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Protein secretion is a central biological process in all
organisms. Most studies dissecting bacterial secretion
mechanisms have focused on Gram-negative cell enve-
lopes such as that of Escherichia coli. However, proteom-
ics analyses in Gram negatives is hampered by their outer
membrane. Here we studied protein secretion in the
Gram-positive bacterium Streptomyces lividans TK24, in
which most of the secretome is released in the growth
medium. We monitored changes of the secretome as a
function of growth phase and medium. We determined
distinct protein classes of “house-keeping” secreted pro-
teins that do not change their appearance or abundance
in the various media and growth phases. These comprise
mainly enzymes involved in cell wall maintenance and basic
transport. In addition, we detected significant abundance
and content changes to a sub-set of the proteome, as a
function of growth in the different media. These did not
depend on the media being minimal or rich. Transcriptional
regulation but not changes in export machinery compo-
nents can explain some of these changes. However, addi-
tional downstream mechanisms must be important for se-
lective secretome funneling. These observations lay the
foundations of using S. lividans as a model organism to
study how metabolism is linked to optimal secretion and
help develop rational optimization of heterologous protein
production. Molecular & Cellular Proteomics 18: 423-436,
2019. DOI: 10.1074/mcp.RA118.000899.

Bacterial protein secretion is a complex process that has
been intensively dissected in the Gram-negative bacterial
model cell Escherichia coli (1). All proteins that use the cell’s
export systems comprise the “exportome.” These proteins
can then either be inserted into the membrane (integral
membrane proteins; “membranome”) or can be completely
translocated across it (“secretome”). This process is less

well understood in Gram-positive bacteria in which secreted
proteins are released to the culture medium after passing
through one membrane and a thick peptidoglycan layer. The
two major pathways for secretion of unfolded (Sec) or
folded (Tat) proteins are highly conserved across Gram-
positive and negative bacteria (2—-4). However, several dif-
ferences exist including e.g. the lack of SecB in the Gram
positives, the presence of a second gene copy for YidC2, a
fused SecDF protein, the use of sortases and multiple signal
peptidases etc (5-7).

The Gram-positive Streptomycetes have sophisticated dif-
ferentiation patterns (8, 9), very large proteomes of > 7000
genes (10, 11), and complex metabolic networks, best known
for their exploitation toward the production of chemicals of
biomedical importance such as antibiotics (8, 12). Streptomy-
ces lividans TK24 is a formidable platform for the heterolo-
gous secretion of several polypeptides of bacterial and eu-
karyotic origin using its Sec or Tat secretion systems (13-18).
Its endogenous protein secretion mechanisms are poorly un-
derstood but, commonly, heterologous genes are fused to
Sec signal peptide sequences from highly expressed/se-
creted endogenous Streptomyces proteins (2, 19, 20). The
resulting proteins are thus targeted to the Sec pathway and, in
many cases, efficiently secreted directly into the growth me-
dium. The absence of lipopolysaccharides, the advanced
genetic manipulation tools (18, 21), the established biopro-
cessing regimes (22-24), the low protease activity and the
avoidance of inclusion body formation, render S. lividans se-
cretion an attractive biotechnology platform. In many in-
stances, it can provide alternative solutions replacing estab-
lished workhorses, like E. coli (2).

Previously, it was demonstrated that S. lividans can effi-
ciently secrete active trimeric murine tumor necrosis factor
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Bacterial Secretome Dynamics

alpha (mTNFa)' (16, 25), a Jonesia sp. xyloglucanase of 100
kDa (17), an extremely thermostable cellulase (26) and other
polypeptides such as phospholipase D (15), transglutami-
nase, 3-1,4-endoglucanase and B-glucosidase (27) into the
growth medium. A successful approach we followed over the
years has been the use of the transcription elements and
the signal peptide of the S. venezuelae CBS762.70 subtilisin
inhibitor gene (28). Despite their positive outcome, these ef-
forts are, in essence, empirical. Secretion of several heterol-
ogous proteins is very poor suggesting that the elements that
control what appears to be a complex pipeline, are not un-
derstood in depth. As an example of this, although signal
peptides were traditionally considered as passe-partout ele-
ments, we have recently revealed that both the specific ma-
ture domain sequence to which they are attached and, more
importantly, the conformational effects that this fusion has on
the ensemble of the non-folded ensemble of the exported
protein are crucial in deciding secretion (1, 29, 30).

One consistent observation in many of the studies of het-
erologous protein secretion as well as in the proteomics of the
secretome (31), has been that protein secretion in Streptomy-
ces appears to be remarkably dynamic and is obviously under
complex regulation. Such complex regulation has not been
observed in E. coli and may be characteristic for the class of
Actinobacteria (32). Quantitative proteomics of E. coli grown
in 22 different media/conditions revealed only marginal
changes to the abundance of its Sec pathway genes (33) (data
not shown). Monitoring the 505 proteins of the E. coli secre-
tome revealed that 80% of them also do not undergo major
abundance fluctuations. Moreover, protein secretion appears
to be negatively-correlated with directing carbon flows to
biomass production. In certain media that promote only poor
cell growth, avid secretion of both endogenous and heterol-
ogous proteins is observed but the metabolic basis of this
regulation is not clear (26).

