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Lactococcus lactis is an attractive vehicle for biotechnological production of proteins and clinical delivery of therapeutics. In
many such applications using this host, it is desirable to maximize secretion of recombinant proteins into the extracellular space,
which is typically achieved by using the native signal peptide from a major secreted lactococcal protein, Usp45. In order to fur-
ther increase protein secretion from L. lactis, inherent limitations of the Usp45 signal peptide (Usp45sp) must be elucidated.
Here, we performed extensive mutagenesis on Usp45sp to probe the effects of both the mRNA sequence (silent mutations) and
the peptide sequence (amino acid substitutions) on secretion. We screened signal peptides based on their resulting secretion lev-
els of Staphylococcus aureus nuclease and further evaluated them for secretion of Bacillus subtilis «-amylase. Silent mutations
alone gave an increase of up to 16% in the secretion of a-amylase through a mechanism consistent with relaxed mRNA folding
around the ribosome binding site and enhanced translation. Targeted amino acid mutagenesis in Usp45sp, combined with addi-
tional silent mutations from the best clone in the initial screen, yielded an increase of up to 51% in maximum secretion of
a-amylase while maintaining secretion at lower induction levels. The best sequence from our screen preserves the tripartite
structure of the native signal peptide but increases the positive charge of the n-region. Our study presents the first example of an
engineered L. lactis signal peptide with a higher secretion yield than Usp45sp and, more generally, provides strategies for further

enhancing protein secretion in bacterial hosts.

Lactococcus lactis, a Gram-positive bacterium, has been widely
used in the food fermentation industry for the production of
cheese and buttermilk (1). Over the past two decades, there has
been increasing interest in the use of this bacterium for the bio-
technological production of heterologous proteins and clinical
delivery of therapeutic molecules. A major advantage of using L.
lactis or other Gram-positive bacteria rather than Gram-negative
bacteria (e.g., Escherichia coli) for protein production is that pro-
teins can be easily secreted into the medium, which streamlines
the often expensive and inefficient downstream purification pro-
cess (2). In contrast to many commonly used Gram-positive bac-
teria (e.g., Bacillus species), laboratory strains of L. lactis possess
only one exported housekeeping protease, HtrA (3), and secrete
only one major extracellular protein, Usp45 (4), thus minimizing
protein degradation by the extracellular proteolytic system and
further simplifying downstream purification. Given its simple and
well-known metabolism, its completely sequenced genome (5, 6),
and the availability of various genetic tools (7), L. lactis is an at-
tractive host for many biotechnological applications. Further-
more, this bacterium has generally regarded as safe (GRAS) status
in humans and has been used as a mucosal delivery vehicle because
it can survive passage through the stomach acid and contact with
bile (8, 9). L. lactis has been engineered to express and secrete a
variety of therapeutic proteins, including interleukin-10 for treat-
ment of inflammatory bowel disease (10), bovine B-lactoglobulin
for immunity against this cow milk allergen (11), and single-chain
insulin for treatment of diabetes (12). In such biomedical appli-
cations, it is often desirable to maximize secretion of the recom-
binant protein into the extracellular space in order to reduce the
dose and administration frequency of the therapeutic bacteria.
In L. lactis, most proteins are secreted unfolded via the secre-
tion (Sec) pathway (13). Proteins are synthesized as precursors
containing the mature moiety of the protein with an N-terminal
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signal peptide. The signal peptide plays an important role in tar-
geting the protein to the cytoplasmic membrane, where the pro-
tein precursor is subsequently translocated by the Sec machinery
(14). Following cleavage of the signal peptide, the mature protein
is released extracellularly (15). The lactococcal signal peptides fol-
low the common tripartite structure, including a positively
charged N terminus (n-region), a central hydrophobic core
(h-region), and a more polar C terminus (c-region) containing
the signal peptide cleavage site (16). The most widely used signal
peptide for L. lactis secretion is that from Usp45 (Usp45sp), which
has the best secretion efficiency (17). Other reported lactococcal
signal peptides, both natural (e.g., SP310 [18], SPExp4 [19], and
AL9 [20]) and engineered (e.g., SP310mut2 [21]), have secretion
efficiencies only as good as, and often worse than, that of Usp45sp
(2, 21, 22). Although improvements in secretion have been
achieved by either introducing a synthetic propeptide (23) or
complementing the lactococcal translocation machinery with
SecDF (24), the inherent limitations of Usp45sp itself have not
been addressed. Thus, optimization of this widely used signal pep-
tide should not only directly lead to enhancements in the secretion
efficiencies of a wide range of proteins but may also be combined
with other improvements, such as those mentioned above, to fully
exploit the secretion potential of L. lactis.
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FIG 1 Schematics of the expression constructs and screening process. (A) Plasmid map of pNZ8048m:usp45sp-Nuc, showing promoter PnisA, usp45 signal
peptide sequence, S. aureus nuclease gene, and RGS-His tag in the modified pNZ8048 backbone (12). (B) Flow diagram of the mutagenesis and screening process.
The signal peptide mutations were encoded by degenerate PCR primers. Nucleotide libraries were constructed, digested, and ligated into the pNZ8048m vector
backbone via the EcoRI and Ncol sites. After plasmid transformation into L. lactis NZ9000, the resulting library was plated and screened by carefully overlaying
a toluidine blue-DNA agar (TDA) mixture with inducer (10 ng/ml nisin) onto the agar plates. Since the size of the pink halo around each colony corresponds to
the amount of nuclease secreted, clones could be quickly screened by eye and subjected to further analyses (sequencing, amylase secretion assays, Western
blotting, etc.). Subsequent libraries were designed based on data collected in the initial screen.

