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SecA is an essential protein possessing ATPase activity in bacterial protein translocation for which Rose
Bengal (RB) is the first reported sub-micromolar inhibitor in ATPase activity and protein translocation.
Here, we examined the mechanisms of inhibition on various forms of SecA ATPase by conventional
enzymatic assays, and by monitoring the SecA-dependent channel activity in the semi-physiological
system in cells. We build on the previous observation that SecA with liposomes form active protein-
conducting channels in the oocytes. Such ion channel activity is enhanced by purified Escherichia coli Sec-
YEG-SecDF-YajC liposome complexes. Inhibition by RB could be monitored, providing correlation of
in vitro activity and intact cell functionality. In this work, we found the intrinsic SecA ATPase is inhibited
by RB competitively at low ATP concentration, and non-competitively at high ATP concentrations while
the translocation ATPase with precursors and SecYEG is inhibited non-competitively by RB. The Inhibition
by RB on SecA channel activity in the oocytes with exogenous ATP-Mg?*, mimicking translocation ATPase
activity, is also non-competitive. The non-competitive inhibition on channel activity has also been
observed with SecA from other bacteria which otherwise would be difficult to examine without the
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cognate precursors and membranes.
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1. Introduction

SecA is an essential protein with ATPase activity in bacterial
protein translocation. SecA exists in soluble and membrane-bound
forms in bacterial cells [1] and has three levels of ATPase activity:
the soluble SecA possesses low intrinsic ATPase, which is stimu-
lated by lipids (membrane/lipid ATPase), and further stimulated
by protein precursors and SecYEG (translocation ATPase) [2]. The
translocation ATPase correlates with the process of protein
translocation [3], though the excessive ATP hydrolysis may not
correspond directly to the translocation of precursors [4-6]. It is
generally viewed that in the translocation of precursors across
the membranes, the SecYEG complex serves as the essential core
of translocation channel and SecA as a sewing machine to hydro-
lyze ATP pushing precursors through the core channel [6,7]. The
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other membrane SecDFeYajC complex stabilizes the SecYEG com-
plex during protein translocation [8-10]. Purified soluble SecA
can insert into membranes, and become an integrated membrane
protein [11-13]. In addition, there are evidences that SecA alone
can integrate into lipids and form a ring-like pore structures [14]
that could serve as protein-conducting channels for protein trans-
location and ion channel activity in the absence of SecYEG [15,16].
SecA from various bacteria with liposomes can also elicit channel
activity [15,17]. The SecA-alone channels are less efficient and loss
specificity which can be restored by reconstitution with SecYEG/
SecDF-YajC [15,17,18]. We hypothesize that there are two SecA-
dependent protein translocation pathways: in addition to the one
at the high-affinity binding sites with SecYEG, there is another at
the low-affinity sites with lipids without SecYEG [13,17,18]. Thus,
in our working models [13], one protomer of SecA is still the indis-
pensable enzymatic ATPase of the channel which is formed by a
second asymmetric SecA protomer as the core of SecA-alone
protein-conducting channel [13]; SecYEG and SecDFeYajC gain effi-
ciency and signal peptide specificity. In this view, the SecA-SecYEG
is the high-efficient protein-conducting channels, while SecA-
alone channels are less efficient, yet exist [15,17].
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SecA serves as an ATPase to drive protein translocation across
membranes. SecA possesses low intrinsic ATPase activity that is
increased upon interaction with lipids, and the translocation ATP-
ase is further enhanced by protein precursors and SecYEG [2,19].
Such conformational changes of SecA in the membranes alter its
sensitivities and the various ATPase activity of SecA in response
to SecA inhibitors, sodium azide [20] and Rose Bengal [21]. Inhib-
itors for SecA and protein translocation have been the topics of
extensive studies [reviews [22,23]. Azide has been found to be an
effective inhibitor for SecA-dependent translocation, and the muta-
tion of azide-resistant mutant resides in SecA [20]. However, azide
does not affect SecA intrinsic ATPase activity [20]. Other SecA
inhibitors have been reported [24-26]. Rose Bengal (RB) is the first
reported sub-micromolar inhibitor in ATPase activities and protein
translocation [21].