To gain further insight in the molecular basis of how secre-
tion can be regulated in such an apparently complex way and
at which level, we characterized the dynamics of the S. livi-
dans TK24 secretome across different experimental growth
conditions using mass spectrometry and followed transcrip-
tome changes by RNAseq. By combining the proteomics
results with the latest annotation of the S. lividans TK24 pro-

" The abbreviations used are: mTNFa, Murine tumor necrosis fac-
tor-alpha; ABS, Ammonium bicarbonate solution; CAN, Acetonitrile;
BH, Benjamini and Hochberg; CBB, Coomassie brilliant blue; CID,
Collisional induced dissociation; DTT, Dithiothreitol; DDA, Data-De-
pendent Acquisition; FA, Formic Acid; FDR, False discovery rate;
FWHM, Full-width half maximum; iBAQ, Intensity based absolute
quantification; LC-MS, Liquid chromatography-mass spectrometry;
MM, Minimal medium; MM-CAS, Minimal medium supplemented with
casamino acids; NB, Nutrient Broth Medium; NCE, Normalized colli-
sion energy; Ph, Phage medium; STAGE, Stop and go extraction; Tat,
Twin-arginine translocation pathway; TCA, Trichloroacetic acid; TFA,
Trifluoroacetic acid; TPM, Transcripts per kilobase million.

teome (34), we categorized the proteins based on their
change in abundance either across the growth curve and/or
across different media and chromosomal gene deletions and
defined a “stable” and a “variable” proteome. Although sig-
nificant differences are observed in “secretability,” these do
not correlate with changes in the production of export system
genes and chaperones which seem to remain in rather stable
amounts. Although for some secretome genes, transcriptional
changes can directly account for secreted protein abundance
changes, for many others they cannot. Rather, “secretability”
appears to be regulated at downstream, currently unknown
steps that allow specific funneling of some exported proteins
for secretion but not of others. The current characterization of
the dynamic behavior of the S. lividans secretome contributes
to a first system’s level understanding of its regulation. It is
also an important first step for the use of Streptomyces as a
cell factory for rationally designed heterologous protein pro-
duction particularly combined with metabolomics data.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Media Used— Streptomyces lividans TK24, a
plasmid-free derivative of S. lividans 66 was used as a wild type (35).

Deletion of sigma factors and proteases genes listed in Table S8
described elsewhere (31). In addition, selected sigma factors genes or
operons (Table S8, rows 9-13) in S. lividans TK24, were deleted using
the pAMR12 deletion system described previously (36), based on the
positive selection of double crossover events (37).

Media used in this study as described in (26) were: Phage medium
(38) (per liter: 10 g Glucose, 5 g Tryptone, 5 g yeast extract, 5 g Lab
Lemco powder, 0.74 g CaCl,.2H,0, 0.5 g MgSO,.7H,0, pH: 7.2),
Minimal Medium (MM) (per liter: 10 g Glucose, 3 g (NH,),SO,, 2.6 g
K;HPO,, 1.8 g NaH,PO,, 0.6 g MgSO,.7H,0, 25 ml minor elements
solution (per liter: 40 mg ZnSO,.7H,0, 40 mg FeSO,.7H,0, 40 mg
CaCl,, 40 mg MnCl,.4H,0), Minimal medium with 5 g/L (MMgs) and
Nutrient Broth (NB) without NaCl [per liter: 8 g Nutrient Broth pH 6.9
(containing 5 g/L peptic digest of animal tissue, 3 g/L beef extract)].

Cell Growth in Micro- and Laboratory-scale Bioreactors— Strain
cultivations were performed in a microbioreactor using 48 well Flow-
erPlates, covered by a gas-permeable sealing foil (Biolector system;
m2p-labs GmbH, Baesweiler, Germany) (39). 1000 wl cultivation me-
dium was inoculated to a final ODgqq of 0.2. Temperature and humid-
ity was controlled in the incubation chamber of the microbioreactor at
30 °C and 89% respectively. All signals (back-scattered light, DO, and
pH), were measured with a cycle time of around 10 min.

The lab-scale bioreactor cultivations were carried out in an Eppen-
dorf DASGIP Parallel Bioreactor System using 2,3 L vessels contain-
ing 1 L medium (at 30 °C; fixed stirring at 500 rpm; pH 6.8 maintained
with 4 M KOH and 2 m H,SO,; air supply of 1 sL/min).

Dry Cell Weight Determination—Dry cell weight (DCW) for mircro-
titer plate-based BiolLector (BL) cultivations was determined using
800 ul of a well-mixed culture suspension, which was poured on
pre-dried and pre-weighted spin down filter tubes (cellulose-acetate
membrane; cut-off 0.2 um; Corning). The supernatant was removed
and harvested by filtration of the tubes on a TeVacs vacuum station
(Tecan, Mannedorf, Switzerland) with 700 mBar pressure difference.
The biomass on the filters was additionally washed by adding 800 ul
0.9% w/v NaCl and a final wash step with water. Subsequently, the
tubes were air-dried at 80 °C for 24 h and cooled down to room
temperature before being weighted again on a precision scale (Type
WZA215-LC, Sartorius Gottingen, Germany).
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For lab-scale cultivations, DCW was measured as described (26).
10 ml of culture was centrifuged (falcon tubes; 3800 X g; 15 min; 3-16
K centrifuge Sigma). Pelleted cells were collected, resuspended in
sterilized water and filtered under vacuum using a pre-dried and
pre-weighted filter (0.2 um pore size¢ MN PORAFIL® MV; MACH-
EREY-NAGEL GmbH & Co. KG). The filter was once more dried
(overnight 12-24 h in an oven at 60 °C) and weighted for DCW
determination.

SDS-PAGE Analysis—Extracellular protein fractions of cultures of
S. lividans and its derivatives were obtained after centrifugal removal
of cells (10 min, 4200 x g, 4 °C). Precipitation of the proteins in the
supernatant was, where applicable, carried out with TCA (final con-
centration of 20% w/v; 4 °C) (40). Proteins were separated by SDS-
PAGE and masses determined with the Precision Plus Protein™
Standard (All Blue; Bio-Rad, Berkeley, California). Proteins were vi-
sualized by Coomassie Brilliant Blue (CBB) or by silver staining (41).

