HlyAT.
However, elongation of the 5’ sequence to 11 nucleotides or 17 nt showed at least
detectable levels of secretion (Fig. 2a). Conversely, elongation of the 5" sequence to at
least 34 nucleotides increased secretion significantly to approximately 8-fold, but
further elongation did not improve secretion (Fig. 2).

Mutations within the enhancer sequence and the above-mentioned secretion ex-
periments revealed that the uracils at positions +33 to +36 are important for the
production of HIyA1 (see Fig. S1 in the supplemental material). Additionally, the
substitution of adenine with thymine in the sequence between nucleotides +29 and
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FIG 2 The hemolysin A enhancer region. (a) SDS-PAGE of nonconcentrated supernatant from E coli strains carrying hlyA1 with 5" enhancer
region of different lengths. (b) Quantification (fold change; analyzed with ImagelJ) of the amount of HlyA1 secreted in the supernatant
deduced from a representative gel based on the lowest detectable expression level (+11). Error bars represent the standard deviation of
the results from at least three independent biological replicates.

+35 (AAAUUAA) and vice versa did not significantly impair production, indicating that
no specific binding motif exists in this region. Taken together, this extended mutational
analysis provides compelling evidence for the importance of the A/U-rich region for
efficient expression and subsequent secretion of HIyA1.

Ribosomal protein S1 binds to the hlyA enhancer region. As demonstrated
above, an A/U-rich region upstream of the hlyA gene is involved in a strong enhancing
effect on the production of HlyA1l. A/U-rich sequences upstream of the translation
initiation codon are known binding sites for the ribosomal protein S1 (31, 46, 47).
Consequently, we investigated the potential binding of S1 to the 5" upstream sequence
of hlyA by incubating bead-immobilized RNA containing the enhancer region with E.
coli cell extract. Subsequently, bound proteins were eluted from the beads and ana-
lyzed via SDS-PAGE. Here, only one prominent protein band was detected (Fig. 3, lane
1) and identified as RpsA-ribosomal protein S1 by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis, proving binding of S1 to the A/U-rich region. Other
proteins possibly binding to this region could not be detected.

Furthermore, beads containing the RNA sequence encoding the complete enhancer
region resulted in a detectable band of the S1 protein, whereas the RNA sequences
derived from the strains displaying reduced secretion efficiencies (+17, Fig. 3, lane 2;
and 33u>g-34u>g, Fig. 3, lane 3) resulted in protein bands of reduced intensity. This
clearly implies that binding of ribosomal protein S1 to the A/U-rich enhancer region
may result in the observed high-level expression and subsequent secretion of proteins.
Moreover, the sequence changes result in reduced binding of ST with the final
consequence of decreased secretion levels.

120-- jp——
100--

75— p—
60__ s

50-- g

FIG 3 Pulldown assay with RNA. SDS-PAGE of eluted proteins of the hlyA-enhancer region immobilized
to magnetic beads and the dedicated sequences of the low-expression strains +17 (lane 2) and
33u>g-34u>>g (lane 3).
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FIG 4 Transcriptional regulation of hlyAT gene with 5’ enhancer region of different lengths. For each
construct, three biological and technical replicates each were assayed by quantitative PCR (qPCR) using
gene-specific primers. mRNA levels are expressed as the mean * standard deviation (SD) of transcript
levels relative (RLT) to the hcaT transcript and the lowest-expressing strain (11 nt). A two-tailed unpaired
t test comparing the RTL values of the lowest-expressing strain (11 nt) and others was used to determine
the statistical relevance. ***, P < 0.001. Error bars represent the standard deviations of the results from
at least three independent biological replicates.

Effect of the enhancer region on mRNA levels. To determine whether the
secretion level of HlyA1 based on the 5’ enhancer region is correlated with the mRNA
levels, a quantitative PCR analysis of strains with 5’ truncations of different lengths was
performed to test the expression profile of the hlyAT gene. The E. coli housekeeping
gene hcaT was used as the reference gene. The expression level of hlyAT in strains
containing the highly truncated 5’ enhancer regions (+11 nt and +17 nt) was
significantly lower than the strains having +36 or +41 nt enhancer regions (Fig. 4).
Furthermore, an increase of around 10-fold in terms of relative transcript levels of hlyA1
was observed in these strains (+36 nt and +41 nt), which had previously demonstrated
increased secretion levels of HIyA1 (Fig. 2). Even for the longest extension (159 nt), an
approximately 5-fold increase in mRNA level was detected.

