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Abstract

The majority of proteins that are secreted across the bacterial cytoplasmic membrane leave
the cell via the Sec pathway, which in its minimal form consists of the dimeric ATP-driven
motor protein SecA that associates with the protein-conducting membrane pore SecYEG.
Some Gram-positive bacteria contain two homologues of SecA, termed SecA1 and SecA2.
SecA1 is the essential housekeeping protein, whereas SecAz2 is not essential but is in-
volved in the translocation of a subset of proteins, including various virulence factors. Some
SecA2 containing bacteria also harbor a homologous SecY2 protein that may form a sepa-
rate translocase. Interestingly, mycobacteria contain only one SecY protein and thus both
SecA1 and SecA2 are required to interact with SecYEG, either individually or together as a
heterodimer. In order to address whether SecA1 and SecA2 cooperate during secretion of
SecA2 dependent proteins, we examined the oligomeric state of SecA1 and SecA2 of My-
cobacterium tuberculosis and their interactions with SecA2 and the cognate SecA1, re-
spectively. We conclude that both SecA1 and SecA2 individually form homodimers in
solution but when both proteins are present simultaneously, they form dissociable
heterodimers.

Introduction

In bacteria, the majority of proteins are secreted across the cytoplasmic membrane via the gen-
eral Sec-Pathway [1]. Protein transport in this pathway is mediated by the Sec translocase
which consist of the protein-conducting pore SecYEG and the ATP-driven motor protein SecA
[1-3] (Fig 1A). SecA delivers the chemical energy to drive proteins through the SecYEG pore
in a post-translational manner [4-7]. In proteobacteria, the chaperone protein SecB plays an
important role in maintaining the precursor protein in its unfolded form while targeting it to
SecA [8,9].
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Fig 1. Model of protein secretion. A) The canonical secretion pathway, in which protein translocation process is mediated by protein-conducting pore
SecYEG and the ATP-driven motor protein SecA. First, dimeric SecA binds to the SecYEG channel. The chaperone protein maintains the newly synthesized
preproteins in their unfolded form and targets them to SecYEG bound SecA. SecA delivers the chemical energy by the cycles of ATP binding and hydrolysis
to drive preproteins through SecYEG and across the cytoplasmic membrane. B) Proposed model of the mycobacterial SecA1/SecA2 pathway. SecA2 and
SecA1 form a heterodimer and bind asymmetrically to the canonical SecYEG. The ATPase activity of either SecA2 or SecA1 or both then provides the
translocation of the substrate through SecYEG and across the cytoplasmic membrane. SecA1 dimers or possibly SecA2 dimers may also work on their own.
CM, cytoplasmic membrane. SPase, signal peptidase.

doi:10.1371/journal.pone.0128788.9g001

Most bacteria have only a single secA gene. Both the structure and functional oligomeric
state of this canonical SecA has been investigated with different methods and techniques. A
multitude of studies demonstrate that SecA functions as a dimer during protein translocation
[7,10-13]. It crystallizes as an antiparallel dimer [14-18] or a parallel dimer [19] and the exact
arrangement of the functional dimer is unknown. The SecA dimer-monomer equilibrium is
influenced by ligands and different conditions. SecA monomerizes in the presence of phospho-
lipids [20,21] or synthetic signal peptides [22], although it also has been shown that SecA di-
merizes with signal peptides [20]. In another study, SecA formed a dimer when bound to lipids
and monomerized with the addition of nucleotides [23]. The apparently sensitive monomer-
dimer equilibrium of SecA is also shifted towards the monomer at high salt concentrations and
low temperature [24-26].

Previous studies have shown that some Gram-positive bacteria and mycobacteria have two
different SecA proteins that are highly homologous to the Escherichia coli SecA, termed SecAl
and SecA2 [27-29]. A crystal structure of SecA1 has been obtained [16], but not for SecA2. Yet,
sequence alignments and structural modeling predict that most functional domains are con-
served between SecAl and SecA2 [30,31]. SecAl is essential and functions as the housekeeping
SecA that associates with SecYEG to export the majority of secreted proteins [27]. SecA2 is not
essential and seems to be especially important for the export of a subset of proteins which in
some bacteria are virulence factors [32-35]. Previous studies with Mycobacterium tuberculosis
SecAl and SecA2 showed that both proteins function as ATPases and that the SecA2 ATPase
activity is required for SecA2-mediated protein export [36-38]. SecAl and SecA2 of M. smeg-
matis differ in subcellular localization; while SecA1 was found equally distributed between
membrane and cytosolic fractions, SecA2 was predominantly cytosolic [37]. Recent studies in
M. tuberculosis showed that SecA2 binds ADP with higher affinity than SecA1l [39].

In addition to SecA homologs, some Gram-positive bacteria also contain a homologue of
SecY termed SecY2 [28,40]. In most of bacteria with SecA2 and SecY2 proteins, the genetic loci
containing sec genes are highly conserved [40]. It has been suggested that the SecY2 protein
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combines with SecA2 and some accessory secretion proteins (ASPs) to form a separate translo-
case but SecY2 appears not essential for secretion [28,31]. Mycobacteria, however, do not con-
tain an additional SecY protein and the genetic loci are not conserved [40]. Previous studies
suggest that some sugar binding proteins in mycobacteria depend on both SecAl and SecA2
for translocation [37] and it has been proposed that SecA2 might work together with the
SecA1/SecYEG translocase [30]. Additionally, a study in Streptococcus parasanguinis showed
that a large complex containing several Streptococcus-specific accessory proteins and SecA2 co-
purifies with SecAl [41], and recent studies in Listeria monocytogenes revealed that SecA2-de-
pendent protein secretion requires SecAl [42]. However, it is unclear whether SecA2 binds di-
rectly to SecA1l in order to export proteins through the SecYEG translocase. Furthermore, it is
not known if SecA2 functions as a monomer or dimer in secretion of its specific substrates.
Here we characterized the mycobacterial SecA2 protein using biochemical and biophysical
techniques. We used Microscale Thermophoresis (MST) and fluorescence cross-correlation
spectroscopy (FCCS) to study the dimerization and interaction between SecA2 and SecAl.

Materials and Methods
Chemical and reagents

Cy5-maleimide was purchased from GE Healthcare and AlexaFluor 488-maleimide from Life
Technologies. Cation exchange chromatography column HiTrap SP HP, Gel filtration chroma-
tography column Superdex 200 10/300 GL, and NAPS5 as well as Gel Filtration protein stan-
dards were purchased from GE Healthcare. Amicon ultracentrifugation filter was purchased
from Merck Millipore and Ni-NTA Agarose was from Qiagen. PVDF membrane was pur-
chased from Roche Diagnostics and anti-strep tag antibody was from IBA.

Cloning of Mycobacterial SecA1 and SecA2

All strains and plasmids used are shown in Table 1. Plasmids for expression of SecA1l and
SecA2 proteins were generated by PCR amplification of secAI and secA2 gene from M. tubercu-
losis strain H37Rv genomic DNA (a gift from Prof. dr. Wilbert Bitter, University of Amster-
dam). SecA1 PCR product was digested with Ncol and HindIII and cloned into pACYCDuet-1
yielding PIP151. SecA2 PCR product was digested with Ncol and BamHI and cloned into
pET15b yielding PIP152. An ATG start codon was added before the GTG codon for the expres-
sion in E. coli. For SecA2, the start codon used is a GTG located at nucleotide position 91 from
the annotated start codon (NP_216337), since this represents the true start codon [36]. PIP151

Table 1. Strains and plasmids used in this study.