Experimental Design and Statistical Rationale—For the proteomic
characterization of the S. lividans secretome 6 to 8 biological repeats
were prepared for each experimental condition (see supplemental
Table S1 and supplemental Table S4 for the exact number of repeats).
Each experimental condition is compared with the WT sample of the
same dataset (for the mutant comparison) or with the WT sample in
MM-CAS medium at late-log exponential phase (for the media com-
parison). For the comparison of the growth phases of the same
medium, all possible pairwise comparisons were tested. Protein
abundance values were log transformed to approximate normal dis-
tribution and pairwise comparisons were performed using Student’s t
test and comparing the mean fold change. Calculated p values were
further adjusted for multiple hypothesis testing error (see Proteomics
Data Analysis). Missing values were omitted and only proteins iden-
tified in at least 3 biological repeats were included in the subsequent
analysis.

Sample Preparation for Proteomics Analysis—Volumes corre-
sponding to the secreted material of an equal number of cells were
used for comparisons. Secretome samples from cells grown in MM or
MM-CAS media were digested in-solution. Protein samples were
solubilized in 8 m Urea at 50 mm ABS in water. Samples were diluted
with 50 mm ABS until 2 m final Urea concentration, reduced with 2 mm
DTT (45 min; 56 °C), alkylated with 10 mm lodoacetamide (45 min;
20 °C; in the dark) and digested overnight (14 h; 37 °C) with trypsin
(Trypsin Gold, Promega, Fitchburg, Wisconsin) using 1/100 trypsin to
enzyme ratio, assuming that every sample contains ~3 ug of total
protein content. Samples from complex growth media (NB, Phage
and the corresponding control MM-CAS) were separated by SDS-
PAGE and in-gel digested. Volumes corresponding to an equal num-
ber of cells was resolved in 1D-SDS-PAGE (4% stacking gel, 12%
separating gel; 29:1, w/w acrylamide/bisacrylamide), run for 1 cm,
digested as previously described (42). Digested peptides were acid-
ified in a solution containing 0.1% v/v trifluoroacetic acid (TFA), until
pH <2, dried under vacuum during centrifugation (Speedvac Con-
centrator, SAVANT ISS441, Thermo Scientific, Waltham, Massachu-
setts) and desalted using STAGE tips (42, 43).

LC-MS/MS Analysis—Lyophilized peptide samples were first dis-
solved in an aqueous solution containing 0.1% v/v formic acid (FA)
and 5% v/v ACN and were analyzed using nano-Reverse Phase LC
coupled to a Q Exactive™ Hybrid Quadrupole - Orbitrap or Orbitrap
Elite Hybrid lontrap - Orbitrap mass spectrometer (Thermo Scien-
tific, Bremen, Germany) through a nanoelectrospray ion source
(Thermo Scientific, Bremen, Germany). Peptides were initially sep-
arated using a Dionex UltiMate 3000 UHPLC or an Thermo
EASY-nLC™-1200 system on an EasySpray C18 column (Thermo
Scientific, OD 360 um, ID 50 um, 15 cm length, C18 resin, 2 um bead
size) at a nanoLC flow rate of 300 nL/min. The LC mobile phase
consisted of two different buffer solutions, an aqueous solution con-

taining 0.1% v/v FA (Buffer A) and an aqueous solution containing
0.1% v/v FA and 80% v/v ACN (Buffer B). A 60-min gradient was used
from Buffer A to Buffer B (percentages from each in parentheses
below) as follows: 0-3 min constant (96:4), 3-35 min (65:35); 35-40
min (35:65); 40—41 min (5:95); 41-50 min (5:95); 50-51 min (95:5);
51-60 min (95:5). Peptides were analyzed in the Orbitrap QE or an
Orbitrap Elite as separate complete experimental datasets. Orbitrap
QE operated in positive ion mode (nanospray voltage 1.6 kV, source
temperature 250 °C), in data-dependent acquisition (DDA) mode with
a survey MS scan at a resolution of 70,000 FWHM for the mass range
of 400-1600 m/z for precursor ions, followed by MS/MS scans of the
top 10 most intense peaks with +2, +3, and +4 charged ions above
a threshold ion count of 16,000 at a resolution of 35,000 FWHM.
Orbitrap Elite was operated in positive ion mode (nanospray voltage
1.8 kV, source temperature 275 °C), in DDA mode with a survey scan
at a resolution of 240,000 FWHM for a mass range of 375-1500 m/z
for precursor ions, followed by MS/MS scans of the 20 most intense
peaks with charge +2 or higher, above a threshold count of 500 at a
resolution of 17,000 FWHM. MS/MS in Orbitrap QE was performed
using normalized collision energy (NCE) of 25% with an isolation
window of 3.0 m/z, an apex trigger 5-15 s and a dynamic exclusion of
10 s. In Orbitrap Elite, MS/MS collisional induced dissociation (CID)
was performed using 35% NCE with an isolation window of 2.0 m/z,
and a dynamic exclusion list of 30 s. Data were acquired with Xcalibur
2.2 software (Thermo Scientific).

Proteomics Data Analysis—Raw MS files from the mass spectrom-
eter were analyzed by MaxQuant v1.5.3.30, a quantitative proteomics
software package designed for analyzing large mass spectrometric
data sets (44). MS/MS spectra were searched against the re-anno-
tated Streptomyces lividans TK24 proteome (10) (7505 proteins) and
common contaminants, using the Andromeda search engine (45).
Enzyme specificity was set to trypsin, allowing for a maximum of two
missed cleavages. Dynamic (methionine oxidation and N-terminal
acetylation) and fixed (S-Carbamidomethylation of cysteinyl residues)
modifications were selected. Precursor ion mass tolerance was set to
20 ppm and fragment ion tolerance to 20 ppm for Orbitrap QE or 0.5
Da for Orbitrap Elite. Protein and peptide False Discovery Rate (FDR)
were set to 1%. Peptide features were aligned between different runs
and masses were matched (“match between runs” feature), with a
match time window of 2 min and a mass alignment window of 20 min.
Label-free, relative protein quantification was performed using the
iBAQ algorithm through the MaxQuant software (44, 46).