Here, we further examined the mechanism of inhibition of var-
ious forms of SecA activities by RB. We determined the ATPase
activities in solution. We also determined the ion channel activities
in the oocytes used liposomes reconstituted with various purified
bacterial SecA homologs, and with other Sec protein complexes
(SecYEG and SecDFeYajC).

2. Materials and methods
2.1. Bacterial strains, medium, and chemicals

Escherichia coli K-12 strain MC4100 and BA13 (MC4100
secA13(am) supF(ts)) [27] from D. Oliver were used in this study.
Luria-Bertani (LB) liquid and solid (1.5% agar) media with 0.2% glu-
cose were used for bacterial growth. Rose Bengal and Erythrocin B
were from Sigma-Aldrich Corp (St. Louis, MO). All other chemicals
are reagent grade from commercial sources.

2.2. Preparations of various SecA proteins, proOmpA, and membrane
vesicles

The N-terminal catalytic domain of SecA from E. coli (EcCN68)
was over-expressed from pIMBB28 obtained from Economou [4].
E. coli SecA from BL21(ADE3)/pT7-SecA was purified as described
[1,11]. SecA homologous from other bacteria were purified simi-
larly from BL21.19 as described previously [11,28,29]. Preparations
for various reagents were described previously: purified proOmpA
precursors [30], membrane complexes of SecYEG and SecDFeYajC
[17], and urea-washed SecA-depleted BA13 membrane vesicles
[21,31]. Protein concentration was determined by Ajgo/260 ratio
or Bradford assay as described [31].

2.3. In vitro ATPase activity assay

ATPase activity assays were performed as described previously
[2] with minor modifications as described previously [21]. For
intrinsic ATPase assays, 5 pig EcSecA was used unless otherwise
specified, and for membrane ATPase, 1.5 pug EcSe4cA, 3 ug urea-
washed E. coli BA13 membrane. For translocation ATPase assay,
reaction mixtures contained 0.5 pg EcSecA, 1 pg proOmpA in addi-
tion to membranes. All reactions were carried out at 40 °C.

2.4. Liposomes preparation and reconstitution of proteo-liposomes

Liposomes from E. coli total lipids extracts (Avanti Polar Lipid,
Inc.) were prepared in TAK buffer containing Tris-HClI 50 mM pH
7.6, 20mM NH4Cl and 25 mM KCI as described [15]. SecA-
liposomes were prepared by mixing with purified SecA by vortex
and incubated at 4 °C. SecYEG-SecDFeYajC reconstitution with lip-
osomes was as described [17].

2.5. Oocytes preparation, Injection and voltage clamp measurement

Oocytes were obtained from live frog Xenopus laevis (Xenopus
Express, Inc.) and injected with sample mixtures as described
previously [32]. The voltage clamp adapted from an electrophysio-
logical method was used to measure the opening of protein con-
ducting channels as described previously [15,16,32]. Briefly, the
50 nl sample mixtures were injected into dark pole site of oocytes.
The effective concentration of each component was based on the
average volume of 500 nl oocytes. The ion current was recorded
after three hours of incubation at 23 °C. Unless otherwise noted,
the amount for each component is 120 ng liposomes, 120 ng SecA,
14 ng proOmpA, 2 mM ATP, and 1 mM Mg*™* and where indicated,
0.47 ng of SecYEG and 0.53 ng of SecDF-YajC.