Strains/ Characteristics Reference
plasmids
DH5a supE44, AlacU169 (A80lacZ_M15) hsdR17, recA1, endA1, gyrA96 Previous study
thi-1, relA1 [43]
BL21(ADE3) F—ompT hsdSB(rB—, mB-) gal dcm (ADES3) Previous study
[44]
PIP151 SecA1 in pACYCDuet-1 This study
PIP152 SecA2 in pET15b This study
PIP153 SecA1(S945C) in pACYCDuet-1 This study
PIP154 SecA2(S802C) in pET15b This study
PIP155 SecA1 with C-terminal His-tag in pACYCDuet-1 This study
PIP156 SecA2 with C-terminal Strep-tag in pET15b This study

doi:10.1371/journal.pone.0128788.1001
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and PIP152 were used as templates to generate other plasmids. A cysteine was introduced by
site directed mutagenesis replacing serine at C-terminal of SecA1 (S945C) and SecA2 (5802C)
yielding PIP153 and PIP154, respectively. His-tag sequences was added at C-terminal of SecA1
and Strep-tag sequences was added at C-terminal of SecA2 yielding PIP155 and PIP156, re-
spectively. All cloning steps were verified by sequence analysis (Macrogen Europe).

Overexpression of Mycobacterial SecA1 and SecA2

E. coli BL21(ADE3) was transformed with the plasmids and used for expression and co-expres-
sion of SecA1 and SecA2. Cells were cultured at 30°C in LB supplemented with 34 pg/ml chlor-
amphenicol for SecA1l expression or with 100 pg/ml ampicillin for SecA2 expression. For co-
expression of SecAl and SecA2, cells were cultured at 30°C in LB supplemented with 17 pg/ml
chloramphenicol and 50 pg/ml ampicillin. Cells were grown to an optical density at 600 nm
(ODggp) of 0.6. Protein expression was induced by adding 1 mM isopropyl-D-thiogalactopyra-
noside (IPTG), and cells were grown further for 2 hours. Cells were harvested using the Beck-
man JLA 8.1000 rotor (7000 rpm, 15 min, 4°C), resuspended in 25 mM HEPES-KOH pH 6.5
and stored at -80°C. E. coli SecA was produced as described [45].

Protein Purification and Labeling

Cells were lysed by French press treatment at 13000 psi and the lysates were centrifuged at
10.000 rpm for 15 min followed by ultracentrifugation at 100.000 rpm for 30 min. For purifica-
tion, cell free extract was applied on a HiTrap SP HP column equilibrated with buffer A (20 mM
HEPES-KOH, pH 6.5, 10% glycerol) as described [25]. The column was washed with buffer A
supplemented with 100 mM NaCl and the protein was eluted with a linear 0.5 M NaCl gradient
in buffer A. For labeling, SecA proteins were incubated with the fluorescent probe Cy5-malei-
mide or AlexaFluor 488 at pH 7.0 as described [25], and purified on Superose 12 gel filtration
using buffer B (20 mM HEPES-KOH pH 7.5, 10% glycerol, 150 mM KCIl). The labeling efficiency
was determined by absorbance using a spectrophotometer. The extinction coefficients used were:
€50 = 90.650 cm™ ' M~ ! for M. tuberculosis SecAl, €540 = 69.455 cm™ ' M ! for M. tuberculosis
SecA2, €550 = 76.000 cm™ ' M~ ! for E. coli SecA, €540 = 72.000 cm™ * M ! for AlexaFluor 488,
and €g49 = 250.000 cm~ ' M~ ' for Cy5-maleimide. Labeling efficiencies were approximately 90%
for M. tuberculosis SecAl and SecA2, and 100% for E. coli SecA.

Size Exclusion Chromatography

The protein was concentrated to obtain a concentration of 2-5 mg/ml using an Amicon
ultracentrifugation filter. Size exclusion chromatography was carried out using a Superdex 200
10/300 GL column and eluted at 0.5 ml/min in buffer (20 mM HEPES-KOH, pH 7.5, 2 mM
MgCl,, 50 mM arginine) supplemented with low (30 mM KCI) or high (300 mM KCl) salt. The
peak protein fractions were detected and measured by the UV »4¢,,,,, detector. Four protein stan-
dards; ovalbumin (43 kDa), conalbumin (75 kDa), aldolase (158 kDa) and ferritin (440 kDa),
were used to estimate the molecular mass of SecAl and SecA2.

Microscale Thermophoresis

The microscale thermophoresis (MST) method has been described previously [46-48]. The
dissociation constant (K4) of SecAl and SecA2 dimers were measured using the Monolith
NT.115 from Nanotemper Technologies. A solution of unlabeled protein was serially diluted
and mixed with fluorescently labeled protein in high salt buffer (25 mM HEPES-KOH, pH 7.5,
300 mM KCl, 2 mM MgCl,, 50 mM arginine). The samples were incubated for 30 min on ice
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and then diluted in low salt buffer (25 mM HEPES-KOH, pH 7.5, 30 mM KCI, 2 mM MgCl,,
50 mM arginine). The end concentration of the unlabeled protein was varied from 1 nM to

5 uM and for fluorescently labeled protein, it was 25 nM. The samples were loaded into Mono-
lit NT.115 capillaries after incubation at room temperature for 10 minutes. MST measurements
were performed by using 80% LED power and 80% IR-laser power. Data analyses were per-
formed using Nanotemper Analysis software.

Fluorescence Cross-Correlation Spectroscopy

Fluorescence cross-correlation spectroscopy (FCCS) experiments were performed on a dual-
color laser scanning LSM710 inverted confocal microscope (Zeiss GmbH). He-Ne laser at

488 nm and an argon laser at 633 nm were used to excite the fluorescently labeled proteins.
The fluorescence was split into two channels of 505-610 nm (AlexaFluor 488 emission) and
655-710 nm (Cy5 emission) by a dichroic beam splitter. SecA1-Cy5 and SecA2-AF488 were
mixed at 1:1 ratio and incubated in the presence of 300 mM KCl for 30 min on ice. The samples
were loaded on NAP5 columns and eluted with 25 mM HEPES-KOH, pH 7.5, 30 mM KClI,

2 mM MgCl,, 50 mM arginine. The samples were incubated for 10 minutes in room tempera-
ture prior to FCCS measurements. FCCS measurement and data analysis were performed as
described previously [49].

Pulldown Assay

Cells expressing both Hiss-SecAl and Strep-SecA2 were resuspended in 25 mM HEPES-KOH,
pH 7.5, 300 mM KCl and lysed by French press treatment at 13000 psi. The cell lysates were di-
luted in 25 mM HEPES-KOH, pH 7.5, 100 mM KCl, incubated for 30 min on ice, and applied
to Ni-NTA agarose. The samples were washed with 25 mM HEPES-KOH, pH 7.5, 100 mM
KClI and they were eluted with 25 mM HEPES, pH 7.5, 100 mM KCl, 300 mM imidazole. The
proteins were analyzed by SDS-PAGE and visualized by Coomassie blue staining. The proteins
were also transferred to a PVDF membrane for Western blot analysis with anti-strep tag anti-
body. An experiment with cell lysates of Hiss-SecA1 only, Strep-SecA2 only, and an empty vec-
tor were also carried out and analyzed as a control.