Data analysis (filtering, transformation and statistical analysis) was
performed using custom scripts in R language (47). Differentially
abundant proteins across experimental conditions were selected after
performing a Student’s t test on log, iBAQ values and comparing the
mean fold change of protein abundance across the experimental
conditions, for proteins that were detected in at least 3 biological
repeats for each condition. t test p values were adjusted for multiple
hypothesis testing error (48) using the Benjamini and Hochberg (BH)
method (49), as described (42). Thresholds for the selection of differ-
entially abundant proteins include an adjusted p value < 0.05 and fold
difference > 2. Proteins detected in 3 or more biological repeats were
tested for difference in abundance across experimental conditions.
Missing values were omitted. Uniquely identified proteins, in a pair-
wise comparison, were considered the ones that were detected in 3
or more biological repeats of one condition and less than 3 in the
other. Functional characterization of the detected proteins was per-
formed based on the manually annotated proteome of S. lividans
obtained from SToPSdb (http://www.stopsdb.eu) (34). Statistically
significant functional terms were selected using a Fisher exact test
using as a threshold a p value < 0.05. Hierarchical clustering was
performed using “Manhattan” distance, on proteins that were identi-
fied across all the pairwise comparisons.
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Transcriptomics Data Analysis—For the transcriptomics data anal-
ysis, bacterial culture samples were taken during the mid-log and
late-log growth phase as well as after entry into the stationary phase.
Harvesting and RNA isolation were performed as described previ-
ously (50). Samples from two different biological replicates, for each
experimental condition tested, were isolated separately and pooled
after quality control. The RNA quality was checked via an Agilent 2100
Bioanalyzer (Agilent Technologies, Béblingen, Germany) and a Trin-
ean Xposesystem (Gent, Belgium) before and after rRNA depletion
using the Ribo Zero rRNA Removal Kit for Bacteria (Epicenter, Mad-
ison, WI). The TruSeq Stranded mRNA Library Prep Kit from Illumina
was used to prepare the cDNA libraries, which were then sequenced
in paired-end mode on an lllumina HiSeq 1500 system with 28 re-
spectively 70 bases read length.

Transcripts per kilobase million (TPM) (51) were calculated using
ReadXplorer v.2.2 (52). For differential RNA-Seq analyses the signal
intensity value (A-value) was calculated by average log, (TPM) of each
gene and the signal intensity ratio (M-value) by the difference of log,
(TPM). In cases where the TPM for a gene was 0, a TPM of 0.1 was
used instead, to avoid log, (0). To identify genes that were strongly
transcribed and differentially expressed under at least one condition,
the RNA-Seq data were filtered using a TPM cut-off of 100 and an
M-value cut-off of >1.0 under at least one condition.

Miscellaneous—Chemicals were from Sigma. Bacto Soytone
from DIFCO Laboratories.

RESULTS

Proteomics of the Secretome in Streptomyces lividans
TK24 —More than a third of a cell’s proteome (30% in S.
lividans TK24 (55)), uses the cell’s export systems in order to
be inserted into the plasma membrane or to be translocated
across it (34). To gain an understanding of how the secretome
of TK24 is regulated, we developed a LC-MS/MS proteomics
pipeline. Preliminary steps of such preparations (39), a de-
tailed presentation of the main components of our LC-MS/MS
pipeline and the statistical analysis of the data have been
presented (42). We first focused on TK24 cells growing in a
minimal medium supplemented with glucose with or without
additional casamino acids (26). To secure statistical robust-
ness, 6—8 biological repeats were used for each determina-
tion, taken from 3 different time points of a typical growth
curve (Fig. 1A; mid-log exponential, late-log exponential and
stationary phases). SDS-PAGE analysis of the supernatants
revealed that the secretome profiles contain significant
amounts of exported proteins (Fig. 1B). Supernatants of
growth media were analyzed using LC-MS/MS and proteome
annotation from the SToPSdb (http://www.stopsdb.eu) (34)
was used for the interpretation of the proteomics results.

Proteomics analysis allowed routine detection of ~1,000
proteins in each sample (Fig. 1D and 1E, supplemental Table
S1). Of these, ~500 represented cytoplasmic and ~150
membrane “contaminants” that could have derived either
from cell lysis, from incomplete removal of cells during har-
vesting of growth media supernatants or even represent non-
classical secretion (55). Cytoplasmic protein contamination
could be explained by possible electrostatic interaction of the
cytoplasmic proteins with the positively charged cell wall (56).
To accurately calculate cell lysis in our cultures we used a

TK24 derivative expressing a non-secreted mRFP protein
and determined it to be in the order of 2-4% of total mRFP
synthesized (26). This cytoplasmic component is marginally
increased in stationary phase cells to up to ~6%. Thus,
after subtracting this minor population, our secretome sam-
ples reflect, mainly, truly secreted polypeptides. Hereafter,
these cytoplasmic and membrane “contaminants” were re-
moved from any subsequent analysis. We only focused on
the ~350 proteins of the experimentally detected secre-
tome that comprises 270 secreted and 80 lipoproteins (sup-
plemental Table S1).

Secretome Analysis of TK24 Grown in Minimal Media—We
next examined how secretome abundance changes over the
cell’s growth curve. We compared the secretome abundance
of proteins detected in the three sampling points (mid-log
exponential, late-log exponential and stationary phase), in the
minimal medium (MM) (Fig. 2A-2C) and MM supplemented
with casamino acids (MM-CAS) (Fig. 2D-2F, supplemental
Table S1). A similar number of exported proteins, (298-310),
were detected in at least 3 biological repeats of every time
point for each growth medium (Fig. 2A/2D). From these pro-
teins, >90% are commonly detected across all time-points
and would represent a “stable” secretome.