As the signal peptide of the only major secretory protein in L.
lactis, it is unknown whether Usp45sp has been subjected to strin-
gent evolutionary pressures that have maximized its secretory ef-
ficiency. Here, we screened libraries of silent and targeted muta-
tions in Usp45sp and demonstrated that the secretion efficiency of
this signal peptide can indeed be improved. We first showed that
silent mutations of Usp45sp alone can give an increase of up to
16% in the activity of secreted a-amylase. We then used a simple
mathematical model to provide a quantitative explanation for this
observed effect based on the free energy of the mRNA secondary
structure around the ribosome binding site (RBS) and its conse-
quent effect on protein translation. We further introduced nonsi-
lent mutations in Usp45sp using a targeted mutagenesis approach
and achieved an increase of up to ~50% in the activity of secreted
a-amylase at the maximum induction level. Using the best clone
from the targeted mutation library, we introduced silent muta-
tions into this sequence and identified clones that also increase
secretion levels at lower concentrations of inducer. Analyzing
these silent mutation clones with our mathematical model, we
show that the effect of optimizing the amino acid sequence is more
dominant than that of relaxing mRNA folding in enhancing secre-
tion levels. In summary, we have used two complementary direct-
ed-evolution approaches to achieve progressive improvements in
L. lactis secretion efficiencies solely by engineering the signal pep-
tide; this report represents the first successful effort in achieving
secretion yields higher than that attainable with Usp45sp and also
provides general strategies for enhancing protein secretion in bac-
terial hosts.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and
plasmids used in this work are listed in Table S2 in the supplemental
material. E. coli was grown in TY medium (8 g tryptone, 5 g yeast extract,
and 5 g sodium chloride per liter) at 37°C with shaking, and L. lactis was
statically grown in M17 medium (Oxoid, Hampshire, United Kingdom)
containing 0.5% glucose (GM17) at 30°C. Solid media were prepared by
adding agar (15 g/liter) to the corresponding broths. For the nuclease
plate assay, brain heart infusion (BHI) agar (Acumedia, Lansing, MI) was
used to grow L. lactis. When needed, chloramphenicol (Cm) was used at a
final concentration of 10 pg/ml.
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DNA manipulations and plasmid construction. Isolation of plasmid
DNA from E. coli and L. lactis was performed as described previously (12).
Phusion high-fidelity DNA polymerase, restriction enzymes, and T4 DNA
ligase were purchased from NEB (Ipswich, MA) and were used as recom-
mended by the manufacturer. Primers used for DNA amplification (Inte-
grated DNA Technologies, Coralville, IA) are listed in Table S3 in the
supplemental material. pNZ8048m:usp45sp-MazF was constructed by
isolating the mazF gene from E. coli K-12 (GenBank accession no.
NC000913) by colony PCR with primers 1 and 2, digesting with BspEI and
BamHI, and ligating into similarly cut pNZ8048m:usp45sp-SCI57his (12)
(Usp45sp from GenBank accession no. M60178 but with two silent mu-
tations to introduce a BspEI site, as described previously [12]). To incor-
porate an Ncol site at the junction between the coding sequences for
Usp45sp and mazF, pNZ8048m:usp45sp-MazF was PCR amplified with
primers 3 and 2, digested with BspEIl and BamHI, and ligated into simi-
larly cut pNZ8048m:usp45sp-SCI57his, giving rise to pNZ8048m:
usp45sp-MazF. pNZ8048m:usp45sp-Nuc (Fig. 1A) was constructed by
isolating the nuclease gene from Staphylococcus aureus (GenBank acces-
sion no. AM990992) by colony PCR with primers 4 and 5, digesting with
Ncol and BamHI, and ligating into similarly cut pNZ8048m:usp45sp-
MazF. pNZ8048m:usp45sp-AmyE was constructed using the same
method as described above after isolating Bacillus subtilis o-amylase
(GenBank accession no. FJ643607) with primers 6 and 7, except that an
internal EcoRI site was eliminated by a silent mutation to facilitate subse-
quent library construction. This was done by PCR amplification of the
a-amylase with primers 6 and 9 and primers 8 and 7, fusion of the two
fragments by assembly PCR, digestion of the full-length product with
Ncol and BamHI, and ligation into Ncol- and BamHI-digested
pNZ8048m:usp45sp-MazF. To replace Usp45sp with the SP310 signal
peptide, SP310 was constructed by extension PCR with primers 10 and 11
followed by digestion with EcoRI and Ncol and ligation into similarly
cut pNZ8048m:usp45sp-Nuc and pNZ8048m:usp45sp-AmyE to yield
pNZ8048m:SP310-Nuc and pNZ8048m:SP310-AmyE, respectively. All
ligation mixtures were transformed into chemically competent E. coli
EC1000, sequenced, and electroporated into electrocompetent L. lactis
NZ9000 as described previously (12).

Library construction and selection procedures. The selection pro-
cess is outlined in Fig. 1B. To construct the mutation libraries for Usp45sp
silent mutations, Usp45sp targeted mutations, and Usp45TMS8 silent mu-
tations, three separate extension PCRs were performed with forward
primer 12 and degenerate reverse primers 14, 15, and 16, respectively. The
constructs were digested with EcoRT and Ncol and ligated with a 1:1 molar
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ratio into >1 g similarly digested pNZ8048m:SP310-Nuc. The ligation
products were electroporated directly into L. lactis NZ9000 and plated
onto 10 150-mm-diameter petri dishes with BHI agar containing Cm.
Colonies were allowed to grow overnight at 30°C.