Results
Mycobacterial SecA1 and SecA2 individually form homodimers

Previous studies on the canonical E. coli SecA show that it exists as a dimer in the cytosol and
when bound to SecYEG [7,25,26,50,51]. Here we examined the oligomeric state of the myco-
bacterial SecA homologues, SecAl and SecA2, using biochemical and biophysical techniques.
The SecA1 and SecA2 proteins were expressed in E. coli (Fig 2A) and purified using cation ex-
change chromatography (Fig 2A and S1 Fig). The purified SecAl and SecA2 were devoid from
endogenous E. coli SecA as demonstrated by immunoblotting (S1 Fig). The purified proteins
were then subjected to size exclusion chromatography (SEC). SEC experiments were done in
buffer containing low (30 mM KCl) or high salt (300 mM KClI), since the presence of high salt
has been shown to affect the dimerization of E. coli SecA [24-26]. We used protein standards
to estimate the molecular mass of SecA1 and SecA2. The SEC elution profile of SecA1 shows a
peak eluting at ~11.5 mL in low salt buffer, presumably containing dimeric SecAl, and a peak
at ~13.5 ml in high salt buffer indicating monomerization of SecA1 (Fig 3A). In case of SecA2,
the peak elutes at ~ 12 mL in low salt buffer and at ~ 14 ml in high salt buffer likely to contain
dimeric and monomeric SecA2, respectively (Fig 3B) confirming a similar SEC result that has
been shown previously for SecA2 [39].
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Fig 2. Overexpression, purification, and fluorescent labeling of M. tuberculosis SecA1 and SecA2. A) Overexpression of M. tuberculosis SecA1 (lane
2) and SecA2 (lane 4) in E. coli BL21(ADE3) with a molecular mass of 105 and 85 kDa, respectively. Molecular masses of protein standard are indicated on
the left. The empty vector, pACYCDuet-1 and pET15b, are shown as controls (lane 1 and 3). B) Coomassie-stained SDS-PAGE of purified M. tuberculosis
SecAT1 (lane 1) and SecAz2 (lane 2). C) Visualization of fluorescently labeled SecA1 and SecA2 in SDS-PAGE by fluorescence imaging. SecA1 and SecA2
were labeled with the fluorescent probe Cy5 (lane 1 and 2) or AF488 (lane 3 and 4).

doi:10.1371/journal.pone.0128788.9002

In order to quantitatively determine the binding affinity of the SecAl and SecA2 homodi-
mers, we used Microscale Thermophoresis (MST) technique. MST enables the quantitative
analysis of protein interactions in solution at picomolar concentrations. This technique mea-
sures the motion of molecules in temperature gradients, and detects changes in their molecular
properties, such as size, conformation, charge, and hydration shell [52]. An infrared laser is
used for local heating of the sample inside a capillary, and the mobility of molecules in a
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Fig 3. Size Exclusion Chromatography on SecA1 and SecA2. The experiments were carried out in low salt buffer (30 mM KClI) and high salt buffer

(300 MM KCI). The signals from the UVgonm detector are shown. The molecular masses (M) and the elution volumes of the peaks of the calibration
standards are indicated along the top X axis. A) SEC elution profile of SecA1 in high salt and low salt buffer. The peak eluted at ~13.5 mland ~11.5ml
contain monomeric and dimeric SecA1, respectively. B) SEC elution profile of SecA2 in high salt and low salt buffer. The peak eluted at ~14 mland ~12ml
contain monomeric and dimeric SecA2, respectively.

doi:10.1371/journal.pone.0128788.9003
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fluorescence intensity in a central spot. When the IR-Laser is turned on, the initial fluorescence (1) drops due
to the thermophoretic movement of fluorescently labeled proteins out of the heated spot (2). When the
IR-Laser is turned off, back-diffusion of the fluorescently labeled proteins is observed which is driven by mass
diffusion and depends on the hydration shell of the proteins (3). Dimers diffuse slower than monomers.
SecA1 (C) and SecA2 (D) dimerization measured by MST. Unlabeled protein (1 nM to 10 uM) was titrated
into a fixed concentration of labeled protein (25 nM). The thermophoretic signal is plotted as a function of the
protein concentration resulting in a dimerization curve. The curves were fitted using the Hill-equation and
apparent Ky values were determined. Error bars represent the standard error of 3 measurements. The
apparent K4 for SecA1 and SecA2 dimerization at low salt concentrations were 65 + 2.5 nM and 161 £ 6.2 nM,
respectively. The measurement of samples at high salt concentrations showed no binding.

doi:10.1371/journal.pone.0128788.g004

temperature gradient is followed by fluorescence (Fig 4A and 4B). The binding parameters are
obtained by titrating the fluorescently labeled molecule with increasing concentrations of the
binding partner. This technique has been used previously to determine the binding affinity of
protein-protein interactions in different buffer condition including high salt and low salt con-
centrations [46-48]. To detect the thermophoretic movement, SecAl and SecA2 proteins were
labeled with the fluorescent probe Cy5 (Fig 2C). To determine the protein binding, fluorescent-
ly labeled SecAl or SecA2 at a constant concentration was added to increasing concentrations
of unlabeled SecA1 or SecA2 in buffer containing high salt (300 mM KCI). In this condition we
assumed that most of the proteins are in their monomeric form. To again allow dimerization,
the samples were diluted with buffer containing low salt (30 mM KCl) and incubated prior to
the MST measurement. With increasing protein concentration the monomer-dimer equilibri-
um shifts towards the dimer, which results in a different mobility in the temperature gradient
due to the change of their hydration shell. Strong binding of SecA1-SecA1l was observed with
an apparent dimer dissociation constant (Kg4) of 65 £ 2.5 nM at 30 mM KCI. The experiment of
the samples at moderate salt concentrations (150 mM KCI) showed the lower binding affinity
with a K4 of 298 + 14.5 nM, and no binding was observed at 300 mM KCI (Fig 4C). These re-
sults show that increased ionic strength will shift the K4 for SecA1 dimerization to higher pro-
tein concentrations. At high salt concentration, SecAl proteins exist in the monomeric form,
while at low salt concentration they form homodimers. In case of SecA2, the dimerization oc-
curred with a K4 of 161 = 6.2 nM at 30 mM KCl, and a K4 of 618 + 36.5 nM at 150 mM KCl,
while at 300 mM KCl no binding was observed (Fig 4D), demonstrating that also the SecA2
dimer is salt-sensitive. In good agreement with SEC data, these results show that both
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7/15