To further understand the kinetics of secretome abundance
across the growth curve, we performed a pairwise compari-
son of protein quantification across the growth phases of the
same medium (see Experimental Procedures). We tested for
proteins with statistically significant differences in abundance
between the time-points, by loading a sample volume that
corresponds to equal amount of dry cell weight and compar-
ing the iBAQ quantification values (46) (supplemental Fig. S1).
Secreted proteins can be grouped in three classes. Proteins
that do not show any significant difference in levels across the
time-points are considered “stable” across the growth phases
(Fig. 2B/2E top). These correspond to ~70% (MM) and 17%
(MM-CAS) of the total detected secretome. Proteins with
higher or lower abundance in stationary phase over the mid-
log exponential are labeled as “increasing” in stationary or
“decreasing” in stationary, accordingly (Fig. 2B/2E middle/
bottom, supplemental Table S2 and S3).

Functional analysis of these three protein classes revealed
groups of proteins that show distinct abundance profiles de-
pending on the growth phase. In MM, secretome proteins with
increasing abundance in the stationary phase are enriched in
proteins related to transport and contain fewer hydrolases
compared with the other two classes (see Experimental Pro-
cedures”). In MM-CAS, we observed significant differences in
the number of transport-related proteins between the stable
secretome and the proteins that increase in abundance to-
ward the stationary phase, presumably reflecting the change
in available compounds from the rich casamino acids mixture.

Secretome Changes Across Different Growth Regimes and
Genetic Backgrounds—An alternative approach to examining
secretome stability is to grow the cells under different media
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Fic. 1. Experimental workflow for the proteomic characteriza-
tion of the S. lividans secretome. A, Representative growth curve of
WT S. lividans TK24 growing in a 1 L bioreactor in MM or MM-CAS
medium. Samples were taken at three time points during the growth
(mid-log, late-log and stationary phases). B, Protein profile of the

or to introduce genetic mutations that may influence their
secretome profiles and compare the protein abundance
across all these conditions. For this we focused on the late-
log phase, growing cells in three media: a MM-CAS, that is
considered our reference condition, phage medium (Ph), that
is normally used for preparing bacterial inocula and shows
poor secretion (26), and a nutrient broth medium (NB) shown
to be the top performer in heterologous protein secretion/
production (26) (Fig. 3A, supplemental Table S4/S5). Also, we
compared the WT TK24 with derivatives that carry chromo-
somal gene deletion mutants of certain proteases or sigma
factors. To facilitate direct comparison, all strains were grown
in MM-CAS and we focused on the late-log phase only.
Detailed discussion of the phenotype of the protease (31) or
sigma factor deletion strains will be presented elsewhere.

For the purpose of this experiment, we minimized growth
variability and non-uniform cell morphologies, a common
problem in Streptomyces (57), by using a small-scale Biolec-
tor system and examined 8 biological repeat samples from
each medium. In this workflow cells can grow 48 parallel
cultures that show a high degree of reproducibility (39).
Following the same workflow as shown in Fig. 1C, pairwise
comparison was performed for each experimental condition
(medium/gene deletion) with the corresponding WT samples
growing in MM-CAS. The number of exported proteins with
differential abundance for each pairwise comparison, and
the total number of exported proteins detected, is shown in
Fig. 3B.

To evaluate the degree to which the different experimental
conditions can affect the secretome protein levels, we first
calculated the number of pairwise comparisons in which each
protein shows similar abundance between the WT and the
medium or gene deletion and summarized the frequencies in
a histogram (Fig. 3C, supplemental Table S6). Based on the
shape of the histogram (Fig. 3C) we split the proteins into two
groups. Proteins that have similar abundance in >60% of the
pairwise comparisons represent the “unaffected” or “sta-
ble” secretome. Proteins that are stable in <60% of the
pairwise comparisons are considered as displaying abun-
dances that are “affected” by the medium or the mutation.
Almost 2/3 of these secreted proteins are unaffected across

culture medium. Proteins present in the culture supernatant, for the
corresponding sampling points were concentrated via TCA/acetone
precipitation and were resolved in an SDS-PAGE gel. C, Experimental
workflow used for the proteomic characterization of S. lividans TK24
secretome using mass spectrometry. n = 8 biological repeats for
each time point for were used for all experimental conditions except
MM-CAS mid-log phase where n = 6 (see supplemental Table S1 and
supplemental Table S4 for absolute number per experimental condi-
tion). The sub-cellularly annotated proteome from SToPSdb was used
to classify and functionally characterize the detected secreted pro-
teins. Number of proteins detected at each time point as a total
number, cytoplasmic, membrane or secreted for MM (D) or MM-CAS
(E) growth media.
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Fic. 2. Stable and variable secretome of S. lividans over the growth curve. Number of proteins detected at each time point in at least
3 biological repeats in MM (A) or in MM-CAS (D) growth media. Differential protein abundance for each time point of the same growth medium
was tested after pairwise comparison between time points (see “Experimental procedures”). Identified proteins are classified into three
categories based in their abundance (1. stable across the growth curve, 2. Increasing in abundance in stationary phase or 3. Decreasing in
abundance in stationary phase). Each line represents the relative protein abundance over the growth for one protein, centered on 0, for MM
(B) or MM-CAS (E). Functional characterization of the proteins of each category (see “Experimental procedures”), for MM (C) or MM-CAS (F).
Statistically significant differences after a Fisher exact test are marked with an (*) (p value < 0.05).
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Fic. 3. Secreted proteome changes across media and chromosomal gene deletions. A, Representative growth curves of WT S. lividans
TK24 growing in minimal medium complemented with casamino acids (MM-CAS), phage (Ph) or nutrient broth (NB) medium. B, Number of
proteins with differential abundance compared with that of the WT condition (WT strain in MM-CAS), over the total number of secreted proteins,
for each pairwise comparison. n = 8 biological repeats for each time point were used for all conditions except from NB and Ph media where
n = 7. C, Frequency distribution of the number of pairwise comparisons each of the secreted proteins had similar abundance with the WT
condition (WT strain in MM-CAS). Proteins with similar abundance with the WT in > 12 comparisons are considered as “non-affected” by the
experimental conditions. D, Functional characterization of the secreted proteins that are “affected” or “non-affected” by the experimental
condition. None of the comparisons shows statistically significant difference.

all our experimental conditions. Comparing the biological
function of these two sub-proteomes we cannot conclude
that there is a significant difference between these two
groups for the functional terms that were examined (Fig. 3D,
supplemental Table S6).