Overall, these data suggest that the observed increase in mRNA levels results in an
enhanced secretion efficiency (Fig. 2 and 4). This is consistent with the many functions
of ribosomal protein S1 in translation, such as stabilizing mRNA and enhancing tran-
script release from RNA polymerase, which enables the core enzyme for continuous
reinitiation of transcription (41). However, our data cannot pinpoint the enhanced
secretion efficiency to a single function of ribosomal protein S1. On the other hand,
expression from the strong T7 promoter with the A/U-rich enhancer region derived
from the pET-system (Novagen) did not improve or even reduced the amount of
secreted protein (Fig. S2), implying that enhanced transcript levels and efficient trans-
lation cannot be the only reasons for the enhanced production of extracellular protein.
Therefore, we also compared the stability and secondary structure of the enhancer
region and the corresponding A/U-rich region of pET promoters at the RNAstructure
server (https://rna.urmc.rochester.edu/RNAstructureWeb/) or the ViennaRNA Web Ser-
vices (http://rna.tbi.univie.ac.at). Both analyses revealed that the A/U-rich region of the
PET promoters was more stable and possessed high free energy. Additionally, highly
efficient expression may lead to the degradation of heterologous proteins or the
formation of inclusion bodies. We assume that usage of the weaker lac promoter and
the lower copy number of the plasmids might result in an optimal number and
assembly of transporters in the membrane, which in combination with the native hlyA
enhancer result in an efficient finely tuned transcription, translation, and secretion of
fusion proteins.

Fusion of passengers to the hlyA1 carrier protein. The importance of the 5’
untranslated region and the interaction of the enhancer sequence with ribosomal
protein S1 suggested the possibility that this mechanism is of more general nature.
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FIG 5 Secretion of fusion proteins with various lengths of the enhancer region of hlyA. SDS-PAGE of
nonconcentrated supernatant samples from E. coli strains expressing hlyA1 with 5’ enhancer regions of
159 (lane 1) and 34 (lane 2) nucleotides with LipA (a) and IFN-a2 (c). Quantification (fold change; analyzed
with Imagel) of the amounts of LipA-HlyA1 (b) and IFN-a2-HIyA1 (d) secreted in the supernatant deduced
from a representative gel based on the strains with 159 nt. Error bars represent the standard deviations
of the results from at least three independent biological replicates.

Thus, the role of the enhancer sequence for the expression and secretion of heterol-
ogous proteins was investigated.

Various proteins of interest were chosen, covering a molecular mass range from 19
to 88 kDa, which are known to provoke particular problems during production: (i) those
which were not secreted by T1SS (maltose-binding protein [MBP] [61]), (ii) those which
require intramolecular disulfide bridges for functionality (interferon alpha-2 [IFN-a2]
[62]), and (iii) those with hydrolytic activities, which are frequently toxic for the
expressing host cells (LipA and CalB).

Employing our expression system containing the hlyA enhancer region of 159 nt, all
proteins analyzed were expressed and secreted with extracellular yields in the milli-
grams per liter range. After purification by size-exclusion chromatography (SEC) from
cell-free supernatants, highly pure IFN-a2-HlyA1 and MBP-HIyA1 were obtained with a
yield of 6 mg/liter each, while the yields of LipA-HlyA1 and CalB-HIyA1 were in the
range of 3 mg/liter.

An inverse correlation between folding kinetics of passengers and secretion effi-
ciencies has been demonstrated previously (25, 61). However, our engineered and
improved system also catalyzes the transport of fast-folding proteins, such as
wild-type MBP.