@’PLOS ‘ ONE

SecA Heterodimers

>

vy}

120 ¢ 120 r
SecA1-Cy5 - SecA2 SecA2-Cy5 - SecA1
5 100 | olow salt: K, =378 +22.4 nM 2 100 [ oLow salt: K, =438+ 32.8 nM
; 80 I High salt: no binding E 80 | =+ High salt: no binding
c
=1 =4 |
8 60 8 60
§ % s 7
= © L
@ 20 % } } I 8 20 1 .
™ T o .Y [ 0 & &z 3 3 Py i
dis IO %
i 4 L
20 L& -20
1 10 100 1000 1 10 100 1000
Concentration of SecA2 [nM] Concentration of SecA1 [nM]
0.45 - Heterodimer Monomer
0.40 1 ——SecA1-Cy5 0.35 1 —SecA1-Cy5
——SecA2-AF488 0.30 ——SecA2-AF488
CC> 0.35 1 ——Cross-correlation s ——Cross-correlation
O 0.30 "8 0.25 A
C C
2 025 - 2 020 1
& 0.20 &
= = 015 -
o 015 1 o)
e S 010 -
g 0.10 1 S
0.05 0.05 -
0.00 - 0.00 -
0.001 001 0.1 1 10 100 0.001 0.01 0.1 1 10 100
time [ms] time [ms]

Fig 5. Interactions of SecA1 and SecA2. A) MST measurement of SecA1-Cy5 titrated with increasing concentrations of unlabeled SecA2 B) MST
measurement of SecA2-Cys5 titrated with increasing concentrations of unlabeled SecA1. The curves were fitted using the Hill-equation and the apparent Kys
were determined. Error bars represent the standard error of 3 measurements. The formation of the SecA1/SecA2 heterodimer is observed with an apparent
Kg40f 378 £ 22.4 nM and 438 + 32.8 nM. C) FCCS analysis on SecA1 and SecA2. SecA1-Cy5 and SecA2-AF488 were mixed at ratio of 1:1. The
measurements were done in 10 s and 10 repetitions. Auto-correlations of SecA1-Cy5 (red curve), SecA2-AF488 (blue curve) and cross-correlations (black
curve) were recorded. The amplitude of cross-correlation was compared to the amplitude of autocorrelation. Positive cross-correlations is observed
indicating the heterodimerization of SecA1 and SecA2. D) A control experiment of samples at high salt concentrations showed no cross-correlations
indicating that the proteins stay in monomeric form.

doi:10.1371/journal.pone.0128788.g005

mycobacterial SecAl and SecA2 proteins form dimer at low salt concentration and dissociate
to monomers at high salt concentration.

SecA1 interact with SecA2 to form heterodimers

Next, we investigated the interaction between the SecAl and SecA2 proteins with the MST
technique. SecA1 was labeled with the fluorescent probe Cy5 as described before. Increasing
concentrations of unlabeled SecA2 in high salt buffer were added to SecA1-Cy5 at a constant
concentration. The samples were diluted with low salt buffer and subjected to MST measure-
ments. As shown in Fig 5A, heterodimerization of SecA1 and SecA2 was observed with an ap-
parent K of 378 + 22.4 nM while the experiment in high salt buffer showed no interaction. To
confirm the heterodimerization we performed a MST experiment with SecA2-Cy5 titrated
with increasing concentrations of unlabeled SecAl. A similar affinity with an apparent Ky of

PLOS ONE | DOI:10.1371/journal.pone.0128788 June 5, 2015
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438 + 32.8 nM was observed confirming heterodimerization of SecAl with SecA2 (Fig 5B). The
estimated Ky values indicate that SecA1/SecA2 heterodimer has a significantly lower affinity
than the SecAl or SecA2 homodimer. To confirm the specificity of the SecA1 and SecA2 inter-
action, control experiments were conducted with E. coli SecA. No interaction was observed be-
tween E. coli SecA and the M. tuberculosis SecAl or SecA2 protein (S2 Fig), whereas
homodimerization of the E. coli SecA could be detected with an apparent K4 of 31 £ 1.5 nM.
These data demonstrate that SecA1-SecA2 dimerization observed with the MST is specific.

In order to compare our data from the MST measurements with an independent method,
we also measured the SecA1 and SecA2 interaction using a dual-color confocal fluorescent mi-
croscope and fluorescence cross-correlation spectroscopy (FCCS). FCCS allows the characteri-
zation of heterodimers whose subunits are labeled with two spectrally distinct fluorophores
[53]. This technique detects fluorescent fluctuations when fluorescently labeled proteins diffuse
through the two spatially aligned laser foci of a confocal microscope that excite the fluoro-
phores. If the two subunits of dual-labeled heterodimers co-migrate through the laser foci,
both fluorophores are excited at the same time and a co-fluctuation is recorded. Since FCCS
also detects singly labeled proteins at the same time, it allows one to quantitatively determine
the fraction of dual-color heterodimer. For the FCCS experiment, SecA1 was labeled with Cy5
and SecA2 was labeled with AlexaFluor 488 (Fig 2C). Approximately similar concentrations of
SecA1-Cy5 and SecA2-AF488 were mixed and incubated at high salt concentration to allow for
monomerization. Dimerization was obtained by buffer exchange to low salt concentration
using gel filtration. The samples were then incubated for 10 minutes at room temperature,
measured and analyzed with FCCS. The concentration of the dual-color heterodimers can be
calculated from the amplitude of the cross-correlation function and related to the total concen-
tration of fluorescently labeled proteins, which is derived from the auto-correlation curves of
the individual colors (SecA1-Cy5 or SecA2-AF488). A positive cross-correlation signal was ob-
served for SecA1-Cy5 and SecA2-AF488 at low salt concentrations, showing that 12% of all
proteins co-migrated as heterodimers (Fig 5C). No cross-correlations was observed for the
samples at high salt concentration, indicating that in this condition the proteins exist in mono-
meric form (Fig 5D). The 12% co-migration is an underestimate of the actual fraction of het-
erodimers, as the mixing experiment stochastically should result in the formation of homo-
and heterodimers. However, since the yield also depends on the relative affinities of interaction
that differ for homo- and heterdimerization, an exact estimate of the extent of heterodimer for-
mation cannot be made.

To confirm SecAl and SecA?2 association with a classical biochemical technique, we per-
formed pulldown experiments at physiological ionic conditions. For purification and immuno-
detection, a hexa-histidine tag and strep-tag were conjugated to the C-terminus of SecAl and
SecA2, respectively. Hisg-SecAl and Strep-SecA2 were co-expressed in E. coli and were co-pu-
rified with Ni-NTA agarose. All the protein fractions were analyzed with SDS-PAGE and west-
ern blot using anti-strep tag antibodies. We found that strep-tagged SecA2 co-purified with
his-tagged SecAl on Ni-NTA affinity chromatography (Fig 6D). Our result from pulldown ex-
periment is in good agreement with MST and FCCS data that demonstrate that mycobacterial
SecA2 indeed can associate with SecA1 to form a heterodimer.

