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The Tat pathway transports folded proteins across the bacterial cytoplasmic membrane and is a major route of protein export in
the Streptomyces genus of bacteria. In this study, we have examined the localization of Tat components in the model organism
Streptomyces coelicolor by constructing enhanced green fluorescent protein (eGFP) and mCherry fusions with the TatA, TatB,
and TatC proteins. All three components colocalized dynamically in the vegetative hyphae, with foci of each tagged protein being
prominent at the tips of emerging germ tubes and of the vegetative hyphae, suggesting that this may be a primary site of Tat se-
cretion. Time-lapse imaging revealed that localization of the Tat components was highly dynamic during tip growth and again
demonstrated a strong preference for apical sites in growing hyphae. During aerial hypha formation, TatA-eGFP and TatB-eGFP
fusions relocalized to prespore compartments, indicating repositioning of Tat components during the Streptomyces life cycle.

I n bacteria, the general secretory (Sec) and twin arginine protein
translocation (Tat) pathways operate in parallel to transport
proteins across the cytoplasmic membrane. In most bacteria, Sec
is the predominant route of protein export. Proteins are targeted
to the Sec machinery by the presence of N-terminal signal peptides
and are extruded across the membrane in an unfolded conforma-
tion (14). Proteins are also targeted to the Tat pathway by N-ter-
minal signal peptides, which in this case contain a conserved twin-
arginine motif (3, 4). The major difference between the Sec and
Tat pathways is that the Tat machinery transports folded proteins
(reviewed in references 18 and 37). Protein transport by the Tat
pathway is powered solely by the proton motive force (7, 56).
The Tat machineries of Gram-negative bacteria and Gram-
positive actinobacteria are composed of the TatA, TatB, and TatC
proteins (5, 20, 40, 42, 50), while those of low G+ C Gram-positive
bacteria require only TatA and TatC (25, 26). TatB and TatC form
a membrane-bound complex that binds Tat substrate proteins
through their twin-arginine signal peptides (6, 8). TatA is the most
highly produced of all of the Tat components (23), and many
copies of this monotopic membrane protein are believed to cluster
around a substrate-bound TatBC complex to bring about the
transport of the folded protein across the membrane (9, 30, 34).
Although the Tat pathway is generally seen as a relatively minor
route of protein traffic, bacteria of the Streptomyces genus excep-
tionally seem to encode large numbers of Tat substrates (13).
Streptomycetes are mycelial organisms that undergo complex
morphological differentiation (17) and are of prime importance
in industry and medicine since they produce a large number of
commercially important secondary metabolites, enzymes, and
other secreted protein products (21). Proteomic analyses of Strep-
tomyces coelicolor and the plant-pathogenic species Streptomyces
scabies indicate that a diverse array of hydrolytic enzymes utilize
the Tat export pathway, as do substrate binding proteins of ABC
transporters which are subsequently lipid modified (27, 47, 51,
53). The Streptomyces Tat machinery comprises the TatA, TatB,
and TatC proteins, which are functional homologues of similar
proteins found in Gram-negative bacteria such as Escherichia coli
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(20, 43, 44, 51). Inactivation of the Tat pathway in Streptomyces
spp. results in pleiotropic phenotypes, including impaired mor-
phological differentiation, a retarded growth rate, and increased
permeability of the cell envelope (27, 44, 51). Given the impor-
tance of the Tat pathway to the biology of Streptomyces, in this
study, we have examined the localization of the Tat transport ma-
chinery during the life cycle of S. coelicolor by constructing indi-
vidual C-terminal fusions to enhanced green fluorescent protein
(eGFP) and mCherry, which are commonly used as reporters for
protein localization in Streptomyces (16, 39, 55). Our studies show
that the three Tat components are highly dynamic and that they
frequently associate with the tips of vegetative hyphae.