Furthermore, fusion proteins of HIyA1 with interferon alpha-2 (IFN-«2) and lipase A
(LipA) with the 159-nt and 34-nt upstream regions of hlyA were constructed. Consistent
with the results obtained for HlyA1, the 34-nt region resulted in increased levels of
protein secretion (Fig. 5).
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FIG 6 Purification of secreted protein. (a) SDS-PAGE analysis of E. coli cells expressing and secreting MBP-HIyA1
fusion protein, its subsequent purification on amylose resin. MW, molecular weight. (b and ¢) Corresponding
Western blot analysis of (a) using antibodies against MBP (b) and HlyA1 (c), respectively. Please note the additional
bands in the case of the anti-HlyA antibody in the cell lysate. Since these bands are not present in the final elution,
we believe that these correspond to C-terminal degradation products that would not be secreted due to the
absence of the secretion sequence. (d to g) Analyses of lipolytic activity of secreted fusion proteins CalB and LipA.
Tributyrin-glycerol-based agar plates are shown representing cells expressing calB alone (d), cells expressing only
hlyA1, hlyB, and hlyD (e), cells expressing calB-hlyA1, hlyB, and hlyD (f), and cells expressing lipA-hlyA1, hlyB, and hlyD
(g). Halo formation is only found around cell colonies expressing both the lipases and hlyB and hlyD (f and g).

In comparison to the strain carrying a 159-nt enhancer region, the amount of
LipA-HlyA1 secreted with the 34-nt region was approximately 13 times higher (Fig. 5a
and b). In the case of IFN-a2, the difference was less pronounced but still detectable,
with the 34-nt region resulting in an increase in secretion (Fig. 5c and d).

Functional studies on secreted proteins and purification steps. Besides yield and
stability, the bioactivity of secreted proteins is crucial; thus, the above-mentioned four
proteins were examined with respect to functionality.

First, the binding of secreted MBP to amylose was examined. MBP-HIyA1 was bound
to amylose and was eluted by maltose, clearly indicating the bioactivity of MBP-HIyA1
(Fig. 6a to c). Second, the lipolytic activity of secreted CalB was analyzed using a
tributyrin-glycerol-based agar plate test (Fig. 6d to g). Cells lacking the transport
complex (HlyB-HlyD) (Fig. 6d) or cells secreting HlyA1 alone (Fig. 6e) did not form halos,
whereas secreted CalB-HlyA1 formed halos, demonstrating its lipolytic activity (Fig. 6f).
The lipolytic activity of secreted LipA-HIyA1 was also demonstrated in a similar manner
(Fig. 69).

Secreted IFN-a2-HlyA1 was analyzed for its antiviral activity on human fibroblasts. A
luciferase-based reporter gene assay was used to quantify the specific activity (Fig. 7).
Secreted HlyA1 alone was inert, whereas secreted IFN-a2-HlyA1 had a specific activity
of 2.9 £ 0.9 X 10° U/mg. Factor Xa-catalyzed separation of HlyA1 increased the specific
activity of IFN-a2 to 7.0 = 0.9 X 108 U/mg, a value comparable to that of a commercial
reference IFN-a2 (2.0 X 108 U/mg; PLB Assay Science).

DISCUSSION

In general, the secretion of proteins has distinct advantages over cellular production
of the biomolecules. In the past, various hosts have been optimized for certain proteins
resulting in impressive secretion efficiencies. The organisms employed include, for
example, E. coli, Bacillus subtilis, Aspergillus species, or Pichia pastoris (3, 4, 63, 64).
Despite the intensive efforts in optimizations, no general platform for protein secretion
has been identified so far.
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FIG 7 Luciferase reporter gene assay with secreted IFN-a2. A reference IFN-a2 (undiluted 1.0 X 10° U/ml
or 2.0 X 108 U/mg; red curve) stimulated the expression of the luciferase gene in contrast to HlyA1 (23
1M, green curve). The specific activity of secreted IFN-a2-HIyA1 is shown in blue (23 uM), while the
specific activity of IFN-a2 after HlyA1 separation (23 uM) is depicted in brown. Error bars represent the
standard deviations of the results from at least three independent biological replicates.