Toluidine blue-DNA agar (TDA) was made with 36 mg toluidine blue
O (Sigma-Aldrich, St. Louis, MO), 4 g NaCl, 4 g agar, 0.12 g salmon DNA
(EMD Chemicals, Billerica, MA), and 0.4 ml of 0.01 M CaCl, dissolved in
400 ml of 0.05 M Tris (pH 9) (25). Molten TDA (13 ml) containing 10
ng/ml nisin (Sigma-Aldrich, St. Louis, MO) was carefully overlaid on each
BHI agar plate and allowed to solidify. After incubation at 30°C for 1 h,
colonies were evaluated by the size of their pink halos. Single colonies were
picked, inoculated into 5 ml GM17-Cm, and grown overnight at 30°C.
Plasmids in selected clones were isolated and analyzed by DNA sequenc-
ing. To clone the selected signal peptide upstream of a-amylase, signal
peptides were PCR amplified with primers 12 and 13, digested with EcoRI
and Ncol, and ligated into similarly digested pNZ8048m:usp45sp-AmyE.

Nuclease plate assay. To evaluate the secretion efficiency and activity
of nuclease secreted by individual clones, 10 ml molten TDA was spread
into each 100-mm-diameter petri dish and allowed to solidify. Wells were
created in the TDA with P1000 pipet tips (USA Scientific, Ocala, FL).
Overnight cultures of L. lactis NZ9000 containing pNZ8048m:usp45sp-
Nuc (or similar constructs with other signal peptides) were diluted 1:25
into fresh GM17—-Cm. Cultures were grown for 1.5 h and induced with the
appropriate amount of nisin for another 2 h. The optical density at 600 nm
(ODgq) was measured on a plate reader (Infinite M200; Tecan, Manne-
dorf, Switzerland) to ensure that different cultures had similar growth
rates. Cells were removed from the supernatant by a 5-min centrifugation
at 5,000 X g, 1 pl supernatant was added to each TDA well, and the plates
were incubated at 30°C for 1 h. The size of the pink halo around each clone
was measured.

a-Amylase activity assay and Western blotting. To evaluate the se-
cretion efficiency and activity of a-amylase secreted by individual clones,
starch azure assays were carried out as previously described (17) but with
modifications. Cultures of L. lactis were grown, induced with nisin, and
centrifuged as mentioned above. The supernatant (100 pl) was incubated
with 20 mg starch azure (Sigma-Aldrich) and 900 .l a-amylase buffer (50
mM Tris-HCI [pH 7.5], 50 mM NaCl, 5 mM CaCl,) at 37°C for 1 h with
shaking. Centrifugation was carried out at 15,000 X g for 5 min, and
supernatant absorbance at 595 nm was measured on a plate reader. «-Am-
ylase activity was calculated from a standard curve (see Fig. SI in the
supplemental material). The standard curve was obtained by incubating
0.0038 to 3.8 units of purified B. subtilis a-amylase (Sigma-Aldrich) with
starch azure under the conditions described above.

For Western blotting, the supernatant was passed through a 0.22-pm-
pore-size filter (Millipore, Billerica, MA) to remove any cells, and 13 pl
supernatant (adjusted with phosphate-buffered saline as needed to
achieve equivalent cell densities) was mixed with 2 pl 500 mM dithiothre-
itol and 5 pl lithium dodecyl sulfate sample buffer for analysis by SDS-
PAGE in a 4% to 12% NuPAGE Bis-Tris gel (Invitrogen, Carlsbad, CA).
Proteins were transferred and blotted as described previously (12).

mRNA structure analysis and mathematical modeling. The mRNA
sequence from the transcription start site to 6 nucleotides after the end
of the signal peptide-coding region (135 bases total) was analyzed
using the mfold web server (26). The structure with the lowest (most
negative) folding energy was used to calculate the free energy (AG) of
the ribosome binding site (RBS). AGypg was calculated by adding up
the AG contributions of the 6 bases in AGGAGG and an initiation AG of
3.4 kcal/mol (27).

To relate mRNA folding to translation and secretion efficiencies, a
mathematical model was developed using modifications of a previous
model (28). The details of this thermodynamic model, including param-
eter values, are provided in the supplemental material. Briefly, the model
predicts that translational efficiency correlates with ribosome binding to
accessible RBSs, which depends on the fraction of RBSs in the unfolded
state, which, in turn, is determined by the AG of the RBS for a given
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mRNA sequence. Secretion efficiency is determined as a fraction of the
total amount of translated protein and is specific to a particular amino
acid sequence.

RESULTS

Signal peptide screening with nuclease and a-amylase report-
ers. To allow efficient screening of a large library of signal pep-
tides, the Staphylococcus aureus nuclease was used as the reporter
protein (29). Secretion of S. aureus nuclease from L. lactis colonies
can be easily detected by overlaying the library transformants with
toluidine blue-DNA agar (TDA) (25); the size of the pink halo
indicates nuclease activity, which corresponds directly to secre-
tion efficiency. For better quantification of secretion efficiency,
selected signal peptides were fused upstream of Bacillus subtilis
a-amylase. Activity of secreted a-amylase in liquid culture can be
easily quantified by incubation with starch azure (17) (see Fig. S1
in the supplemental material). Furthermore, the use of two differ-
ent heterologous proteins to evaluate secretion efficiencies can
elucidate any protein-specific dependence on secretion and in-
crease the likelihood that the best signal peptide selected would
improve secretion of other useful proteins. These two proteins, S.
aureus nuclease and B. subtilis a-amylase, were evaluated for their
abilities to report secretion efficiencies of two known signal pep-
tides, Usp45sp (17) and SP310 (18). A TDA plate test, carried out
on L. lactis cultures secreting nuclease fused to either signal pep-
tide, showed a larger pink halo with Usp45sp, indicating secretion
levels qualitatively higher than those of SP310 (see Fig. S2A in the
supplemental material). A more quantitative starch azure activity
test on cultures secreting a-amylase also demonstrated that secre-
tion with SP310 was only ~62% of that achieved with Usp45sp
(see Fig. S2B in the supplemental material), in agreement with
previous results (21). We therefore used Usp45sp as the starting
sequence for directed evolution to probe any inherent sequence
limitations in using this signal peptide and to identify and alleviate
bottlenecks to improve protein secretion in L. lactis. The signal
peptide mutagenesis and screening process was performed as
shown in Fig. 1B. To construct silent mutation libraries, we used
primers with appropriate degeneracies in the third nucleotide of
each codon, giving a maximum theoretical diversity of ~10'*. For
the targeted mutation library, degenerate codons (NNK) were
used to fully randomize specific amino acid residues, giving a
maximum diversity of ~10'°. Our actual library sizes were limited
by the transformation efficiency in L. lactis (~10° CFU/pg DNA).
A TDA-nisin overlay allowed us to rapidly screen a large number
of nuclease-secreting colonies by visualizing the sizes of the pink
halos and selecting individual clones for more quantitative testing
with a-amylase. The maximum subinhibitory concentration of
nisin (10 ng/ml) was used for all screens (30).