Discussion

The accessory SecA2 system in bacteria has been studied extensively during the past decade
[30,31]. It has been proposed that SecA2 might cooperate with SecA1 in order to export its pro-
tein substrates through the SecYEG translocon. However, if and how SecA1 and SecA2 interact
is still poorly understood. It was also unknown if SecA2 functions as a monomer or dimer to
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Fig 6. Pulldown analysis on SecA1 and SecA2. A) Coomassie-stained SDS-PAGE of cell lysate of wild
type (lane1), co-expressed Hisg-SecA1 and Strep-SecA2 (lane 2), Hisg-SecA1 only (lane 3), and Strep-
SecA2 only (lane 4). Molecular masses of protein standard are indicated on the left. B) Western blot analysis
of cell lysate of wild type (lane1), co-expressed Hisg-SecA1 and Strep-SecA2 (lane 2), Hisg-SecA1 only (lane
3), and Strep-SecA2 only (lane 4) against a-Strep antibody. C) Coomassie-stained SDS-PAGE of purified
Hisg-SecA1 (lane 5-8). D) Western blot analysis of purified Hise-SecA1 against a-Strep antibody (lane 5-8).
Western blot data showed that SecA2 was co-purified with SecA1 (lane 6).

doi:10.1371/journal.pone.0128788.9g006

export the specific preprotein. Investigating the interaction between SecA2 and SecA1/SecYEG
translocase might give a better understanding on SecA2 function in protein translocation.

In this paper, we examined the oligomeric state of SecA2 and its physical interactions with
SecAl in solution. First, we determined the dimerization of individual SecA1 and SecA2 by two
independent techniques, SEC and MST. The experiments were done in the presence of both
high and low ionic strength, since the electrostatic interaction has been shown to play a critical
role in dimerization of the E. coli SecA [24-26]. Our data from SEC showed that both SecA1l
and SecA2 are predominantly monomeric at high salt and dimeric at low salt concentration,
similar to E. coli SecA (Fig 3A and 3B). From the MST experiments, we found that SecAl
forms homodimers with an apparent Ky of 65 + 2.5 nM (Fig 4C). This dimer dissociation con-
stant is higher than described in previous studies for E. coli SecA (0.8-14 nM) [24,25] but still
indicates a high affinity interaction. Similar to SecA1, SecA2 was found to form homodimers
with an apparent Ky of 161 + 6.2 nM, which is about 2.5-fold lower than the K of SecA1l
homodimerization (Fig 4D). The experiments at high salt concentration show no binding of
SecAl or SecA2 confirming that electrostatic interactions are as important for dimerization as
in the E. coli SecA dimer [24-26] consistent also with the salt-dependent SecA1l or SecA2
homodimer formation seen with SEC (Fig 3A and 3B). In comparison with the K4 of the E. coli

PLOS ONE | DOI:10.1371/journal.pone.0128788 June 5,2015 10/15



@’PLOS ‘ ONE

SecA Heterodimers

SecA dimer, the lower affinity of the mycobacterial SecAl and SecA2 homodimers may facili-
tate the formation of SecA1/2 heterodimers under conditions in the cell that require secretion
of SecA2 specific substrates. The concentration of potassium ions in the cytoplasm of cells
grown in low-osmolarity growth medium is approximately 140 mM [54]. Since the cellular
concentration of SecA is estimated to be in micromolar range (5-8 uM) [50,55], our K4 data in-
dicate that most of SecA1l and SecA2 are dimeric, likely as homodimers in the cell. However, in
high-osmolarity growth medium, the cytoplasmic K" concentration increases to approximately
760 mM [54], which may affect the dimerization of SecAl and SecA2.

Our data also show the interaction of SecA1l and SecA2 in solution, likely representing het-
erodimerization. The MST data demonstrate that SecAl interacts with SecA2 with significantly
higher dissociation constants than the homodimer (K4 of 378 + 22.4 nM for SecA1/SecA2 and
Kq of 65 * 2.5 nM for the SecA1 homodimer). Thus, the K4 value of the heterodimer is about
6-fold lower than the Ky of a SecA1 homodimer and 3-fold lower than the Ky of a SecA2 homo-
dimer. SecA2 could also directly interact with SecYEG and drive translocation as it has ATPase
activity [36]. However, in comparison to the canonical SecA, the mycobacterial SecA2 has a de-
letion in the C-terminal domain (CTD) and the helical wing domain (HWD) [30,31]. In E. coli
SecA, CTD is important for interaction with phospholipid [56], while HWD has been sug-
gested to be important for the interaction with SecYEG [57,58]. Additionally, the notion that
SecA2 is predominantly cytosolic, while SecAl is equally distributed between membrane and
cytosol [37] suggesting that SecA2 may not bind directly to SecYEG in the membrane. Al-
though SecA2 and SecYEG association has been proposed based on a genetic study in M. smeg-
matis [59], there is no evidence that SecA2 directly interacts with SecYEG. Our observations
on the efficient SecA1 and SecA2 interaction suggests that the SecA1/SecA2 heterodimer may
functional interact with SecYEG in M. tuberculosis. Furthermore, an asymmetric arrangement
of the E. coli SecA dimer bound to SecYEG that retains the sensitivity of the dimerization inter-
face suggests that also in the SecA1/SecA2 heterodimer only one subunit, possibly SecA1 may
be bound to SecYEG while SecA2 may interact with the SecA1-SecYEG complex via dimeriza-
tion [13,25].

We confirm the interaction between SecA1l and SecA2 by two further independent ap-
proaches, i.e., biochemical pulldown and FCCS experiments with fluorescently labeled SecAl
and SecA2. The pulldown analysis showed the heterodimerization of SecAl and SecA2 at phys-
iological ionic conditions. FCCS data suggest that in solution the amount of homodimeric
form of SecA1 or SecA2 is higher than the heterodimeric one as only 12% of proteins were
found in heterodimers whereas in a entirely stochastically process, this may amount to maxi-
mal 50%.

In summary, we demonstrate a physical interaction between mycobacterial SecAl and
SecA2 proteins. Since some secretory proteins require both SecAl and SecA2, our data lead to
the suggestion that a SecA1/SecA2 heterodimer functions in the export of SecA2-specific pro-
teins through the SecYEG translocase. However, the biological function of the homo- and het-
erodimers and how they interact with SecYEG still needs to be investigated. Similarly to the
asymmetric association of the canonical SecA-dimer with SecYEG [13,25] where one SecA pro-
tomer binds tightly to SecYEG, whereas the second SecA protomer binds to the SecYEG-
bound SecA protomer (Fig 1A) we propose that SecA1/SecA2 heterodimer may also asymmet-
rically interact with SecYEG (Fig 1B).

Supporting Information

S1 Fig. SDS-PAGE and western blot analysis of purified M. tuberculosis SecA1 and SecA2.
A) Coomassie-stained SDS-PAGE of purified M. tuberculosis SecAl (lane 1), SecA2 (lane 2),
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and E. coli SecA (lane 3) and B) western blot using an anti-E. coli SecA antibody.
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S2 Fig. MST analysis on the interaction between E. coli SecA and M. tuberculosis SecAl and
SecA2. MST measurement of E. coli SecA-Cy5 (open circles), M. tuberculosis SecA1-Cy5 (open
triangles), and SecA2-Cy5 (open square) titrated with increasing concentrations of unlabeled
E. coli SecA, The curves were fitted using the Hill-equation and the apparent K4 values were de-
termined with a standard error of 3 measurements. The formation of the SecA homodimer
showed an apparent Ky of 31 + 1.5 nM, whereas for the M. tuberculosis SecA proteins, no inter-
action with E. coli SecA was observed.