Our efforts increased the efficiency of the HlyA T1SS approximately 250-fold in terms
of HIyA (>100 mg/liter compared to 400 wg/liter supernatant [49]) and about 25-fold
in terms of C-terminal HIyA fusion constructs (180 mg of HlyA1/optical density [OD] unit
compared to 7 mg of HlyA1/0D unit [61]; Fig. 1¢). The increased efficiency relied mainly
on the presence of the 5" enhancer sequence upstream of the start codon of the fusion
gene (Fig. 1b and 2) and its interaction with ribosomal protein S1 (Fig. 3). Furthermore,
the mRNA transcript levels were also proportional to the secretion efficiency (Fig. 4).
Studies in unrelated type lll secretion system of Yersinia enterocolitica also identified a
nontranslated RNA element upstream of the transport substrate that increased secre-
tion levels, which stimulates the secretion of heterologous polypeptides (65). However,
in contrast to the HlyA T1SS developed for E. coli, the synthesis, secretion, assembly,
and function of the type Il systems is far more complex, with over 50 gene products
involved (66).

In addition to an optimized secretion of the natural substrate and its C-terminal
fragment, heterologous proteins were also efficiently secreted (Fig. 5 to 7). Obviously,
the secretion process is initiated more efficiently with the optimized system than with
the HIyA T1SS system lacking the enhancer sequence (61).

The four secreted proteins tested here, LipA, CalB, IFN-a2, and MBP, are all biolog-
ically active (Fig. 6 and 7). Notably, the specific activity of IFN-a2 increased after
separation from HlyA1 and outperformed a commercially available reference of IFN-a2
(PLB Assay Science) (Fig. 7). Considering that the biological activity of IFN-a2 critically
relies on at least one disulfide bridge (67), the secreted IFN-a2 must have acquired this
posttranslational modification (Fig. S2). Since it is unlikely within the reducing environ-
ment of E. coli (5), this capacity represents an obvious additional advantage of the HlyA
T1SS over intracellular production strategies.

In summary, the enhancer sequence and its interaction with ribosomal protein S1
appear to be the keys to efficient protein secretion. The yields of the passenger fusions
investigated in this study were in the range of milligrams of protein per liter of cell
culture and offer a valuable avenue for the production of heterologous proteins.
Previously, only slow-folding proteins were successfully secreted (61), and now, this
bottleneck might be circumvented by use of the identified enhancer sequence.

MATERIALS AND METHODS

Construction of plasmids and dual-plasmid system for secretion. Bicistronic hlyB and hlyD were
amplified with the oligonucleotides BD_for and BD_rev (Table 2) and cloned into vector pET401.
Subsequently, hlyB and hlyD were cleaved with Ncol/Sacl and shuttled into pK184-BspHI to create
plasmid p3S_HIlyB-HIyD, having kanamycin resistance and being inducible with isopropyl B-p-1-
thiogalactopyranoside (IPTG) under the lac promoter.

Plasmid pSU2726 (containing ampicillin resistance with a lac promoter) (49) encoding full-length
HlyA was used as the template for all plasmids encoding truncations of HIyA (including HlyA1, amino acid
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TABLE 2 Summary of the plasmids and oligonucleotides used in this study?

Applied and Environmental Microbiology

Plasmid Oligonucleotide  Sequence Template Cloning method

p3S_HlyB-HlyD BD_for GCTATCCATGGCGAATTCTGATTCTTGTCATAAAATTGATTATGGG  hlyBD See Materials and
BD_rev CGTTGTCTAGATTCTTAACGCTCATGTAAACTTTCTGTTACAGACTC Methods

pSU_HIyA1+159 pSU-HIyA1_for TTAAGAGGTAATTAAATGGGAAATTCTCTTGCAAAAAATG pSU2726 In-fusion
pSU-HIyA1_rev ATTTAAATTAATATATTATGCTGATGTGGTCAG

pSU_HIyA1+62 Gap62_for ATAACTGAAGTAAAAAGAAAGTCA pSU__HIyA1+159 Ligation
Gap_rev GCTCGAATTCGTAATCATG