Silent mutations in Usp45sp modestly increase secretion.
First, a Usp45sp silent mutation library was constructed to
examine if mRNA secondary structure, independent of amino
acid sequence, has an effect on secretion and if secretion can be
improved by relaxing mRNA structure, assuming that transla-
tion and secretion are directly correlated. It is known that silent
mutations in the gene itself can alter mRNA folding and trans-
lation initiation, thus influencing gene expression (31). Wild-
type Usp45sp is predicted to have a considerable amount of
mRNA folding and secondary structure, especially around the
RBS (Fig. 2), and preliminary studies on signal peptides with
very highly folded mRNAs revealed that secretion was com-

aem.asm.org 349


http://aem.asm.org

Ng and Sarkar

u=C
A ‘C\%
A §
v c
\U-A/
i
AmU
1l
=g
A
Usp45 v G, A=y Usp45SM2
1 mU,
A=A C. G g
P T
4 \ U-A.AWG’U,A N
/} Aeo A X4 A
% / J A )
AT _Coc\/ N \ GmG
A= G AU, y ¢ A A
! N 1
A
Ll’\ J (,/\Cs J 2.@
= s vl
\'\U - 100 A/ \G
Lo ¢ b
o f \ b ¢
% Ic \U"u(
C, /A AIU
s A=l
¢ L
¢ AG,, =-6.1 L)
, 0 A7 Na,
1 kcal/mol S U 100
AR ¢ 8 oo
A ¢ S &ty
y
A'U \U A -?/
A \U C
A \ ¢
20 —U 1 = -
7 , { G, =-84
A | ¢ kcal/mol
A u c
A i
C, A
A 1
NC'G ﬁ-y
rog=s UmA
peu % Al
Am(] P o} v =y
LT U s A \
Gu v AT A
G/ \ 1 \ G 120 w0 A <
S A W ~Jd
Axp? 3 XN 4
\C'G\ A
A U A
"Ny A M
I A
Cope % \
A‘U\
Cug G
! 5 o
Am(! Ce oG 120
faf PR
Y S\
(J/G.(i U—U.G_G/ \Lf
Aepe® @ Ay

A~y
c
£ Uspassms
\
y
,G’A‘A ’}' 1
Y \ 60 ’(‘3'?
NP AmUL
C\U’A;A‘G,A G‘c
hY /
[ /
A\ A
A\G,L/
el
el
P
40 ‘C‘G\
1eh
1 = -
& \/sa AG., =-0.6
A%
kcal/mol
—A=A=Co,
N,
U\U
A
i Y
A \,
U
g t
4 :
A
A M
20 /LA U’
A 4
PN 100
A'C Gy, OC\
Ay / O e
“Cu, U SN
] 'G\ s (Vi A S
Pay | Cee e
Am! 3 AR AN
dr AP
G/ bl I G\U'G\C
. ‘A-u/ W
Ax,noC A
A /Q\ 3¢,
120 G‘G' o=,
\C( \'J
Cay?

FIG 2 Representative mRNA structures, showing the differences in secondary structure and AG around the ribosome binding site (RBS) for wild-type Usp45
signal peptide, Usp45SM2, and Usp45SM3. mRNAs from the transcript start site to 6 nucleotides after the end of the signal peptide sequence were entered into
mfold to obtain the secondary structures (26). Structures with the lowest AG values are shown, with the RBS (AGGAGG) circled.

pletely abolished (results not shown). We therefore created a
library to allow all possible silent mutations of Usp45sp and
screened for (i) clones with representative low, medium, and
high secretion levels to further probe the correlation between
secondary structure and secretion rate and (ii) clones with se-
cretion levels significantly higher than that of wild-type
Usp45sp. Individual silent mutation clones were assayed for
secretion of nuclease or a-amylase and were ordered by their
AG values around the RBS (Table 1), which we hypothesized to
be a major determinant of translation initiation and, thus, pro-
tein expression and secretion (28). The majority of both nu-
clease and a-amylase secretion levels follows the AG trend:
signal peptides with AGygg values that are more negative gen-
erally exhibited worse secretion than Usp45sp, and those with
AGggs values that were less negative generally yielded better
secretion than Usp45sp. To visualize putative mRNA folding,
secondary structure predictions for Usp45sp, Usp45SM2, and
Usp45SM3—representing the wild-type sequence, a worse se-
creting sequence, and a better secreting sequence, respective-
ly—were computed using mfold (26) (Fig. 2). As shown,
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Usp45SM2 has greater secondary structure around the RBS,
which would be expected to hinder ribosome binding and lead
to lower expression and secretion. On the other hand,
Usp45SM3 shows a more relaxed mRNA conformation around
the RBS, which would more readily allow translation initiation
and, thus, result in higher secretion. Three of the best clones,
Usp45SM10, Usp45SM5, and Usp45SM3, showed a small
(~15%) but significant increase in secretion of a-amylase.
Mathematical model captures secretion levels based on AG
around the RBS. To more quantitatively link predicted AGggg
values and experimentally measured secretion levels, we devel-
oped a mathematical model based on modifications of previous
work (28). The model considers translation to be initiated once
the ribosome binds to the RBS, which is assumed to occur only
when the initiation region of the mRNA is unfolded (32, 33) and is
therefore determined by AGggs. In the model, translation is pro-
portional to the amount of ribosome-bound mRNA and secretion
is a fraction of the total translated protein (see Methods in the
supplemental material for detailed model and parameter values).
We plotted a-amylase secretion versus AGggg for three different