(DOCX)

Acknowledgments

We would like to thank Prof. dr. Wilbert Bitter (University of Amsterdam, The Netherlands)
for the kind gift of M. tuberculosis genomic DNA. This work was supported by Earth and Life
Sciences (ALW), which is supported by the Netherlands Organization for scientific Research
(NWO). The work of I.P. was supported by a Bernoulli grant of the University of Groningen.

Author Contributions

Conceived and designed the experiments: IP IK AD. Performed the experiments: IP IK. Ana-
lyzed the data: IP IK AD. Contributed reagents/materials/analysis tools: IP IK AD. Wrote the
paper: IP IK AD.

References

1. Driessen AJM, Nouwen N (2008) Protein translocation across the bacterial cytoplasmic membrane.
Annu Rev Biochem 77:643-667. PMID: 18078384

2. DuPlessis DJF, Nouwen N, Driessen AJM (2011) The Sec translocase. Biochim Biophys Acta 1808:
851-865. doi: 10.1016/j.bbamem.2010.08.016 PMID: 20801097

3. Lycklama a Nijeholt JA, Driessen AJM (2012) The bacterial Sec-translocase: structure and mechanism.
Philos Trans R Soc Lond B Biol Sci 367: 1016—1028. doi: 10.1098/rstb.2011.0201 PMID: 22411975

4. Schiebel E, Driessen AJM, Hartl FU, Wickner W (1991) AuH+ and ATP function at different steps of the
catalytic cycle of preprotein translocase. Cell 64:927-939. PMID: 1825804

5. Economou A, Wickner W (1994) SecA promotes preprotein translocation by undergoing ATP-driven cy-
cles of membrane insertion and deinsertion. Cell 78: 835-843. PMID: 8087850

6. Vander Wolk JPW, De Wit JG, Driessen AJM (1997) The catalytic cycle of the Escherichia coli SecA
ATPase comprises two distinct preprotein translocation events. EMBO J 16: 7297-7304. PMID:
9405359

7. Kusters |, Driessen AJM (2011) SecA, a remarkable nanomachine. Cell Mol Life Sci 68: 2053—2066.
doi: 10.1007/s00018-011-0681-y PMID: 21479870

8. Fekkes P, de Wit JG, van der Wolk JPW, Kimsey HH, Kumamoto CA, Driessen AJM (1998) Preprotein
transfer to the Escherichia coli translocase requires the co-operative binding of SecB and the signal se-
quence to SecA. Mol Microbiol 29: 1179-1190. PMID: 9767586

9. Bechtluft P, Nouwen N, Tans SJ, Driessen AJM (2010) SecB—a chaperone dedicated to protein trans-
location. Mol Biosyst 6: 620—627. doi: 10.1039/b915435¢ PMID: 20237639

10. Driessen AJM (1993) SecA, the peripheral subunit of the Escherichia coli precursor protein translocase,
is functional as a dimer. Biochemistry 32: 13190-13197. PMID: 8241173

11. De Keyzer J, van der Sluis EO, Spelbrink REJ, Nijstad N, de Kruijff B, Nouwen N,et al. (2005) Covalent-
ly dimerized SecA is functional in protein translocation. J Biol Chem 280: 35255-35260. PMID:
16115882

12. Jilaveanu LB, Zito CR, Oliver D (2005) Dimeric SecA is essential for protein translocation. Proc Natl
Acad SciU S A 102: 7511-7516. PMID: 15897468

PLOS ONE | DOI:10.1371/journal.pone.0128788 June 5, 2015 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128788.s002
http://www.ncbi.nlm.nih.gov/pubmed/18078384
http://dx.doi.org/10.1016/j.bbamem.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20801097
http://dx.doi.org/10.1098/rstb.2011.0201
http://www.ncbi.nlm.nih.gov/pubmed/22411975
http://www.ncbi.nlm.nih.gov/pubmed/1825804
http://www.ncbi.nlm.nih.gov/pubmed/8087850
http://www.ncbi.nlm.nih.gov/pubmed/9405359
http://dx.doi.org/10.1007/s00018-011-0681-y
http://www.ncbi.nlm.nih.gov/pubmed/21479870
http://www.ncbi.nlm.nih.gov/pubmed/9767586
http://dx.doi.org/10.1039/b915435c
http://www.ncbi.nlm.nih.gov/pubmed/20237639
http://www.ncbi.nlm.nih.gov/pubmed/8241173
http://www.ncbi.nlm.nih.gov/pubmed/16115882
http://www.ncbi.nlm.nih.gov/pubmed/15897468

@’PLOS ‘ ONE

SecA Heterodimers

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Gouridis G, Karamanou S, Sardis MF, Scharer MA, Capitani G, Economou A (2013) Quaternary dy-
namics of the SecA motor drive translocase catalysis. Mol Cell 52: 655—666. doi: 10.1016/j.molcel.
2013.10.036 PMID: 24332176

Hunt JF, Weinkauf S, Henry L, Fak JJ, McNicholas P, Oliver DB, gt al. (2002) Nucleotide control of inter-
domain interactions in the conformational reaction cycle of SecA. Science 297: 2018-2026. PMID:
12242434

Ding H, Hunt JF, Mukerii I, Oliver D (2003) Bacillus subtilis SecA ATPase Exists as an Antiparallel
Dimer in Solution. Biochemistry 42: 8729-8738. PMID: 12873133

Sharma V, Arockiasamy A, Ronning DR, Savva CG, Holzenburg A, Braunstein Met al. (2003) Crystal
structure of Mycobacterium tuberculosis SecA, a preprotein translocating ATPase. Proc Natl Acad Sci
U S A 100: 2243-2248. PMID: 12606717

Papanikolau Y, Papadovasilaki M, Ravelli RBG, McCarthy A, Cusack S, Economou A et al. (2007)
Structure of dimeric SecA, the Escherichia coli preprotein translocase motor. J Mol Biol 366: 1545—
1457. PMID: 17229438

Zimmer J, Li W, Rapoport TA (2006) A novel dimer interface and conformational changes revealed by
an X-ray structure of B. subtilis SecA. J Mol Biol 364: 259-265. PMID: 16989859

Vassylyev DG, Mori H, Vassylyeva MN, Tsukazaki T, Kimura Y, Tahirov TH, et al. (2006) Crystal struc-
ture of the translocation ATPase SecA from Thermus thermophilus reveals a parallel, head-to-head
dimer. J Mol Biol 364:248-258. PMID: 17059823

Benach J, Chou Y-T, Fak JJ, ltkin A, Nicolae DD, Smith PC, et al. (2003) Phospholipid-induced mono-
merization and signal-peptide-induced oligomerization of SecA. J Biol Chem 278: 3628—-3638. PMID:
12403785

Or E, Boyd D, Gon S, Beckwith J, Rapoport T (2005) The bacterial ATPase SecA functions as a mono-
mer in protein translocation. J Biol Chem 280: 9097-9105. PMID: 15618215

Musial-Siwek M, Rusch SL, Kendall DA (2005) Probing the affinity of SecA for signal peptide in different
environments. Biochemistry 44:13987-13996. PMID: 16229488

Bu Z, Wang L, Kendall DA (2003) Nucleotide Binding Induces Changes in the Oligomeric State and
Conformation of SecA in a Lipid Environment: A Small-angle Neutron-scattering Study. J Mol Biol 332:
23-30. PMID: 12946344