pSU_HIyA1+41 Gap41_for TCAGA AA CATTAACTGG pSU__HIyA1+159 Ligation
Gap_rev GCTCGAATTCGTAATCATG

pSU_HIyA1+36 Gap36_for AA CATTAACTGGTTAAG pSU__HIyA1+159 Ligation
Gap_rev GCTCGAATTCGTAATCATG

pSU_HIyA1+34 Gap34_for TTAATTTTTCATTAACTGGTTAAGAG pSU__HIyA1+159 Ligation
Gap_rev GCTCGAATTCGTAATCATG

pSU_HIyA1+32 Gap32_for AA CATTAACTGGTTAAGAG pSU__HIyA1+159 Ligation
Gap_rev GCTCGAATTCGTAATCATG

pSU_HIyA1+23 Gap23_for TTAACTGGTTAAGAGGTAATTAAATG pSU__HIyA1+159 Ligation
Gap_rev GCTCGAATTCGTAATCATG

pSU_HIyA1+17 Gap17_for GGTTAAGAGGTAATTAAATGGG pSU__HIyA1+159 Ligation
Gap_rev GCTCGAATTCGTAATCATG

pSU_HIyAT+11 Gap13_for GAGGTAATTAAATGGGAAATTCTC pSU__HIyA1+159 Ligation
Gap_rev GCTCGAATTCGTAATCATG

pSU_HIyA1+8 Gap8_for GTAATTAAATGGGAAATTCTCTTG pSU__HIyA1+159 Ligation
Gap_rev GCTCGAATTCGTAATCATG

pSU_HIyA1_A14-23 Gap13_for AAGAGGTAATTAAATGGGAAATTC pSU__HIyA1+159 Ligation
GapA14-23_rev TGAAAAATTAAAATCTGACTTTCT

pSU_HIyA1_A24-32 Gap23_for TTAACTGGTTAAGAGGTAATTAAATG pSU__HIyA1+159 Ligation
N24-32_rev AAAATCTGACTTTC ACTTCA

pSU_HIyA1_A33-41 Gap32_for AA CATTAACTGGTTAAGAG pSU__HIyA1+159 Ligation
A33-41_rev CTTTC ACTTCAGTTATTAACTC

pSU_HIyA1_A36-41 Gap35_for TTTAA CATTAACTGGTTAAG pSU__HIyA1+159 Ligation
A33-41_rev CTTTC ACTTCAGTTATTAACTC

pSU_HIyA1_ 33u>g Gap17_for GGTTAAGAGGTAATTAAATGGG pSU__HIyA1+41 Ligation
Gap_u33g_rev AGTTAATGAAAAATTCAAATCTGAGC

pSU_HIyA1_ 34u>g Gap17_for GGTTAAGAGGTAATTAAATGGG pSU__HIyA1+41 Ligation
Gap_u34g_rev AGTTAATGAAAAATTACAATCTGAGC

pSU_HIyA1_33u>g-34u>g Gap17_for GGTTAAGAGGTAATTAAATGGG pSU__HIyA1+41 Ligation
Gap_u33-34g_rev  AGTTAATGAAAAATTCCAATCTGAGCT

pSU_HIyA1_AAATTAA Gap23_for TTAACTGGTTAAGAGGTAATTAAATG pSU__HIyA1+41 Ligation
AAATTAA rev TGAAATTAATTTATCTGACTTTC AC

pSU_HIyA1+all AU all AU_for ATTAAATGGGAAATTCTCTTGC pSU__HIyA1+41 Ligation
all AU_rev TACCTCTTAATTAATTAATTAAAAATTAAAATCTG

pSU_LipA-HlyA1+159 LipA_for AGAGGTAATTAAATGGGCATCTTTAGCTATAAGG lipA In-fusion
LipA_rev TGCAAGAGAATTTCCGGCCAACACCACCTG

pSU_LipA-HlyA1+34 Gap34_for TTAA CATTAACTGGTTAAGAG pSU_LipA-HIyA1+159 Ligation
Gap_rev GCTCGAATTCGTAATCATG

pSU_MBP-HIyA1+159 MBP_for AGAGGTAATTAAATGAAAATCGAAGAAGGTAAAC mbp In-fusion
MBP_rev TGCAAGAGAATTTCCACGGCCATCAATCTTGGTGATACGAGTCTG

pSU_CalB-HIyAT1+159 CalB_for AGAGGTAATTAAATGCTACCTTCCGGTTCG calB In-fusion
CalB_rev TGCAAGAGAATTTCCACGGCCATCAATGGGGGTGACGATGCCG