MATERIALS AND METHODS

Bacterial growth conditions. E. coli strains were routinely grown in
Luria-Bertani medium and supplemented with arabinose as necessary. S.
coelicolor strains were grown on soya flour mannitol agar, Difco nutrient
broth agar (BD Diagnostics), and a 50:50 mixture of tryptone soya broth
(TSB; Oxoid) and yeast extract-malt extract (YEME) agar. Liquid cultures
were grown in Difco nutrient broth or a 50:50 mixture of TSB and YEME.
All of the growth medium recipes used are those of Kieser et al. (29). For
agarase assays, strains were cultured on MM medium (per liter, 10 g agar,
1g(NH,),SO,, 0.5 g K,HPO, - 7H,0, 0.2 g Mg,SO, - 7H,0, 0.01 g FeSO,, -
7H,0). The bacteria inoculated onto the plates were grown for 5 days at
30°C, after which they were stained with Lugol’s solution (Sigma). For
fluorescence microscopy of germinating spores and young hyphae (up to
18 h), spores were incubated in liquid culture in germination medium
(29). Samples from liquid cultures were spotted onto a 1.5% agarose bed
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TABLE 1 Strains and plasmids used in this study

Localization of Tat Components in Streptomyces

Source or
Strain Description reference
E. coli
DH5a F~ $80dlacZAMI5 recAl endAl gyrA96 thi-1 hsdR17(ry~ my ") supE44 relAl Laboratory stock
deoR A(lacZYA-argF)U169
BW25113/plJ790 K-12 derivative; AaraBAD ArhaBAD/\-Red (gam bet exo) cat araC rep101(Ts) 19
ET12567/pUZ8002 dam-13:Tn9 dem cat tet hsdM hsdR zjj-201::Tn10/tra neo RP4 36
S. coelicolor
M145 SCP1™ SCP2™ 2
FM145 Derivative of M145 with reduced autofluorescence 55
TP5 M145 AtatB 51
TP6 TP5 harboring pTDW134 This work
TP7 TP5 harboring pTDW135 This work
BRO1 M145 tatA::tatA-egfp aac3(IV)-oriT This work
BRO2 M145 tatC::tatC-egfp aac3(1V)-oriT This work
BRO3 EM145 tatA::tatA-egfp aac3(IV)-oriT This work
BRO4 EM145 tatC::tatC-egfp aac3(1V)-oriT This work
BRO5 BRO3 harboring pTDW136 This work
BRO6 BRO4 harboring pTDW136 This work
BRO7 BRO3 harboring pTDW137 This work
BRO8 FM145 harboring pTDW135 This work
Plasmids
pTDW134 pIJ8660 tatB,-tatB,,,,-egfp This work
pTDW135 pIJ8660 tatB,-tatB-egfp This work
pTDW136 p1J6902 tatB-mcherry This work
pTDW137 pIJ6902 tatC-mcherry This work

on a glass microscope slide before microscopy analysis. Images of older
vegetative hyphae (26 h onward) and aerial hyphae/spore chains (col-
lected at 44 or 72 h) were collected from samples that had been inoculated
at the acute-angle junction of coverslips inserted at a 45° angle in minimal
medium agar plates containing 1% mannitol (29).

Strain and plasmid construction. The strains and plasmids used in
this study are shown in Table 1. Strains producing TatA-eGFP and TatC-
eGFP fusion constructs from the native chromosomal location were as-
sembled in a similar manner by using the PCR targeting approach of Gust
etal. (19). Briefly, an eGFP-aac3(IV)-oriT cassette (conferring apramycin
resistance) was amplified with primer pairs tatA-link-egfp fw (5'-CTCC
CGTCCGGTCACCGAGCCGACGGACACGACCAAGCGCCTGCCGG
GCCCGGAGCTG-3) and tatA-link-egfp rv (5'-CTTGTTGCGGGCAGG
CTTCAGCAACCCACGTTCCCATCTCATATGTGTAGGCTGGAGCT
GCTTC-3") or tatC-link-egfp fw (5'-GGCCACGAAGGACCGGGTC
AACGGCTACGACGACGTGACCCTGCCGGGCCCGGAGCTG-3") and
tatC-link-egfp rv (5'-ATCATTATCGGGATCGGCCGTGTGGGGGTTC
CGTGGGGGCCATATGTGTAGGCTGGAGCT GCTTC-3') and in-
serted downstream of tatA or tatC, respectively, in kanamycin resistance
(Kan")-marked cosmid DNA I41 (2). This approach includes an LPGPEL
PGPE linker sequence between the end of the Tat protein and eGFP, an
arrangement which has been observed to improve the folding and activity
of eGFP fusions (39). The resultant constructs were transferred separately
to S. coelicolor M145 or FM145 by intergeneric conjugation. Apramycin-
resistant exconjugants were screened for the loss of kanamycin resistance,
indicating the double-crossover allelic exchange of the tatA or tatClocus,
and the strains were designated BRO1 (M145 tatA::tatA-eGFP), BRO2
(M145 tatC::tatC-eGFP), BRO3 (FM145 tatA::tatA-eGFP), and BRO4
(FM 145 tatC::tatC-eGFP).