Wowor AJ, Yu D, Kendall DA, Cole JL (2011) Energetics of SecA dimerization. J Mol Biol 408: 87-98.
doi: 10.1016/j.jmb.2011.02.006 PMID: 21315086

Kusters |, van den Bogaart G, Kedrov A, Krasnikov V, Fulyani F, Poolman B,et al. (2011) Quaternary
structure of SecA in solution and bound to SecYEG probed at the single molecule level. Structure 19:
430-439. doi: 10.1016/j.str.2010.12.016 PMID: 21397193

Woodbury RL, Hardy SJS, Randall LL (2002) Complex behavior in solution of homodimeric SecA. Pro-
tein Sci 11: 875-882. PMID: 11910030

Braunstein M, Brown AM, Kurtz S Jr WRJ (2001) Two Nonredundant SecA Homologues Function in
Mycobacteria. J Bacteriol 183: 6979-6990. PMID: 11717254

Bensing BA, Sullam PM (2002) An accessory sec locus of Streptococcus gordonii is required for export
of the surface protein GspB and for normal levels of binding to human platelets. Mol Microbiol 44:
1081-1094. PMID: 12010500

Caspers M, Freudl R (2008) Corynebacterium glutamicum possesses two secA homologous genes
that are essential for viability. Arch Microbiol 189: 605-610. doi: 10.1007/s00203-008-0351-0 PMID:
18246326

Feltcher ME, Braunstein M (2012) Emerging themes in SecA2-mediated protein export. Nat Rev Micro-
biol 10: 779-789. doi: 10.1038/nrmicro2874 PMID: 23000954

Bensing BA, Seepersaud R, Yen YT, Sullam PM (2014) Selective transport by SecA2: an expanding
family of customized motor proteins. Biochim Biophys Acta 1843: 1674-1686. doi: 10.1016/j.bbamcr.
2013.10.019 PMID: 24184206

Lenz LL, Mohammadi S, Geissler A, Portnoy DA (2003) SecA2-dependent secretion of autolytic en-
zymes promotes Listeria monocytogenes pathogenesis. Proc Natl Acad Sci U S A 100: 12432—-12437.
PMID: 14527997

Sullivan JT, Young EF, McCann JR, Braunstein M (2012) The Mycobacterium tuberculosis SecA2 sys-
tem subverts phagosome maturation to promote growth in macrophages. Infect Immun 80: 996—1006.
doi: 10.1128/IA1.05987-11 PMID: 22215736

Van der Woude AD, Stoop EJM, Stiess M, Wang S, Ummels R, van Stempvoort G, et al. (2014) Analy-
sis of SecA2-dependent substrates in Mycobacterium marinum identifies protein kinase G (PknG) as a
virulence effector. Cell Microbiol 16: 280-295. doi: 10.1111/cmi.12221 PMID: 24119166

PLOS ONE | DOI:10.1371/journal.pone.0128788 June 5, 2015 13/15


http://dx.doi.org/10.1016/j.molcel.2013.10.036
http://dx.doi.org/10.1016/j.molcel.2013.10.036
http://www.ncbi.nlm.nih.gov/pubmed/24332176
http://www.ncbi.nlm.nih.gov/pubmed/12242434
http://www.ncbi.nlm.nih.gov/pubmed/12873133
http://www.ncbi.nlm.nih.gov/pubmed/12606717
http://www.ncbi.nlm.nih.gov/pubmed/17229438
http://www.ncbi.nlm.nih.gov/pubmed/16989859
http://www.ncbi.nlm.nih.gov/pubmed/17059823
http://www.ncbi.nlm.nih.gov/pubmed/12403785
http://www.ncbi.nlm.nih.gov/pubmed/15618215
http://www.ncbi.nlm.nih.gov/pubmed/16229488
http://www.ncbi.nlm.nih.gov/pubmed/12946344
http://dx.doi.org/10.1016/j.jmb.2011.02.006
http://www.ncbi.nlm.nih.gov/pubmed/21315086
http://dx.doi.org/10.1016/j.str.2010.12.016
http://www.ncbi.nlm.nih.gov/pubmed/21397193
http://www.ncbi.nlm.nih.gov/pubmed/11910030
http://www.ncbi.nlm.nih.gov/pubmed/11717254
http://www.ncbi.nlm.nih.gov/pubmed/12010500
http://dx.doi.org/10.1007/s00203-008-0351-0
http://www.ncbi.nlm.nih.gov/pubmed/18246326
http://dx.doi.org/10.1038/nrmicro2874
http://www.ncbi.nlm.nih.gov/pubmed/23000954
http://dx.doi.org/10.1016/j.bbamcr.2013.10.019
http://dx.doi.org/10.1016/j.bbamcr.2013.10.019
http://www.ncbi.nlm.nih.gov/pubmed/24184206
http://www.ncbi.nlm.nih.gov/pubmed/14527997
http://dx.doi.org/10.1128/IAI.05987-11
http://www.ncbi.nlm.nih.gov/pubmed/22215736
http://dx.doi.org/10.1111/cmi.12221
http://www.ncbi.nlm.nih.gov/pubmed/24119166

@’PLOS ‘ ONE

SecA Heterodimers

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Braunstein M, Espinosa BJ, Chan J, Belisle JT, Jacobs W R. (2003) SecAz2 functions in the secretion of
superoxide dismutase A and in the virulence of Mycobacterium tuberculosis. Mol Microbiol 48: 453—
464. A PMID: 12675804

Hou JM, D’Lima NG, Rigel NW, Gibbons HS, McCann JR, Braunstein M, et al. (2008) ATPase activity
of Mycobacterium tuberculosis SecA1 and SecA2 proteins and its importance for SecA2 function in
macrophages. J Bacteriol 190: 4880—4887. doi: 10.1128/JB.00412-08 PMID: 18487341

Rigel NW, Gibbons HS, McCann JR, McDonough JA, Kurtz S, Braunstein M (2009) The Accessory
SecA2 System of Mycobacteria Requires ATP Binding and the Canonical SecA1. J Biol Chem 284:
9927-9936. doi: 10.1074/jbc.M900325200 PMID: 19240020

Fagan RP, Fairweather NF (2011) Clostridium difficile has two parallel and essential Sec secretion sys-
tems. J Biol Chem 286: 27483-27493. doi: 10.1074/joc.M111.263889 PMID: 21659510

D’Lima NG, Teschke CM (2014) ADP-dependent conformational changes distinguish Mycobacterium
tuberculosis SecA2 from SecA1. J Biol Chem 289: 2307—2317. doi: 10.1074/jbc.M113.533323 PMID:
24297168

Rigel NW, Braunstein M (2008) A new twist on an old pathway: accessory Sec systems. Mol Microbiol
69: 291-302. doi: 10.1111/j.1365-2958.2008.06294.x PMID: 18544071

Zhou M, Zhang H, Zhu F, Wu H (2011) Canonical SecA associates with an accessory secretory protein
complex involved in biogenesis of a streptococcal serine-rich repeat glycoprotein. J Bacteriol 193:
6560-6566. doi: 10.1128/JB.05668-11 PMID: 21965576