(Continued on next page)
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TABLE 2 (Continued)

Plasmid Oligonucleotide  Sequence Template Cloning method
pSU_IFN-a2-HIyA1+159 IFN-a:2_for AGAGGTAATTAAATGTGTGATCTGCCGCAGACTC IFN-a2 In-fusion
IFN-a2_rev GTGACGGCCATCAATTTCCTTACTTCTTAAACTTTCTTGCAAGTTT
pSU_IFN-a2-HIyA1+34 Gap34_for TTAA CATTAACTGGTTAAGAG pSU_IFN-a2-HIyA1+159 Ligation
Gap_rev GCTCGAATTCGTAATCATG

aThe oligonucleotides and templates used for the generation of the plasmids are listed. Either an in-fusion or ligation method was used (refer to Materials and
Methods). Plasmid pSU2726 served as parental vector except for the p3S_HIyB-HIlyD plasmid.

residues 807 to 1024) and the fusion proteins. Either an in-fusion or ligation method was used for their
production, according to the manufacturer’s protocols (New England BioLabs, USA, and TaKaRa, USA). All
plasmids and oligonucleotides used in this study are summarized in Table 2.

For secretion via the Hly system, a dual plasmid-based system was constructed as previously
described (61). In brief, a two-plasmid approach was used, where one plasmid, p3S_HIlyB-HlyD, encodes
HlyB and HIyD, comprising the inner membrane complex, while the other plasmid, pSU_HIyA1-X (X refers
to the additional nucleotides present upstream of the start codon), encodes the C-terminal fragment of
HIyA containing the secretion signal. Since both plasmids are under the control of lac promoter, the
expression of all the genes was simultaneously inducible by IPTG. In case of the secretion of heterologous
proteins, the second plasmid contained the secretion signal fused to its C terminus.

Expression and secretion experiments. E. coli BL21(DE3) competent cells were cotransformed with
p3S_HlyB-HlyD and pSU_HIyA1-X (X refers to the additional nucleotides present upstream of the start
codon) (Tables 2 and S2) bearing the transport substrate and grown on 2YT (10 g yeast extract, 16 g
tryptone/peptone, 5 g sodium in 1 liter) agar plates supplemented with 100 g - ml~* ampicillin and 30
g - ml=" kanamycin. Overnight cultures using single colonies (bearing the double plasmids) were used
to inoculate 25 ml of 2YT medium supplemented with both antibiotics at an optical density at 600 nm
(ODgq0) Of 0.1. The cultures were grown at 37°C and 180 rpm. The expression of HlyA1, HlyB, and HlyD
was induced at an ODy,, of 0.4 to 0.6 using 1 mM IPTG; additionally, CaCl, was also added to the medium
at a final concentration of 5 mM. Cells were expressed for 3 to 6 h. The secreted protein samples were
quantified after SDS-PAGE analysis and colloidal Coomassie staining (68) using the ImageJ (Image
Processing and Analysis in Java) software (24, 69) with bovine serum albumin (BSA) standard.

RNA pulldown assay. 3'-Biotin TEG-labeled RNA containing either the enhancer sequence (5'AAA
GUCAGAUUUUAAUUUUUCAUUAACUGGUUAAGA) or its mutated version (33u>g-34u>g, 5" AAAGUCA
GAUUGGAAUUUUUCAUUAACUGGUUAAGA) or the corresponding sequence from the low-expression
strain +17 (5'-CAGCUAUGACAUGAUUACGAAUUCGAGCGGUUAAGA) was purchased from Eurofins
Genomics. The RNA-protein pulldown assay was performed using the Thermo Scientific Pierce magnetic
RNA-protein pulldown kit, according to the instructions of the manufacturer. Biotin elution buffer was
used for the harvest of bound proteins.