Two tatB-expressing constructs were assembled in a similar manner,
one of which produces transcriptionally coupled TatB and eGFP as sepa-
rate proteins (pTDW134) and the other of which produces them as a
fusion (pTDW135). To construct pTDW134, DNA encoding tatB along
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with 200 bp of upstream DNA was amplified with oligonucleotides
tatbpromf (5'-GGCGCGGGATCCGACGGCAAGGAGACGAAG and
tatbcodcompr (5'-GGCGCGGGATCCTCAGGTGGCGTCCATGTCGA
AG-3"), the PCR product was digested with BamHI and cloned into
p1J8660 (45). The clones were assessed to ensure that the tatB gene and the
gene for eGFP were expressed in the same orientation, and the resultant
plasmid was designated pTDW134. To construct pTDW135, the tatB gene
was amplified with tatbpromf and tatbcodr (5'-GGCGCGGGATCCCAT
ATGGGTGGCGTCCATGTCGAAG-3"); the resulting PCR product was
digested with BamHI and cloned into BamHI-digested pBluescript. The
cloned products were then excised by digestion with BamHI and Ndel and
cloned into similarly digested pIJ8660 to give pTDW135. These two con-
structs were then integrated into the chromosome of S. coelicolor strain
TP5 (M145 AtatB [51]) at the $C31 site to give strains TP6 (produces
TatB and eGFP as separate proteins) and TP7 (produces a TatB-eGFP
fusion).

To construct plasmids producing C-terminal mCherry fusions with
TatB and TatC, the S. coelicolor tatB gene was amplified with the primer
pair tatBNdel_fw (5'-GAGCTTCATATGGTGTTCAATGACATAGGC
G-3') and tatBXbal_rv (5'-GTACGTCTAGAGGTGGCGTCCATGTCG
AAG-3") and the fatC gene was amplified with primer pair tatCNdel_fw
(5"-GCACGTCATATGCTGAAGCCTGCCCGCAAC-3") and tatCX-
bal_rv (5'-GTGCATCTAGAGGTCACGTCGTCGTAGCCG-3'). The
amplified genes were digested with Ndel and Xbal and cloned into simi-
larly digested pIJ6902 (22) to give pIJ6902-TatB and pIJ6902-TatC, re-
spectively. The gene coding for mCherry was amplified with primers
mCherryXbal_fw (5'-CTACATTCTAGAGTGAGCAAGGGCGAGGAG-
3") and mCherryKpnl_rv (5'-GGCTAGGTACCTTACTTGTACAGCTC
GTCC-3’), digested with Xbal and Kpnl, and cloned into similarly
digested pIJ6902-TatB and plJ6902-TatC to give pTDW136 (plJ6902-
TatB-mCherry) and pTDW137 (pIJ6902-TatC-mCherry), respectively.
Plasmid pTDW136 was integrated into the chromosomes of S. coelicolor
strains BRO3 and BRO4 at the $C31 site to give strains BRO5 and BRO6,
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respectively. Plasmid pTDW137 was similarly integrated into the chro-
mosome of strain BRO3 to give strain BRO7.

Protein methods. To assess the subcellular localization of fusion pro-
teins, suspensions of S. coelicolor hyphae were sonicated and subsequently
separated into cytoplasmic and membrane fractions according to refer-
ence 47. Fluorescent proteins were analyzed following SDS-PAGE (12%
acrylamide; samples were not boiled prior to separation) by scanning with
a phosphorimager (FujiFilm FLA-5100) equipped with a 473-nm laser
and a local binary pattern filter as described previously (39). Protein con-
centration was determined by the method of Lowry et al. (31).