This analysis would suggest that specific proteins with a
certain function rather than whole functional classes charac-
terize the variable secretome. As an example of such specific
changes in abundance, are the changes seen in one experi-
mental condition, A72285, in which 116 proteins are synthe-
sized in higher abundance presumably because the absence
of this specific sigma factor gives rise to possible anti-sigma-
factor effects (58).

Cell Mass and Protein Secretion Are Negatively Correlat-
ed—Over the course of several recent studies using TK24 (26,
31, 39) we observed that cells secreted more protein mass
when they grew at slower growth rates. We extended this
observation here by accumulating all available data from
growth at different media, growth of mutants in protease
genes (31), growth of mutants deleted in sigma factor genes
and mutants of other regulatory elements (unpublished data)

and built a composite graph in which dry cell weight of cell
mass is plotted against total secreted protein corrected for
cytoplasmic leakage as described previously (Fig. 4A). The
data reveal a remarkable inverse-correlation of dry cell weight
and total protein secretion measured. Apparently, excessive
secretion is stimulated when carbon backbones cannot be
metabolically funneled toward cell growth. Representative ex-
amples of secreted proteins from mutant derivatives/media
that are negatively-correlated with the WT condition, can be
identified by SDS-PAGE analysis (Fig. 4B). When the WT
strain is grown in NB medium, the secretome profile shows
significantly higher variation compared with the profile seen in
MM-CAS medium. Most chromosomal gene deletions show a
secretion profile that is more like that of the WT, however
several protein bands seem to disappear or increase in inten-
sity (Fig. 4B, asterisks).

The identified proteins show a characteristic pattern of
increased or decreased abundance, across all the experimen-
tal conditions. We can cluster the secreted proteins using the
output of each pairwise comparison with the WT and split
them into three groups (Fig. 4C, supplemental Table S6). The
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Fic. 4. Global changes of the secreted proteins. A, Correlation of dry cell weight and amount of secreted protein per dry cell weight for
all the media or gene deletion strains described in this study. B, Supernatants from representative cultures with negatively-correlated ratios of
secreted protein over dry cell weight compared with the WT conditions. SDS-PAGE gel stained with silver. C, Clustering of protein abundance
across experimental conditions. Each column represents a pairwise comparison between the mutant/culture medium over the WT condition.
Only secreted proteins identified across all samples are included in the heatmap. D, Functional characterization of the secreted protein clusters
of panel (C). None of the comparisons shows statistically significant difference.

first cluster of proteins shows a more stable profile with pro-
tein levels like those of WT in most of the experimental con-
ditions or with a balanced over-representation between WT
and mutant/medium (cluster 1). The second cluster of proteins

is primarily over-exported in the TK24 deletion mutants or the
different culture media (cluster 2) and the third cluster exists in
higher abundance in the WT condition (cluster 3). Even if none
of the examined functional protein classes is considered sta-
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tistically significant, when we compare these 3 clusters be-
tween them (Fig. 4D), this detailed labeling of the secreted
proteome provides clues about the cell’s response to different
type of stimuli at the level of specific proteins. Detailed quan-
tification for each protein across all the experimental condi-
tions is provided in supplemental Table S2, S4 and (31).

Effect of Secretome Gene Transcription or Sec Machinery
Expression On Export—The differences seen in protein abun-
dance in the various conditions examined, result from un-
known regulation. Two possible obvious mechanisms at play
may be the change in transcription of certain secreted protein
genes, e.g. expected in sigma factor gene deletions, in the
change in levels of the secretion apparatus themselves or
changes in chaperone abundance.

To examine this, we analyzed the transcriptomes of TK24
cells grown in two growth regimes, MM and MM-CAS media
by RNASeq (Fig. 5, supplemental Fig. S2, supplemental Table
S7). Transcript abundance of 746 secretome genes (98% of
total) could be determined (supplemental Table S7). These
include the transcripts of 464 of the secreted proteins unam-
biguously identified by MS (Fig. 5, supplemental Table S7).
Among them, 257 and 174 transcripts (57 and 38%) follow
trends like those seen for their secretome protein products in
MM and MM-CAS respectively, i.e. they show elevated or
reduced levels as their respective protein products (Fig. 5C).
This good correlation suggests a simple mechanism by which
transcription levels decide whether certain secreted proteins
will be synthesized and made available for secretion. How-
ever, for a significant number of other secretome proteins
(43% for MM and 62% for MMCAS) no such correlation is
discernible. Secreted proteins can be exported at high levels
in growth phase- or medium-dependent ways without their
mRNAs showing any corresponding abundance changes (e.g.
DBEP76 and D6EGL9; Fig. 5B). In such cases, simple tran-
scriptional changes can no longer be invoked as the under-
lying regulatory mechanism and are suggesting of more com-
plex downstream control.

One obvious target for post-transcriptional regulation of
secretion is the protein export machineries of the cell. For this,
we monitored transcript levels of the export machinery com-
ponents of the two main export systems in TK24 (34): the Sec
and the Tat systems, responsible for 93 and 7% of protein
export respectively (34). Expression of most of these genes
was found to be rather constant (Fig. 6A), with minor excep-
tions. The levels of ftsY expression, encoding a receptor for
the Signal Recognition Particle, is more down-regulated in the
MM-CAS media at later growth phases. secE, encoding a
translocase channel component, is transcribed at lower levels
in all phases of MM-CAS growth. tig, that encodes a general
house-keeping chaperone that may play some role in secre-
tion (59), shows reduced expression at later growth phases.
Similar expression stability was seen for most Tat export
components across growth phases and media (Fig 6B). Tran-
scription of 37 genes encoding cell envelope potential chap-

erones and sortases (Fig 6C) also suggested minor changes in
transcript levels. Similar results were seen with the minor Type
VIl export system (supplemental Fig. S2).