RNA purification. The same protocol of secretion experiments (see above) was performed using the
selected HIyA1 plasmids containing enhancer regions of varied lengths. However, after induction with
IPTG and the addition of CaCl,, the cells were allowed to grow only until an ODg,, of 1.0 and were
collected by centrifugation. Total RNA was isolated and purified using an RNeasy minikit (Qiagen,
Germany).

Quantitative real-time PCR. Three micrograms of purified RNA was treated with DNase | (Turbo
DNA-free kit; Invitrogen) and subsequently with RNA Clean & Concentrator (Zymo Research), according
to the manufacturer’s protocol. cDNA was synthesized using 1 ng of RNA (Maxima first-strand cDNA
synthesis kit for quantitative real-time PCR [RT-qPCR] with dsDNase; Thermo Scientific). Transcript levels
were measured during RT-gPCR using my-Budget 5X EvaGreen QPCR-mix Il (Bio-Budget) with an
Mx3000P (Stratagene) cycler using primers hlyA1 Fwd (CCGGATAATCACACCTGATTCCC), hlyA1 Rev
(CCCTGACTTCCATAGGCTAATGC), hcaT Fwd (GCTGCTCGGCTTTCTCATCC), and hcaT Rev (CCAACCACGCT
GACCAACQ). hlyAT transcript levels were normalized to hcaT transcript levels to determine their relative
transcript levels (RTL). Mean standard deviations of ratios were calculated considering the standard
deviations of the threshold cycle (C;) values of both reference and target genes by using the Gauss
equation for error propagation (70). RTL values were further compared to the lowest-expressing strain
(11 nt).

Purification of secreted fusion proteins. Cells bearing the double plasmids (p3S_HIyB-HlyD and
pSU_HIyA1-X with the passenger protein) were grown for 6 h after induction with 1 mM IPTG. A volume
of 45 ml of cell-free supernatant was concentrated to 2 ml by ultrafiltration (10,000 molecular weight
cutoff [MWCO]) and applied to an SEC column equilibrated in 10 mM Tris-HCI (pH 7.3) and 120 mM NaCl.

Functionality of secreted MBP. Cell-free supernatant containing MBP-HIyA1 was loaded onto an
amylose resin (NEB). The column was washed with 20 mM HEPES (pH 7.4), 150 mM NacCl, and MBP-HlyA1
and was eluted with 10 mM maltose.

Functionality of secreted lipases. Cells were either transformed with pSU_LipA-HIyA1 or pSU_CalB-
HIyA1 or together with p3S_HIlyB-HlyD and grown on LB-agar plates supplemented with 1% glycerol
tributyrate, 1 mM IPTG, and the appropriate antibiotics for either 18 h (pSU_LipA-HlyA1-159) or 36 h
(pSU_CalB-HIyA1-159) at 37°C.

Separation of the passenger protein from HIyA1. Fifty micrograms of secreted fusion proteins was
digested with 1 ug of factor Xa (NEB). IFN-a2 was separated from HIlyA1 by anion-exchange chroma-
tography and concentrated by ultrafiltration to a concentration of 0.5 mg - ml~".
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Luciferase reporter gene assay of secreted IFN-a2. The interferon reporter cell line has been
previously described (71). Briefly, human retinal pigment epithelial cells have been cotransfected with a
plasmid containing interferon-stimulated response element (ISRE) promoter/enhancer elements driving
a luciferase reporter gene (pISRE; Stratagene) together with a plasmid conferring Geneticin resistance, as
described previously (72). Confluent cells were incubated with the indicated dilutions of a commercial
reference (rec-IFN-a2 and PBL), HIyA1, secreted and purified IFN-a2-HIyA1 or IFN-a2 for 6 h at 37°C and
5% CO,. After incubation, cells were lysed, and the luciferase activity was quantified using the luciferase
reporter gene assay (Roche, Germany).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
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