Microscopy. Samples were analyzed using a Zeiss Axio Imager M1 or
Axioskop Al equipped with a 150X/1.35 or 100X/1.35 objective, respec-
tively, a reflector (38 HE for eGFP or 63 HE for mCherry), and a con-
denser contrast of DIC3, and images were captured using an 5-megapixel
camera. Images were examined using the Zeiss AxioVision software. Live
imaging experiments were conducted with MM agar plates. Samples were
grown on cellophane squares for 12 h and then prepared for imaging as
described previously (28). Imaging of time-lapse movies was performed as
described previously (54) with 2-min intervals between frames and a
100-ms exposure time (for TatC, the exposure time was 500 ms).

RESULTS

Fluorescent-protein fusions with S. coelicolor Tat components
are stable and retain Tat transport activity. We first assessed
whether the S. coelicolor strains that produced eGFP-tagged vari-
ants of TatA, TatB, or TatC in place of the native protein retained
Tat transport activity. Some functionality of the Tat fusion pro-
teins was suggested by the fact that each strain which harbored a
replacement of the native fat gene with a construct producing an
eGFP fusion protein showed wild-type growth and differentiation
on laboratory growth medium. To obtain a more quantitative
assessment of Tat transport activity in these strains, we assessed
the activity of the Tat substrate agarase. Agarase secretion results
in the breakdown of agar around S. coelicolor colonies, which can
be visualized following staining with Lugol’s solution. As shown in
Fig. 1A, strains producing TatA-eGFP (BRO1), TatB-eGFP (TP7),
or TatC-eGFP (BRO2) produced strong halos of agarase activity.
Quantification of agarase activity by measurement of zones of
clearing around replicates (Fig. 1B) (51, 52) indicated that the
level of agarase secretion by the strains producing TatA-eGFP or
TatC-eGFP was similar to that of the wild type. Since the tatA and
tatC genes appear to be organized as a transcription unit, the ob-
servation that the construct producing TatA-eGFP from the na-
tive chromosomal location has good Tat transport activity gives a
clear indication that the transcription/translation of tatC was not
affected in this strain. While the TatB-eGFP fusion also clearly
retained function, the total exported agarase activity was lower
than that of the wild-type strain (Fig. 1B). The reason for the lower
level of agarase activity in the strain producing the TatB-eGFP
fusion is not clear; it may reflect a difference between the levels of
expression of the single-copy tatB-eGFP fusion produced at a het-
erologous chromosomal location and that produced at the native
site. Alternatively, fusion of GFP to the C terminus of TatB may
reduce its functionality.

To confirm that each of the fusion proteins was stable, we
briefly sonicated hyphal suspensions of the strains and separated
total proteins by seminative PAGE (i.e., in the presence of SDS but
without heat denaturing the samples). The presence of fluorescent
proteins was then analyzed with a phosphorimager. As shown in
Fig. 1C, each of the Tat-eGFP fusion proteins appeared to be stable
and migrated close to the predicted mass. Comparison of the flu-
orescence intensities of three fusions showed that the TatA-eGFP
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fusion was present at higher levels than the other two constructs,
consistent with the findings that in E. coli, TatA is far more abun-
dant than TatB and TatC (23, 41). Taken together, these observa-
tions indicate that fusions of eGFP with TatA, TatB, and TatC are
stable and do not inactivate these proteins.

Before we analyzed cells producing these eGFP fusions by
fluorescence microscopy, we investigated their subcellular local-
ization. Hyphae from liquid-grown cultures were lysed by sonica-
tion, and the extract was separated into cytoplasmic and mem-
brane fractions. As shown in Fig. 1D, each of the Tat-eGFP fusion
proteins localized predominantly to the membrane fraction, while
free eGFP (produced from strain TP6) was found mainly in the
cytoplasmic fraction. We could detect no TatB-eGFP protein in
the cytoplasmic fraction, in contrast to TatB from S. lividans,
which has been shown to have both membrane and cytoplasmic
localizations (10-12). However, we did detect some TatA-eGFP in
the cytoplasmic fraction, which has been observed previously for
untagged TatA from S. lividans (10-12).