Finally, an additional level of secretion regulation may come
via cytoplasmic chaperones. These could bind selectively to
groups of secretory proteins and regulate their secretion, e.g.
CspA (60). For this we examined the transcript levels of genes
encoding 58 proteins of the cytoplasmic chaperonome (Fig.
6C, supplemental Table S7). These present a complex land-
scape that includes several stably and some variably ex-
pressed chaperone genes that might relate to regulating
specific classes of exported proteins, but this cannot be
discerned at this level of analysis.

We concluded that transcription-level changes may be a
simple mechanism to explain protein abundance changes in
the secretome. Nevertheless, the abundance changes in
many more proteins are suggestive of more complex down-
stream mechanisms and remain unaccounted for against a
background of rather stably expressed export pathway com-
ponents and various potential chaperones. In addition, differ-
ent turnover rates between proteins and transcripts because
of their stability and accumulation kinetics can account for
this variation (61, 62).

DISCUSSION

We present a systematic analysis of secretome dynamics
by focusing on the Gram-positive bacterium S. lividans strain
TK24, as a model system to analyze the regulation that un-
derscores secretome biogenesis. Secretomes from a Gram-
positive bacterium can be readily harvested from the growth
medium and separated from other cellular contaminants.

Our approach has proven powerful in analyzing hundreds of
secreted proteins simultaneously and determining which of
these polypeptides can be considered as “house-keeping”
proteins, constantly needed irrespective of growth conditions,
in “stable” amounts and which others are needed on demand
to degrade specific compounds in the medium or transport
them inside the cell.

The secretome of TK24 changes in abundance over the
cell’s growth phases, in MM and MM-CAS media. In MM, the
abundance of 70% of the secretome is stable over time,
whereas in MM-CAS stable proteins represent only 16% of
the total secretome. This variation could be explained by the
composition of the culture media. MM only contains glucose
as a carbon source and inorganic nitrogen sources. In con-
trast, MM-CAS has in addition several different carbon and
nitrogen compounds present in the casamino acids hydroly-
sate. These become depleted in a differential manner over
cellular growth (63) and may demand different enzymes and
transport systems to be turned on during growth. This is also
in agreement with the types of secretome proteins that are
identified here, many of them including transporters and hy-
drolases (Fig. 2; supplemental Table S1).
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D6EKP9 Bifunctional preprotein translocase subunit SecDF
AOA076M3G0 Sortase family protein

D6EPB2 Potassium-transporting ATPase KdpC subunit
AOA076LRR8 Sortase family protein 1

DBEWKS Putative membrane insertase OXA1/YidC
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TAT-secretion pathway
components

DBENMS5 Sec-independent protein translocase protein TatA1
DB6EW43 Sec-independent protein translocase protein TatB
D6ENM6 Sec-independent protein translocase protein TatC
DBENF6 Sec-independent protein translocase protein TatA2

stationary
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mid-log
late-log

i

Transcript abundance

NM Low Medium High Very high

MM MM-CAS C
> =
285 22¢
T 9 R T OE Cytoplasmic chaperones
Ex 3 EI 3

AOAQ76LXE3 Co-chaperone DjIA 1

D6EUDS5 Chaperone protein HtpG

DBET53 Thioredoxin reductase B

D6EIM7 Potential cold shock protein B

DBEMA?7 Thioredoxin reductase A

DBEPGO Putative heat shock protein HspR

D6EPG7 Chaperone protein ClpB

D6EWF2 ATP-dependent Clp protease adaptor protein ClpS
D6EWGS 10 kDa chaperonin - GroES superfamily chaperone
AOA076MEO8 ATP-dependent Clp protease proteolytic subunit 2
D6ECY1 ATP-dependent Clp protease ATP-binding subunit ClpX
D6EDA49 Chaperone protein DnaJ 2

D6EMTO Putative proteasome assembly chaperone 2
AOA076MAS8 Putative thioredoxin-2

D6EE72 Potential cold shock protein 3

DBEMAS Thioredoxin-1

D6EPF9 Chaperone protein DnaJ 1

D6EPF8 Protein GrpE (HSP-70 cofactor)

D6EG03 DnaJ homologue, subfamily C-like protein

D6EPF7 Chaperone protein DnaK (HSP70)

D6ECX8 Trigger factor (TF)

AOA076MA95 ATP-dependent Clp protease

D6EGX3 Potential cold shock protein 1

D6EDZ9 10 kDa chaperonin (GroES protein) (Protein Cpn10)
D6EIQ5 60 kDa chaperonin 2 (GroEL protein) (Protein Cpn60)
D6ENJ1 Potential cold shock protein 5

D6EENS Potential cold shock protein scoF

AOA076M5Z5 Potential cold shock, CspA

D6EUE1 Peptidyl-prolyl cis-trans isomerase (PPlase)
D6ENH6 Potential cold shock protein 2

D6EDZ8 60 kDa chaperonin 1 (GroEL protein) (Protein Cpn60)
D6ENMO Peptidyl-prolyl cis-trans isomerase - FKBP
ADAQ076MO0Q7 ATPase chaperone, AAA-type, MoxR

D6EX86 Thioredoxin reductase E

D6EN48 Potential cold shock protein 4

DBERH6 Ribosome maturation factor RimM

AO0A076M2N7 Thioredoxin reductase C

DBEUK1 ATP-dependent serine protease Lon

D6EXQ9 Thioredoxin-like protein

DBEME4 Peptidyl-prolyl cis-trans isomerase (PPlase)
D6EN76 DnaJ-like protein

AO0A076M916 ATPase chaperone, AAA-type, MoxR

DBEP42 Thioredoxil-like ferredoxin

AOAQ76MER1 Thioredoxin reductase D

D6EEB8 Co-chaperone DjIA 2

D6ESC3 Urease accessory protein UreF

D6EKDS Putative thioredoxin-like protein

DBESC4 Urease accessory protein UreG

ADA076M9M8 Urease accessory protein UreD
AOA076MHG6 HSP90 family protein

D6EKC1 Putative proteasome assembly chaperone 2 (IPR019151)
AOAQ076M3Z6 Thioredoxin-like protein