Applied and Environmental Microbiology


http://aem.asm.org

TABLE 1 mRNA folding energies of the AGGAGG ribosome binding
site and activities of secreted nuclease and a-amylase of selected clones
from the Usp45sp silent mutation library”

Usp45sp silent  AG of ribosome  Secreted nuclease Secreted -
mutation binding site activity (compared  amylase activity
clone (AGGAGG) to Usp45sp)? (% of Usp45sp)©
Usp45SM2 —8.4 - 79 £ 5t
Usp45SM14 —8.4 - 83 £ 13
Usp45SM11 —6.1 - 85 £ 31T
Usp45sp —6.1 * 100
Usp45SM16 —5.9 - 91 £ 12
Usp45SM19 —5.9 + 106 = 16
Usp45SM4 —5.7 + 107 £ 6
Usp45SM10 —3.8 + 116 £ 5%
Usp45SM20 —3.7 ++ 103 = 15
Usp45SM5 37 + 113 + 5¢
Usp45SM8 —33 + 92 £5
Usp45SM15 —3.3 + 100 = 6
Usp45SM9 33 + 114 +7
Usp45SM7 —3.2 + 105 = 14
Usp45SM6 —2.5 ++ 99 £ 12
Usp45SM12 16 ++ 96 * 12
Usp45SM3 —0.6 * 114 * 34%

“ Nuclease and a-amylase secretion levels are reported for cultures induced with 10 ng/
ml nisin for 2 h at mid-log phase. AG, mRNA folding energy. Nucleotide sequences are
given in Table S4 in the supplemental material.

b Data represent levels of nuclease secretion. *, secretion similar to Usp45sp level; —,
secretion slightly (<10%) lower than Usp45sp level; ——, secretion much (>10%)
lower than Usp45sp level; +, secretion slightly (<10%) higher than Usp45sp level; ++,
secretion much (>10%) higher than Usp45sp level.

¢ a-Amylase secretion data represent the means = standard errors of the means (SEM)
of the results of three independent experiments. T, P < 0.05; 1+, P < 0.01 (for statistical
comparison of a-amylase activities of the respective clone and Usp45sp using one-tailed
Student’s ¢ test).
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nisin induction levels (0.1, 1, and 10 ng/ml) (Fig. 3A to C) and
compared these experimental findings to model simulations with
three analogously different mRNA transcript levels (all 10-fold
apart) (Fig. 3D to F). Model predictions of protein secretion for all
three transcript amounts show good agreement with experimental
results. At all induction levels, tightly folded mRNA around the
RBS vyields low secretion. Secretion gradually increases as the
mRNA structure around RBS is relaxed, but it eventually plateaus
at high AGggg when either the mRNA transcripts or ribosomes
become limiting. The agreement between experiment and model
further supports the notion that the mRNA conformation around
the RBS can explain differences in secretion among the Usp45sp
silent mutation clones. The relaxation of the mRNA structure
alone in this context can augment secretion by an ~15% increase
at the maximum induction level. This modest improvement is
consistent with the model, since the value determined for Usp45sp
(—6.1 kcal/mol) is close to the plateau region of the curve (Fig.
3F).

Amino acid mutations in Usp45sp more significantly aug-
ment secretion of both nuclease and a-amylase. Since our exper-
imental and modeling results suggest that the mRNA structure of
Usp45sp is not a major bottleneck in achieving enhanced protein
secretion, we constructed another signal peptide library consisting
of targeted amino acid substitutions in Usp45sp. The length and
tripartite structure of wild-type Usp45sp were kept: 27 amino ac-
ids in total, with 7, 13, and 7 residues in the n-, h-, and c-regions,
respectively. Residues that were considered significant in main-
taining the identities of the three regions were kept as follows: (i)
charged lysines in the n-region, (ii) hydrophobic residues in the
h-region, and (iii) residues important for structure and cleavage of
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FIG 3 Secretion efficiencies of clones selected from the Usp45sp silent mutation library and comparison to results from a mathematical model. a-Amylase
activity was plotted against the folding energy (AG) of the ribosome binding site (RBS) for induction at (A) 0.1 ng/ml, (B) 1 ng/ml, and (C) 10 ng/ml nisin.
a-Amylase activity was normalized to the amount secreted by Usp45sp culture induced with 10 ng/ml nisin. AGyg was calculated for the AGGAGG RBS
sequence from the mRNA structure with the lowest overall AG. The data represent the means * standard errors of the means (SEM) of the results of three
independent experiments. Simulation results show protein secretion levels plotted against AG for (D) low (3.2 wM), (E) medium (32 pM), and (F) high (320
M) mRNA transcript levels. Parameter values used in the model are given in Table S1 in the supplemental material.
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A
Uspdssp targeted Signal peptide amino acid sequence Secreted
mutation clone N region  H-region C-region n:(::tliseiltse
y
Usp45TM library MKKKxxx AXLXXXVXLXXAA PXSXVXA N/A
Usp45sp MKKKIIS AILMSTVILSAAA PLSGVYA *
Usp45TM6 MKKKLVT ~AQLYGSVILLSAA PYSCVNA -
Usp45TM7 MKKKSCT ~ AGLQLMVTLLTAA PFSYVNA *
Usp45TM8 MKKKVLK ~AHLAVVVMLTTAA PISNVKA +
Usp45TM11 MKKKPRR ~ ALLCMLVGLALAA  PMSNVTA ++
Usp45TM12  MKKKRRM AWLRMMVALGVAA  PPSDVLA -
Usp45TM13 ~ MKKKRAS ALLKLTVLLTTAA PWSVVGA *
Usp45TM14 MKKKSAR ~ AALMLSVNLFLAA  PASNVNA -
Usp45TM28 MKKKPSS ~ AVLLCCVMLGIAA PCSFVMA -
Usp45TM29  MKKKPCT ALLLWGVALAIAA PKSFVHA -
B 18 1
1.6
14
~1.2
1.0
0.8
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(