TatB-eGFP localizes at the tips of vegetative hyphae. The first
fusion that we analyzed by fluorescence microscopy was TatB-
eGFP. Images were captured from spores of strain TP7 that had
been allowed to germinate in liquid culture for 6 to 8 h. As shown
in Fig. 2, after 6 to 8 h and for each germinating spore examined, a
strong focus of fluorescence was visible at the hyphal tip, while a
second focus was frequently visible farther away from the tip.
Where two hyphae emerged from a germinating spore, foci were
present at both tips (Fig. 2, arrows). Analysis of 52 germinating
hyphae indicated that foci were always present at the tips (Ta-
ble 2). When germinating spores were observed by time-lapse im-
aging (54), TatB-eGFP was again revealed to be primarily at the
tips of the hyphae, but this localization was highly dynamic
throughout the germ tubes, moving to distinctly different sites
within seconds (Fig. 3, row 2; see Movie SV1 in the supplemental
material).

When vegetative hyphae were observed (12 to 24 h postgermi-
nation; Fig. 2, bottom panels), bright fluorescence was still visible
at the tips but the frequency of tip localization had declined, with
only around half of the hyphae examined showing thislocalization
pattern (Table 2). In addition, further, less intense fluorescent foci
could be seen at positions away from the tip. The same dynamic
localization of TatB observed in germinating spores was also
found in vegetative hyphae by time-lapse imaging, i.e., with foci of
fluorescence moving through the hyphae on a time scale of sec-
onds (Fig. 4, row 2; see Movie SV2 in the supplemental material).
This indicates that the TatB-eGFP fusion is highly mobile. It
should be noted that an E. coli TatA-yellow fluorescent protein
(YFP) fusion was also shown to be highly mobile (30).

Interestingly, when aerial hyphae were observed (Fig. 2, left),
regularly spaced, punctate fluorescence could be seen that seemed
to coincide with the positioning of prespore compartments. In
addition, some of the aerial hyphae examined also showed a
brighter fluorescent focus at the tip. Thus, it appears that the TatB-
eGFP fusion is highly mobile in substrate hyphae of S. coelicolor
and that it relocalizes to prespores during aerial growth.

TatC-eGFP colocalizes with TatB during vegetative growth.
In E. coli, TatB forms a stoichiometric complex with TatC that
functions as a receptor for substrates (6, 46). The fact that the S.
coelicolor TatB and TatC proteins are each able to functionally
substitute for their E. coli counterparts (20) suggests that the S.
coelicolor TatB and TatC proteins similarly function together. We
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FIG 1 Fusions of eGFP to the TatA, TatB, and TatC proteins of S. coelicolor are stable and do not abolish Tat transport activity. (A, B) Semiquantitative analysis
of extracellular agarase activity mediated by S. coelicolor strains. The indicated strains were cultured on MM medium for 5 days at 30°C, after which they were
stained with Lugol’s solution. In panel A, zones of clearing around colonies after staining with Lugol’s solution are shown, while panel B, shows relative agarase
activity, which was estimated as described previously (51). The error bars represent the standard error of the mean; n = 6 to 9. (C, D) S. coelicolor strains M 145,
TP6 (M145 AtatB $C31 tatB,-tatB,,,,-eGFP), BRO1 (M145 tatA::tatA-eGFP), TP7 (M145 AtatB $C31 tatB,-tatB-eGFP), and BRO2 (M145 tatC::tatC-eGFP)
were cultured aerobically for 24 h at 30°C in a 1:1 mixture of TSB and YEME media. Cell extracts (formed by sonication of hyphal suspension) (panel C) and
subcellular fractions fractionated from extract (lanes E) into cytoplasmic (lanes C), and membrane (lanes M) fractions (panel D) were separated by SDS-PAGE
(12% acrylamide; samples were not boiled prior to separation), and fluorescent proteins were analyzed by phosphorimaging. Twenty micrograms of total protein
was loaded into each lane. The values to the left of panels C and D are molecular sizes in kilodaltons.
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FIG 2 Analysis of TatB-eGFP localization in S. coelicolor during growth and development by fluorescence microscopy. Representative images of strain TP7 at
different life cycle stages are shown. The fluorescence images were all collected with a 400-ms exposure time, except for those with asterisks, which were collected

with a 600-ms exposure time. Scale bars, 2 pm.