AOA076M742 Thioredoxin-like protein

DBEQ32 Protein with activator of Hsp90 ATPase homologue 1-like
D6EUC?7 Putative CIpA/B family chaperone

DBEGV8 Nitrate reductase subunit delta NarJ

Fic. 6. Transcriptome analysis of genes encoding protein export components. Transcript abundance of the Sec export machinery
components (A), the Tat export machinery components (B) and cytoplasmic chaperones (C) from cells grown in MM and MM-CAS media at

the indicated growth phases determined as in Fig. 5.

Next, we studied the S. lividans secretome in three com-
monly used media and for multiple chromosomal gene dele-
tions. Across these experimental conditions, we observe a
consistently negative correlation between the total amount of
secreted protein per unit cell-mass and the produced cell
mass. Similar results have been reported in Trichoderma re-
eseli, a filamentous fungus of industrial interest (64, 65). These
observations are suggestive of selective funneling of carbon
flows into secretome polypeptides that are then secreted. In
our dataset, the two most extreme experimental conditions
include TK24 growing in MM-CAS and NB medium. In MM-
CAS we measured high cell mass and low amount of secreted
protein per dry cell weight. In contrast, NB-grown cells pro-

duce high amount of secreted protein and low biomass. In
various chromosomal gene deletions, the cells show interme-
diate phenotypes between those of the MM-CAS and NB
media, suggesting that the absence of the deleted gene
switched the cell’s regulation, to a different extend, toward
producing more secreted protein instead of cell mass. More-
over, cells with gene deletions showed a stable secretome
that was comparable to that of TK24 (58% of total exported
proteins identified by proteomics - Fig. 3C), suggesting that
despite the obvious effects of gene deletions, the overall
variable secretome is largely dictated by the growth medium.
We hypothesize that a metabolome-secretome balance is a
higher-level regulator of the system than the expression of

Fic. 5. Transcriptome analysis of secretome genes. Transcript abundance for the secretome proteins identified by proteomics (Fig. 1).
n = 6-8 Two biological repeats for each condition and time point were used and merged into a single experimental data set and samples
analyzed by RNAseq (31, 39). Transcripts are grouped based on the secretion system that their translated protein product uses for its export:
A, Sec- and (B) Tat-secreted substrates. C, Comparison of transcript/protein abundance during the growth phase for MM and MM-CAS.
Number of transcripts with stable increasing or decreasing abundance for each of the protein groups of Fig. 2 are calculated.
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individual genes, but the molecular basis of these processes
remains unknown.

A significant proportion of the secreted proteins seems to
be unaffected by the experimental conditions applied. We
refer to this as the “stable” secretome and is as important
to determine as the “variable” one, as the former represents
the secreted proteins that are part of the robustness of the
cellular system. Approximately 2/3 of the identified proteins
show similar abundance levels in the chromosomal gene de-
letion strains or in culture medium with the WT condition,
pointing to a housekeeping secretome essential for cell pro-
teostasis at all times. In addition, distinct protein clusters of
the “variable” secretome increase or decrease in abundance
when the experimental conditions are altered, providing evi-
dence for possible pathways used by the cell in response to
stationary phase adaptation and switching to secondary me-
tabolite production as well as to adaptation to growth in
different available carbon/nitrogen sources. Some of the se-
cretome proteins show characteristic late stationary phase
secretion (e.g. DBEI87: Peptide/nickel binding protein, MppA-
type and DBEES1: Iron-siderophore binding lipoprotein). This
raises the exciting hypothesis that secondary metabolite pro-
duction networks may also be linked to specific needs in ex-
ported protein regulation. For the bacterial cell under study, this
may involve secretome proteins involved in differentiation.

Although some of the changes seen in the “variable” pro-
teome could be directly explained by transcriptional regula-
tion (Fig. 5C), it is important to note that many others are
suggestive of more complex, hitherto unknown, mechanisms
that act post-transcriptionally. This could involve the use of
specific chaperones forming transient sequestering pools, as
trigger factor is seen to do in E. coli (59), or as the quasi “SecB
chaperone analogue” CspA may do in Gram-positive bacteria
that have no SecB (60). Another important aspect of the
secretion potential of the cell involves the secretion pathway
components. Despite the numerous secretome dynamics
changes we have not come across conditions in which protein
secretion ceases completely, even in the poorest media for
secretion such as Phage medium (26). This would be ex-
pected given that secretion and the core Sec pathway genes
are essential to maintain membrane and cell wall integrity, a
proton gradient and peptidoglycan biosynthesis (66-68).
Seeing that the variable proteome changes both in terms of
abundance increase but also decrease, it would be intuitively
expected that export translocases are always produced. This
is also supported by the transcriptomics data that imply a
rather constant production of most of these components. In
summary, we expect that regulation of secretome dynamics is
unusually complex and occurs only partly at transcription level
and less likely at translocases level. A challenging and excit-
ing future effort awaits the molecular understanding of these
mechanisms and how selectivity for funneling specific groups
of proteins to the export pathways can be achieved, whereas
others are prevented from entering.

Our study provides a previously unavailable view of the
complex regulation of protein secretion in bacteria, using a
Gram-positive cell, with sophisticated differentiation and sec-
ondary metabolite programs, as a model. Combination of
proteomics and transcriptomics efforts with metabolomics
tools (63, 69) and location-biased protein targeting and se-
cretion (70) are anticipated to allow mechanistic understand-
ing of this fascinating process and reveal its regulatory
elements.
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