Normalized a-amylase activity
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]
FIG 4 Secretion efficiencies of clones selected from the targeted mutagenesis
library of the Usp45 signal peptide. (A) Amino acid sequences and secreted
nuclease activity for cultures induced at 10 ng/ml nisin. Amino acid mutation
positions, indicated by gray Xs in the Usp45TM library sequence, were en-
coded by degenerate NNK nucleotides. *, —, ——, +, and ++ indicate secre-
tion levels similar to and <10% lower, >10% lower, <10% higher, and >10%
higher than Usp45sp levels, respectively. Single and double underlines indicate
positively and negatively charged residues, respectively. Nucleotide sequences
are given in Table S5 in the supplemental material. (B) a-Amylase activity of
different clones normalized to the amount secreted by Usp45sp culture in-
duced with 10 ng/ml nisin. Light gray bars represent induction at 1 ng/ml nisin,
and dark gray bars represent induction at 10 ng/ml nisin. The data represent
the means = SEM of the results of two independent experiments. (C) Western
blot showing secreted a-amylase in the supernatant detected by anti-RGS-His
antibody. The different targeted mutations did not alter the size of the secreted
protein, indicating that the signal peptide cleavage site had been maintained.

-y ma . -

the signal peptide in the c-region. The resulting library had 13
possible positions at which amino acid mutations could occur
(Fig. 4A). After screening for library members with nuclease se-
cretion, little to no conservation was observed in the 13 random-
ized positions (Fig. 4A). Five selected clones (Usp45TMS8, -TM11,
-TM12, -TM13, and -TM14) had increased positive charge in the
n-region (from +3 to +4 or +5), but only two of these clones
(Usp45TMS8 and -TM11) exhibited significantly higher secretion
for both nuclease and a-amylase (Fig. 4A and B). The poorer
performances of Usp45TM12 and -TM13 may be due to the fact
that these sequences newly introduced a positive charge in the
stretch of hydrophobic residues in the h-region. Comparing nu-
clease and a-amylase secretion across all clones, there was clearly
a protein-specific effect on secretion for signal peptides
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Usp45TM13, -TM14, and -TM29 (Fig. 4A and B), but the two best
clones from the nuclease screen, Usp45TM8 and -TM11, also ex-
hibited enhanced secretion of a-amylase at both 1 and 10 ng/ml
nisin induction (Fig. 4B). Western blotting showed no differences
among wild-type Usp45sp, Usp45TM8, and Usp45TM11 signal
peptides in the size of the secreted a-amylase, indicating no
change in the cleavage pattern when the engineered signal pep-
tides were used (Fig. 4C). The best clone, Usp45TMS8, gave an
~45% increase in a-amylase secretion, 30% higher than what was
achieved by silent mutations alone.

Silent mutations in Usp45TM8 further increase secretion.
Finally, another round of silent mutation was performed on the
best targeted mutation clone to combine the benefits of the two
mutation strategies. We constructed a library with silent muta-
tions in Usp45TM8 in order to determine if relaxing the mRNA
secondary structure encoding this new signal peptide would have
any consequent effect on secretion efficiency. In addition,
comparison of Usp45TM8 and Usp45sp silent mutation clones
with highly folded mRNA structures could reveal if any secre-
tion enhancement achieved by amino acid substitution could
be eliminated by tighter mRNA folding. We again screened for
representative low-, medium-, and high-secretion clones and
analyzed them individually for a-amylase secretion. Table 2
shows Usp45TMS8 silent mutation clones ordered by AGgys. All
analyzed clones had an increase in secretion of at least 30%
compared to wild-type Usp45sp, even though the lowest AGggg
(Usp45TM8_SM15) was as low as those for the most poorly
secreting Usp45sp silent mutation clones (Usp45SM2 and
-SM14). This shows that the secretion enhancement brought
about by the amino acid sequence of Usp45TMS8 is more domi-
nant than any inhibition of translation initiation due to mRNA
folding (at least in this range of AGggg). As in the Usp45sp silent
mutation library, a-amylase secretion generally increased (up to
~50%) when AGggg increased, which is consistent with our hy-
pothesis that tight mRNA folding around the RBS inhibits trans-
lation initiation and subsequent secretion. We then plotted a-am-
ylase secretion against AGpgzg for both the Usp45TMS8 and
Usp45sp silent mutation clones for comparison (Fig. 5A to C). At
all induction levels, clones from the two silent mutation libraries

TABLE 2 mRNA folding energies of the AGGAGG ribosome binding
site and activities of secreted a-amylase of selected clones from the
Usp45TMS silent mutation library”

Usp45TM8 silent AG of ribosome binding ~ Secreted a-amylase
mutation clone site (AGGAGG) activity (% of Usp45sp)”
Usp45TM8_SM15 —8.2 135 =2
Usp45TM8_SM7 —6.1 1376
Usp45TM8_SM22 —6.1 140 £ 2
Usp45TM8_SM25 —6.1 151 =3
Usp45TM8_SM9 —3.3 145 £ 5
Usp45TM8_SM10 —3.0 143 £9