therefore anticipated that we should see similar localization of the
TatB and TatC fusions. However, the fluorescence of the TatC-
eGFP fusion in living cells was not as bright as that of TatB-eGFP,
requiring a longer exposure time (600 ms), which produced sig-
nificant background autofluorescence. Nevertheless foci could be
seen at or close to the tips of emerging hyphae in germinating
spores (Fig. 5, right). For this reason, the TatC-eGFP construct
was introduced into strain FM 145, a low-autofluorescent deriva-
tive of M 145 (55), allowing longer exposure times (of up to 5 s).
This revealed localizations of TatC in both germinating spores and

growing hyphae of BRO4 (FM145 tatC::tatC-eGFP) similar to
those seen in BRO2 (compare Fig. 5 with Fig. 3 and 4; see Movies
SV3 and SV4 in the supplemental material). The intensity of the
fluorescent foci of the TatC-eGFP fusion at the hyphal tips was less
pronounced than that of TatB-eGFP, and other equally bright foci
could be seen at regularly spaced intervals along the vegetative
hyphae (Fig. 5, bottom). Examination of aerial hyphae and pres-
pores (Fig. 5, right and top) again indicated regularly spaced,
punctate fluorescence apparently coinciding with prespore com-
partments. We also noted that, similar to TatB-eGFP, TatC-eGFP

TABLE 2 Frequency of occurrence of fluorescent foci at the hyphal tips of S. coelicolor producing each of the Tat protein-eGFP fusions

% (no./total) of tips with foci

TatA-eGFP TatB-eGFP
Aerial hyphae and Aerial hyphae and TatC-eGFP, vegetative

Time (h) Vegetative hyphae spore chains Vegetative hyphae spore chains hyphae
6-8 87 (65/75) 100 (52/52) 98 (163/166)
12 52 (68/131) 56 (368/645)
24 55 (165/300) 44 (497/1124)
44 41 (192/467) = 24 (498/2093) 65 (33/51)
72 32 (84/259) 53 (26/49) 22 (316/1452) 41 (32/79)

@ —, almost no aerial hyphae could be detected at 44 h for this strain.
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8 12

16

FIG 3 Dynamic localization of TatA-eGFP (BRO3), TatB-eGFP (BRO8), and TatC-eGFP (BRO4) at the tips of germinating spores. Images were taken from
Movies SV5, SV1, and SV3 in the supplemental material, respectively, and represent 4-min time intervals. Images were collected using a Zeiss Observer with a
Hamamatsu C9100-02 electron-multiplying charge-coupled device camera. Exposure times were 100 ms for TatA and TatB and 500 ms for TatC movies. For all
constructs, setting of minimum/maximum intensity was used to show similar fluorescence intensities. Scale bars, 2 um. The arrowheads indicate examples of the

fluorescent protein fusions of the respective Tat components.

was also highly mobile, moving through the hyphae on a time scale
of seconds (Fig. 4, bottom row; see Movie SV4 in the supplemental
material).

On the basis of 166 images of hyphae emerging from germinat-
ing spores of strain BRO2, the frequency of tip-localized fluores-
cence was estimated at 98% (Table 2). Since foci of TatB-eGFP
were also found at the hyphal tips at a high frequency, this suggests
that the two proteins colocalize. To investigate this further, we
constructed a fusion of mCherry to the C terminus of TatB en-
coded by plasmid pIJ6902 and incorporated a single copy into
strain BRO4, which produces TatC-enhanced GFP from the na-
tive chromosomal location. Since TatB-mCherry expression in
this new strain, BRO6, depended on the leakiness of the unin-

TatA

TatB

t=0 4 8 12 16 20

duced tipA promoter, it accumulated at lower levels than TatB—
eGFP which was expressed from the tatB promoter. Therefore,
imaging of TatB-mCherry required long exposure times (on the
order of 5 to 10 s). Nonetheless, analysis of the strain producing
both the TatC-eGFP and TatB-mCherry fusion proteins showed
mostly colocalization of the two proteins in vegetative hyphae (see
Fig. 7C).