3. Results and discussion
3.1. Kinetic of RB Inhibition of EcSecA ATPase activities

Previously, we screened a series of compounds including fluo-
rescein analogs using a truncated form of SecA EcN68 which has
higher intrinsic activity and is more sensitive to inhibitors
[21,24-26]. We have found Rose Bengal (RB) to be an effective SecA
inhibitor at sub-micromolar for SecA-mediated translocation ATP-
ase and protein translocation [21]. The ICsq for RB inhibition on the
SecA ATPase activity varies depending on the SecA interactions
with membranes and other ligands [21]. As a way to gain some
understanding of the binding site of these inhibitors, we deter-
mined their kinetic parameters of EcSecA ATPase as a function of
ATP and RB concentrations. Data were fit by nonlinear regression
analysis to determine the apparent Michaelis—-Menten constants
(Table 1). The sigmoid Michaelis-Menten plot of intrinsic ATPase
indicates that there may be two inhibition sites. Double reciprocal
plots clearly demonstrate two inhibitory mechanisms in different
concentration ranges of the substrate ATP (Fig. 1A; see also Supple-
ment Fig. 1A for wider ATP concentrations). At low ATP concentra-
tions (below 0.6 mM), RB acts as a competitive inhibitor against
the intrinsic ATPase with an apparent K; of 22.44 +3.33 uM,
increased K;;, and about constant V.4 (Table 1). Such results sug-
gest that the inhibitor is capable of binding to the ATP binding site.

Table 1

Apparent Michaelis-Menten constants for the three forms of ATPase of EcSecA in the
presence of RB. Experimental conditions were as Fig. 1. The values of K;;, and Viax
were determined by nonlinear regression analysis by Prism 5 (GraphPad Software, La
Jolla, CA).

RB concentration

0 puM 20 uM 40 uM
Intrinsic High Vinax' 7.37 6.08 3.99
[ATP]
Kin 1.68+0.21 1.68+0.21 1.68+0.21
(mM)
Low Vinax' 3.07+0.16 3.07+0.16 3.07+0.16
[ATP]
K 0.14 0.25 0.46
(mM)
0 puM 2 uM 4 uM
Membrane Vinax| 26.95 13.61 8.18
Kin 0.31+£0.03 0.31+£0.03 0.31+0.03
(mM)
0o uM 0.75 uM 1 uM
Translocation Vinax' 57.27 23.42 15.06
Kin 0.18+0.01 0.18+0.01 0.18+0.01
(mM)

* Unit: molePi moleSecA~! min~".
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Fig. 1. Lineweaver-Burk plots of the inhibitory mechanisms of RB with three forms of ATPase of EcSecA. The assays were carried out as described in Section 2 per 50 pL
reaction with (A) 5 ug of EcSecA, (B) 1.5 pg of EcSecA and 3 pg of BA13 membrane, and (C) 0.5 pg of EcSecA, 3 pg of BA13 membrane, and 1 pg proOmpA, in the presence of
various concentrations of RB and ATP (A) 0.15-2.4 mM; (B) and (C): 0.2-1.8 mM. (A) Competitive inhibition at low ATP concentrations (<0.6 mM, filled symbols), and non-
competitive fashion at high ATP concentrations (>1 mM, open symbols) of the intrinsic ATPase by RB; (B) mostly non-competitive inhibition of the membrane ATPase by RB;

and (C) non-competitive inhibition of the translocation ATPase by RB.

At high ATP concentrations (above 1 mM), RB acts as a non-com-
petitive inhibitor with an apparent K; of 57.11 + 3.37 uM, constant
K, and decreased V. (Table 1).