Halbedel S, Reiss S, Hahn B, Albrecht D, Mannala GK, Chakraborty T, et al. (2014) A systematic prote-
omic analysis of Listeria monocytogenes house-keeping protein secretion systems. Mol Cell Proteo-
mics 13: 3063-3081. doi: 10.1074/mcp.M114.041327 PMID: 25056936

Hanahan D, Harbor CS (1983) Studies on transformation of Escherichia coli with plasmids. J Mol Biol
166: 557-580. PMID: 6345791

Studier FW, Rosenberg AH, Dunn JJ, Dubendorff JW (1990) Use of T7 RNA Polymerase to Direct Ex-
pression of Cloned Genes. Methods Enzymol 185: 60-89. PMID: 2199796

Van der Does C, de Keyzer J, van der Laan M, Driessen AJM (2003) Reconstitution of Purified Bacterial
Preprotein Translocase in Liposomes. Methods Enzymol 372: 86-98. PMID: 14610808

Wienken CJ, Baaske P, Rothbauer U, Braun D, Duhr S (2010) Protein-binding assays in biological lig-
uids using microscale thermophoresis. Nat Commun 1: 100. doi: 10.1038/ncomms1093 PMID:
20981028

Jerabek-Willemsen M, Wienken CJ, Braun D, Baaske P, Duhr S (2011) Molecular interaction studies
using microscale thermophoresis. Assay Drug Dev Technol 9: 342—353. doi: 10.1089/adt.2011.0380
PMID: 21812660

Seidel SAIl, Dijkman PM, Lea WA, van den Bogaart G, Jerabek-Willemsen M, Lazic A, et al. (2013) Mi-
croscale Thermophoresis Quantifies Biomolecular Interactions under Previously Challenging Condi-
tions. Methods 59: 301-315. doi: 10.1016/j.ymeth.2012.12.005 PMID: 23270813

Veldhuis G, Hink M, Krasnikov V, van den Bogaart G, Hoeboer J, Visser AJ, et al. (2006) The oligomeric
state and stability of the mannitol transporter, Enzymell mtl, from Escherichia coli: A fluorescence corre-
lation spectroscopy study. Protein Sci 15: 1977-1986. PMID: 16823033

Akita M, Shinkai A, Matsuyama S, Mizushima S (1991) SecA, an essential component of the secretory
machinery of Escherichia coli, exists as homodimer. Biochem Biophys Res Commun 174:211-216.
PMID: 1824919

Sardis MF, Economou A (2010) SecA: a tale of two protomers. Mol Microbiol 76: 1070-1081. doi: 10.
1111/j.1365-2958.2010.07176.x PMID: 20444093

Duhr S, Braun D (2006) Why molecules move along a temperature gradient. Proc Natl Acad SciU S A
103: 19678—-19682. PMID: 17164337

Bacia K, Schwille P (2007) Practical guidelines for dual-color fluorescence cross-correlation spectros-
copy. Nat Protoc 2: 2842-2856. PMID: 18007619

Cayley S, Lewis BA, Guttman HJ, Jry MTR (1991) Characterization of the Cytoplasm of Escherichia
coli K-12 as a Function of External Osmolarity: Implications for Protein-DNA Interactions in Vivo. J Mol
Biol 222: 281-300. PMID: 1960728

Or E, Navon A, Rapoport T (2002) Dissociation of the dimeric SecA ATPase during protein transloca-
tion across the bacterial membrane. EMBO J 21: 4470-4479. PMID: 12198149

Breukink E, Nouwen N, van Raalte A, Mizushima S, Tommassen J, de Kruijff B (1995) The C terminus
of SecA is involved in both lipid binding and SecB binding. J Biol Chem 270: 7902-7907. PMID:
7713885

PLOS ONE | DOI:10.1371/journal.pone.0128788 June 5, 2015 14/15


http://www.ncbi.nlm.nih.gov/pubmed/12675804
http://dx.doi.org/10.1128/JB.00412-08
http://www.ncbi.nlm.nih.gov/pubmed/18487341
http://dx.doi.org/10.1074/jbc.M900325200
http://www.ncbi.nlm.nih.gov/pubmed/19240020
http://dx.doi.org/10.1074/jbc.M111.263889
http://www.ncbi.nlm.nih.gov/pubmed/21659510
http://dx.doi.org/10.1074/jbc.M113.533323
http://www.ncbi.nlm.nih.gov/pubmed/24297168
http://dx.doi.org/10.1111/j.1365-2958.2008.06294.x
http://www.ncbi.nlm.nih.gov/pubmed/18544071
http://dx.doi.org/10.1128/JB.05668-11
http://www.ncbi.nlm.nih.gov/pubmed/21965576
http://dx.doi.org/10.1074/mcp.M114.041327
http://www.ncbi.nlm.nih.gov/pubmed/25056936
http://www.ncbi.nlm.nih.gov/pubmed/6345791
http://www.ncbi.nlm.nih.gov/pubmed/2199796
http://www.ncbi.nlm.nih.gov/pubmed/14610808
http://dx.doi.org/10.1038/ncomms1093
http://www.ncbi.nlm.nih.gov/pubmed/20981028
http://dx.doi.org/10.1089/adt.2011.0380
http://www.ncbi.nlm.nih.gov/pubmed/21812660
http://dx.doi.org/10.1016/j.ymeth.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/23270813
http://www.ncbi.nlm.nih.gov/pubmed/16823033
http://www.ncbi.nlm.nih.gov/pubmed/1824919
http://dx.doi.org/10.1111/j.1365-2958.2010.07176.x
http://dx.doi.org/10.1111/j.1365-2958.2010.07176.x
http://www.ncbi.nlm.nih.gov/pubmed/20444093
http://www.ncbi.nlm.nih.gov/pubmed/17164337
http://www.ncbi.nlm.nih.gov/pubmed/18007619
http://www.ncbi.nlm.nih.gov/pubmed/1960728
http://www.ncbi.nlm.nih.gov/pubmed/12198149
http://www.ncbi.nlm.nih.gov/pubmed/7713885

@’PLOS ‘ ONE

SecA Heterodimers

57. ZimmerdJ, Nam Y, Rapoport TA (2008) Structure of a complex of the ATPase SecA and the protein-
translocation channel. Nature 455: 936-943. Available: doi: 10.1038/nature07335 PMID: 18923516

58. Das S, Oliver DB (2011) Mapping of the SecA SecY and SecA SecG interfaces by site-directed in vivo
photocross-linking. J Biol Chem 286: 12371-12380. Available: doi: 10.1074/jbc.M110.182931 PMID:
21317284

59. Ligon LS, Rigel NW, Romanchuk A, Jones CD, Braunstein M (2013) Suppressor analysis reveals a role
for SecY in the SecA2-dependent protein export pathway of Mycobacteria. J Bacteriol 195: 4456—
4465. doi: 10.1128/JB.00630-13 PMID: 23913320

PLOS ONE | DOI:10.1371/journal.pone.0128788 June 5, 2015 15/15


http://dx.doi.org/10.1038/nature07335
http://www.ncbi.nlm.nih.gov/pubmed/18923516
http://dx.doi.org/10.1074/jbc.M110.182931
http://www.ncbi.nlm.nih.gov/pubmed/21317284
http://dx.doi.org/10.1128/JB.00630-13
http://www.ncbi.nlm.nih.gov/pubmed/23913320