Usp45TM8_SM 14 —-3.0 147 £5

Usp45TM8 —2.1 145 = 10

“ a-Amylase secretion levels are reported for cultures induced with 10 ng/ml nisin for 2
h at mid-log phase. AG, mRNA folding energy. Nucleotide sequences are given in Table
S6 in the supplemental material.

b a-Amylase secretion data represent the means = SEM of the results of three
independent experiments. For each value in this column, P < 0.01 (for statistical
comparison of a-amylase activities of the respective clone and Usp45sp using one-tailed
Student’s f test).
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FIG 5 Secretion efficiencies of clones selected from Usp45TMS8 silent mutation library compared to clones from Usp45sp silent mutation library. a-Amylase
activity (normalized to the amount secreted by wild-type Usp45sp at 10 ng/ml nisin) was plotted against AG of the RBS for induction at (A) 0.1 ng/ml, (B) 1
ng/ml, and (C) 10 ng/ml nisin for Usp45TM8 silent mutation clones (black squares; Usp45sp silent mutation clones as described for Fig. 3 are shown as gray
diamonds for comparison). The data represent the means = SEM of the results of three independent experiments. Simulation results show protein expression
levels against folding energy for (D) low (3.2 uM), (E) medium (32 pM), and (F) high (32 nM) mRNA transcript levels. Solid black lines represent Usp45TM8
silent mutation clones, and dashed gray lines represent Usp45sp silent mutation clones (data from Fig. 3).

exhibited the same trend, with low secretion at more-negative
AGggs and higher saturated secretion at less-negative AGgpg.
Usp45TM8 silent mutation clones generally exhibited higher se-
cretion than Usp45sp silent mutation clones at comparable AGypq
values, with more pronounced differences observed at higher lev-
els of induction. We also simulated secretion using the same
mathematical model as described above, except we used a higher
secretion constant for the Usp45TM8 amino acid sequence (see
Discussion and the supplemental material), and there is good
agreement between our modeling and experimental results
(Fig. 5). Our best clones, Usp45TM8_SM14 and -TM8_SM25,
yielded an ~50% increase in a-amylase secretion compared to
Usp45sp.

DISCUSSION

Using directed evolution, we have systematically explored the
mRNA and amino acid sequence space of Usp45sp to achieve
enhanced protein secretion in L. lactis (Fig. 6). A minor limitation
of wild-type Usp45sp lies in its significant mRNA secondary struc-
ture, which may lead to less-efficient translation initiation. By
relaxing mRNA folding around the RBS (—6.1 kcal/mol for
Usp45sp and —3.8 kcal/mol for Usp455M10), we could slightly
improve secretion (up to 16%). The modest nature of this effect
could be quantitatively captured by a mathematical model that
relates the free energy of folding around the RBS to protein secre-
tion. A more significant limitation lies in the actual amino acid
sequence of Usp45sp, which likely impacts the efficacy of the phys-
ical process of protein secretion. By mutating nonconserved
positions in the tripartite signal peptide, we significantly im-
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proved secretion yields (by 41% and 45% for Usp45TM11 and
Usp45TMS8, respectively). As quantitatively predicted by our
mathematical model and confirmed by additional directed-evolu-
tion experiments, introducing silent mutations into the best
amino acid sequence (Usp45TM8) minimally improved protein
secretion at maximum induction (6% additional enhancement
for Usp45TM8_SM14 compared to Usp45TMS8).

Intriguingly, the best silent mutation clones for Usp45TM8
were able to enhance secretion at lower induction levels. The
Western blot in Fig. 4C and the starch azure assay in Fig. 6B show
that secretion of a-amylase by Usp45TM8 and -TM11 at 0.1 ng/ml
nisin is lower than that by wild-type Usp45sp despite enhancing
secretion at higher nisin concentrations (1 and 10 ng/ml). Silent
mutations in Usp45TM8 were able to restore wild-type secretion
levels at 0.1 ng/ml nisin, and Usp45TM8_SM14 is shown as an
illustrative example (Fig. 6B). Although the mechanism by which
silent mutations enhance submaximal secretion is not entirely
clear, combining amino acid and silent mutation strategies has
enabled us to augment the maximum secretion enhancement of
51% without jeopardizing secretion at lower induction level.

Our mathematical model is most successful in explaining the
relationship between mRNA folding and protein secretion at a
high nisin induction level (e.g., 10 ng/ml nisin) (Fig. 3 and 5). In
this regime, the availability of ribosomes is limiting and transla-
tion rate is at its maximum. At lower nisin concentrations (1 or 0.1
ng/ml nisin), the number of mRNA transcripts becomes limiting
and other factors not considered by the model (e.g., degradation
of mRNA [34]) might become more important. Thus, it is possible
that Usp45TM8, while as efficient as Usp45TM8_SM14 in trans-
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A
Signal peptide

Nucleotide sequence (5’ > 3’)

Usp45sp 1 ATG AAA AAA AAG ATT ATC TCA GCT ATT TTA
Usp45SM10 Y < S Covvr vvr iC e G
Usp45TM11 1 .vv vvev v. ... CCG .GG CGG ... T.G ...
Usp45TM8 1 v+ ... G.G C.G AAG ... CA. ...
Usp45TM8_SM14 1 ..G ... G.C C.. AAG ..C CAC ..G
Usp45sp 31 ATG TCT ACA GTG ATA CTT TCT GCT GCA GCC
Usp45SM10 31 ve v oG T T e . B . T
Usp45TM11 31 TGT ATG CTT ... GGT ... G.. CTG ... ...
Usp45TM8 31 GCT GTG GTT ... .. G ... A.GA.G ... ...
Usp45TM8_SM14 31 GCC GTA GTC ..T ..G ..A A.C A.G ..T ..T

Usp45sp 61 CCG TTG TCC GGA GTT TAC GCC
Usp45SM10 61 ..A ... ... ..C ..A ... ...
Usp45TM11 61 ... A.. ... AAT ... ACG ...
Usp45TM8 61 ... A.T ... AAT ... A.G ...