Colocalization of TatA-eGFP with other Tat components in
vegetative hyphae. Finally we examined the behavior of TatA-
eGFP. As shown in Fig. 6, this fusion appeared to be much brighter
than the TatB- or TatC-eGFP fusion protein and showed a more
dispersed localization, but in all cases at the periphery of hyphae,
consistent with membrane localization. In germinating hyphae,

FIG 4 Dynamic localization of TatA-eGFP, TatB-eGFP, and TatC-eGFP in vegetative hyphae. The images shown were taken from Movies SV6, SV2, and SV4 in
the supplemental material, respectively, and represent 4-min time intervals. The strains and image settings are the same as those in Fig. 3. Scale bars, 2 um.
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FIG 5 Localization of TatC-eGFP during growth and development of S. coelicolor. Representative images of germinating spores (after 6 to 8 h of germination)
of S. coelicolor strain BRO2 are shown. Representative images of strain BRO4 at other life cycle stages are also shown. Fluorescence images were collected with a
600-ms exposure time for germinating spores and 5 s for other stages. Scale bars, 2 pm.

fluorescence could be seen throughout the membrane, appearing
in some cases as continuous fluorescence and in other instances as
more punctate spots (Fig. 6, right). A similar pattern of mixed
punctate and dispersed fluorescence has also been seen in a TatA-
YFP protein produced at native levels in E. coli, with punctate
fluorescence observed only in the presence of the other Tat com-
ponents (30). In almost all instances, a strong fluorescent focus
was also visible at the germling tips (Table 2). In older hyphae,
fluorescent foci were visible throughout, including in the tip re-
gion (Fig. 6, bottom). Like the TatC-eGFP fusion, the TatA-eGFP
fusion appeared to be reasonably evenly distributed over the hy-
phal length. In aerial hyphae and prespores, again distribution of
the TatA fusion protein was along the entire length, with foci
coinciding with each prespore compartment (Fig. 6, left and top;
see Movie SV5 in the supplemental material). Time-lapse imaging
of TatA-eGFP in vegetative hyphae again showed dynamic local-
ization of the fusion. Interestingly, it appeared in some cases that
foci of fluorescence assembled from more dispersedly fluorescent
regions (Fig. 4, top row; see Movie SV6 in the supplemental ma-
terial). This may potentially correspond to the assembly of dis-
persed monomers or small oligomers of TatA into large assem-
blies, as implied by other studies (30).

To ascertain whether TatA colocalizes with the other Tat com-
ponents, we constructed dually tagged strains that coproduced
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either TatB-mCherry or TatC-mCherry under the control of the
tipA promoter with natively encoded TatA-eGFP (strains BRO5
and BRO7, respectively). Verylong exposure times (5 to 10 s) were
required to visualize mCherry, making colocalization studies dif-
ficult. However, it appears that in vegetative hyphae, all of the foci
of TatB-mCherry colocalize with foci of TatA-eGFP (Fig. 7A).
While all of the TatC-mCherry foci also colocalized with TatA-
eGFP foci, some of the TatA-eGFP appeared to localize indepen-
dently of TatC-mCherry (Fig. 7B).

DISCUSSION

In this study, we have used fluorescent protein fusions to deter-
mine the subcellular localization of the S. coelicolor Tat compo-
nents throughout the complex life cycle of this organism. We
clearly observed foci of eGFP-tagged TatA, TatB, and TatC at the
tips of germinating hyphae. As the vegetative hyphae aged, the
proportion with foci of TatA-eGFP and TatB-eGFP at the hyphal
tips decreased, although even at 24 h postgermination, almost
50% of the hyphae we examined had tip-localized foci of TatA and
TatB. Colocalization experiments showed that TatA-eGFP foci
colocalized with TatB-mCherry and TatC-mCherry foci and that,
likewise, TatC-eGFP foci also colocalized with TatB-mCherry
foci. It is likely that these colocalizing Tat foci represent active Tat
transport complexes since it is known from studies with other
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FIG 6 Localization of TatA-eGFP during growth and development of S. coelicolor. Representative images of strain BRO1 at different life cycle stages are shown.
All fluorescence images were collected with a 600-ms exposure time. Scale bars, 2 pm.

organisms that TatA associates only transiently with TatBC during
the protein transport step (1, 34).

The localization of Tat proteins at the tips of vegetative hyphae
suggests that one of the major sites of protein secretion by the Tat
pathway is at or near the hyphal tips, analogous to tip-dependent
secretion by fungi (15). However, Tat complexes also assembled at
other sites along the hyphal wall, suggesting that tip secretion is
not the only route. Interestingly, during time-lapse imaging, TatA
and TatB appeared to be highly dynamically localized and TatA
foci were frequently seen to move away from the tips and settle
at a position approximately 2 wm below the apical site. How-
ever, since TatA is relatively highly abundant, we cannot rule
out the possibility that some TatA remains at the tips, because
of the very short exposure times. TatB was always visible at the
tips of vegetative hyphae, but in time-lapse imaging, several
foci were observed farther away from the tip, which appeared to
retrace back to the tip during growth. We are currently analyz-
ing the dynamics of the Tat components and their colocaliza-
tion in time and space.

We noted that the tip-localized fluorescent foci appeared to be
brighter for TatB-eGFP than for TatA- or TatC-eGFP, suggesting
that, for reasons that are currently unclear, there is more TatB

November 2012 Volume 194 Number 22

than TatA or TatC at the tip. We also noted that the frequency and
brightness of tip-localized foci appeared to increase when cells had
stopped growing, for example, when embedded in agarose prior to
imaging. This might suggest that energy is required to move the
fluorescent proteins away from the tip. It should also be noted that
we attempted to investigate whether we could use an agarase signal
peptide-eGFP fusion to image Tat-dependent secretion; however,
we found that, as previously noted for Bacillus subtilis (33), eGFP
could not be exported in a fluorescent form by the Streptomyces
Tat pathway (D. Widdick, J. K. Fyans, and T. Palmer, unpublished
data).

During aerial hypha formation, there was relocalization of the
Tat-eGFP fusion proteins such that foci of fluorescence appeared
to coincide with prespore compartments. This would serve to en-
sure that Tat components are partitioned to each spore during
sporulation. Partitioning of protein clusters has attracted some
attention in recent years, with proteins of the MinD/ParA family
being increasingly implicated in protein segregation (32, 48).
These protein-partitioning ParA proteins are often termed “or-
phan” ParA proteins to reflect the fact that they do not function
with ParB partner proteins. It is interesting that in actinobacteria,
including Streptomyces, while tatA and tatC are found together at

jb.asm.org 6279


http://jb.asm.org

Willemse et al.

FIG 7 Colocalization of TatA-eGFP and TatB-mCherry (strain BRO5) (A), TatA-eGFP and TatC-mCherry (strain BRO7) (B), and TatB-mCherry and
TatC-eGFP (strain BRO6) (C) in each case in vegetative hyphae of S. coelicolor FM145. The arrows indicate colocalizing foci. Images were acquired with an
Axioskop Al and an Mrc5 camera with 2-s (for eGFP) and 10-s (for mCherry) exposure times. Scale bars, 2 pm.

the same chromosomal location, tatB is found at a conserved lo-
cation elsewhere on the chromosome. The chromosomal neigh-
borhood of tatB (SCO5150) includes genes predicted to code for a
o"-type extracytoplasmic function sigma factor (SCO5147), a
HtrA/DegP protease (SCO5149), and of particular interest, an or-
phan ParA protein (SCO5152) (38). It would be interesting to
ascertain whether any of these genes, in particular, SCO5152, plays
a major role in the localization of Tat components.

In previous studies, it was shown that the SsgA protein, which
is an actinomycete-specific protein that acts as an activator of cell
wall remodeling, e.g., during septum formation, branching, and
germination (24, 35), is required for proper secretion of the Tat
substrate tyrosinase (49). Deletion of ssgA strongly enhanced the
expression of the tat genes, most likely as a compensation effect
(35). During germination and active growth, both SsgA and the
Tat proteins localize to the apical sites and both show a dynamic
localization pattern. Strains of S. coelicolor overexpressing SsgA
show strong fragmentation of the mycelia during fermentation
and displayed 3-fold-increased secretion of Tat substrates (49).
Data presented in this work suggest that this increased secretion
may be explained by the fact that Tat complexes preferentially
localize to apical sites, which increase dramatically when hyphae
fragment. The localization of the protein secretion machinery is
highly relevant in strain improvement approaches.

In conclusion, fluorescence and time-lapse imaging showed
that components of the Tat export pathway dynamically localize
throughout the Streptomyces life cycle, actively changing during
each growth phase. It will be interesting to ascertain whether other
protein secretion machineries show similar dynamic localization
and to determine the localization of Tat substrates during trans-
location in S. coelicolor during the same developmental time
course.
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