Usp45TM8_SM14 61 ..A A.A ..
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FIG 6 Progressive improvements in L. lactis secretion achieved by directed
evolution. (A) Nucleotide sequence alignment of selected clones (only differ-
ences from Usp45sp are shown). (B) a-Amylase activity of selected clones at
0.1 ng/ml (light gray), 1 ng/ml (medium gray), and 10 ng/ml (dark gray) nisin
induction. The data represent the means = SEM of the results of three inde-
pendent experiments. Arrows below the graph show the evolutionary relation-
ships between the different selected clones.

lation and secretion, is subjected to a higher rate of mRNA degra-
dation. This effect may be negligible at the high induction levels
but becomes more pronounced when the mRNA transcript level
becomes limiting. The importance of such secondary effects at
lower induction levels (0.1 and 1 ng/ml nisin) may account for the
disparity between the experiments and model simulations at
more-negative AGpgs. Clones with stronger folding around the
RBS also tend to have a higher level of secondary structure overall,
which might reduce mRNA degradation. By neglecting the coun-
terbalancing effect of reduced mRNA degradation in the model,
the simulations should underestimate secretion at low AGgpq and
this is indeed what is seen (Fig. 3 and 5). Another assumption in
the model is that the mRNA transcript level varies linearly with
nisin concentration for the range of inducer used in our experi-
ments.

In analyzing our experimental results, we initially attempted to
use AG of the entire translation initiation region to predict expres-
sion, as has been done in other work (31, 35), but we did not see
any correlations even when different mRNA windows were used.
In our study, small windows could not capture the contributions
of the entire signal peptide region (81 nucleotides from the start
codon), while large windows included significant, but distal,
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mRNA secondary structures that did not affect translation initia-
tion. It was also not possible to use AG of the untranslated region
around the RBS (28) because our silent mutations are contained in
the coding region. Therefore, we simulated folding of the mRNA
sequence from the transcription start site to six nucleotides after
the signal peptide to capture all silent mutation contributions,
but the relevant AG was calculated only from base pairing involv-
ing the RBS. These values were computed using AG data from
mfold (26), but since AG contributions of individual base pairs
were parsed from the overall mRNA structure, an initiation term
of 3.4 kcal/mol was added (27). The AG for unfolded mRNA bind-
ing to the 30S ribosomal subunit was —14 kcal/mol (28). This
value is consistent with experimentally measured values (36) with
the additional consideration of translational standby sites (37).

With a limited number of targeted mutation clones, it is diffi-
cult to present a comprehensive picture of the molecular determi-
nants in Usp45sp that govern protein secretion. Nevertheless, two
of the best clones in our study, Usp45TM8 and -TM11, appeared
to increase the overall positive charge in the n-region without
introducing destabilizing charges in the hydrophobic h-region
(Fig. 4). It has been suggested that positive charges in the n-region
are responsible for interacting with the Sec translocation machin-
ery and the negatively charged phospholipids in the membrane
during translocation (38). Increasing the positive charge in this
region has been shown to improve secretion efficiency in E. coli
and B. brevis (21, 39, 40). In the hydrophobic h-region,
Usp45TM8 has an increased number of polar residues (four) and
Usp45TM11 has a decreased number (two) compared to wild-
type Usp45sp (three). Previous studies investigating the effect of
introducing hydrophobic residues such as leucines in this region
have given contradictory results; secretion has been shown to in-
crease in E. coli and B. brevis but has been shown to decrease in L.
lactis (21,39, 40). In the light of these findings and our own results,
it is possible that the specific amino acid identities and their actual
positions within the h-region are important factors in regulating
secretion. For example, in Usp45TM11, a glycine is found in po-
sition 8 of the h-region, and this helix-breaking residue is com-
monly present in the middle of the hydrophobic core to allow the
signal peptide to form a hairpin-like structure to facilitate mem-
brane insertion (38). Given our library design, mutations in the
c-region should have relatively minor influences on the overall
secretion efficiency since most of the important residues (proline
and serine favoring B-turns; —3 and — 1 residues for signal pepti-
dase cleavage) (41) were held constant (Fig. 4A). Overall, the best
signal peptides from our screens preserve the tripartite structure
of the signal peptide but increase the positive charge of the n-re-
gion.

Many other factors, such as the overall charge balance, hydro-
phobicity profile, and interactions among the n-, h-, and c-re-
gions, can influence secretion efficiency, so further design of signal
peptides may still necessitate extensive trial-and-error. The lack of
a blueprint for signal peptide engineering motivated us to use a
directed evolution approach to discover sequences that enhance
secretion. In designing our targeted mutation library, we at-
tempted to retain features that appear to be generally conserved in
signal peptides while allowing for full randomization in the re-
maining positions. This library was far from exhaustive, but nev-
ertheless, our simple screen, requiring only a transformation step
and a plate assay, was successfully used to identify signal peptide
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mutants with an increase of up to 51% in secretion relative to the
most efficient natural signal peptide in L. lactis.

Additional studies are needed to determine whether even
greater improvements in secretion can be achieved solely by
engineering the signal peptide, since other steps in the secre-
tion process such as translocation efficiency (24), modification
by chaperones (15), and transportation across the cell wall (42)
might become limiting. Indeed, protein secretion in L. lactis
has been improved by introduction of a synthetic propeptide
(23) or by complementation with the SecDF machinery (24).
Thus, other natural or engineered bacterial species with higher
levels of protein secretion may serve as better fundamental
models for studying inherent limitations of signal peptides.
Nonetheless, this study produced signal peptides that can re-
place wild-type Usp45sp in many biotechnological and clinical
applications of L. lactis and it also highlights the potential of
directed evolution as a general approach for signal peptide en-
gineering in bacteria.
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