3.2. Mechanisms of inhibition of intrinsic ATPase: competitive at low
ATP and non-competitive at high ATP

Similarly, the inhibition of RB analog, Erythrocin B (EB) on the
intrinsic ATPase activity of SecA also shows differential mecha-
nisms at various ATP concentrations (Supplement Fig. 1B). Thus,
at low ATP concentrations, EB inhibits the SecA ATPase competi-
tively with K; of 4.06 + 0.32 uM, while at high ATP concentration,
it inhibits SecA ATPase non-competitively with K; of
34.29 + 8.08 M. These data indicate that RB and EB affect the
intrinsic SecA ATPase in a similar manner. The inhibitory mecha-
nism of RB against the intrinsic SecA ATPase from Gram-positive
Bacillus subtilis (BsSecA) also shows the two-site inhibition depend-
ing on the concentration of ATP as observed in EcSecA (Supplement
Fig. 1C). This observation indicates that the inhibitory mechanisms
of RB against the intrinsic ATPase of BsSecA and EcSecA are similar.
Thus the dual competitive and non-competitive inhibitions at var-
ious ATP concentrations appear to be a common phenomenon for
intrinsic SecA ATPase.

One possible interpretation of these findings is that RB and EB
affect two non-identical nucleotide-binding sites on SecA. Two
nucleotide-binding sites (NBDs) have been identified in SecA
through sequence alignment and biochemical studies [4,8,33-35].
NBDI binds to ATP with high affinity and is considered as the cat-
alytic site. However, less is known about the low affinity site
(NBDII) and there is no direct evidence of binding of ATP. In this
study, kinetics analysis suggests that RB and EB apparently prefer
to bind to the high-affinity site; therefore, competitive inhibition
is observed at low ATP concentrations. It is also interesting to note
that the high-affinity site has a lower V,.x while the low-affinity
site has a 2.5 times higher V,.x. A possible interpretation of the
results is that high concentration of ATP may be a signal for
increasing the ATPase activity of SecA, and NBDII may serve as
the sensor. At high ATP concentrations, RB and EB inhibit the activ-
ity arisen from the low-affinity site non-competitively. Some fluo-
rescein-related pseudo ATP analogs have been shown to be useful
probes for biochemical study of the two ATP binding sites of P-type
ATPase [36-38]. RB and EB inhibit the two ATP binding sites differ-
ently; therefore, this result suggests that these fluorescein analogs
may also be a useful tool for unraveling the functional significance
of the two nucleotide-binding sites of SecA.

3.3. Non-competitive inhibition of translocation ATPase

The intrinsic ATPase of soluble SecA is low, and the interactions
with lipid/membrane increase the membrane ATPase [2]. The
inhibition of the SecA membrane ATPase by RB exhibits a
“mixed-mechanism”. It has both competitive and non-competitive
inhibition characters but more toward the later, resulting in an
average K; of 1.42 + 0.22 M, slightly increased K,,,, and decreased
Vmax (Fig. 1B and Table 1). On the other hand, RB inhibits the trans-
location ATPase of SecA only non-competitively in a broad range of
ATP concentrations with K; of 0.43 +£0.02 uM, constant K, and
decreased Viax (Fig. 1C and Table 1). It is likely that binding to
the membrane and precursor proteins dramatically changes the
conformation of EcSecA and causes the alteration of inhibition pro-
files. Since SecA functions in the membranes, the inhibition by RB
in the cells is probably non-competitive in regard to ATP.

3.4. Kinetics of inhibition of SecA channel activities in single oocyte
cells

In addition to the ATPase activity, we examined SecA function
by its ability to elicit ion channel activity in the oocytes Lin et al.
[32]. As described previously [15], we were able to detect increased
outward currents with E. coli SecA by injecting oocytes with pro-
teo-liposomes together with essential factors such as ATP-Mg,
and precursor proOmpA, SecA homologs from other bacteria
[15]; As shown previously, no activity was observed without SecA,
liposomes or injected ATP [15]. Moreover, the soluble SecA2 homo-
logs from some Gram-positive bacteria (e.g. BaSecA2 or SaSecA2)
that did not form pore ring-structures with liposomes and non-
functional SecA have no channel activities, indicating some
specificity of channel formation. We further explore it as a way
to examine inhibition in the semi-physiological oocyte system. It
should be noted that this assay detects only the signal-peptide-
dependent opening of the SecA ion-channel activity with some
specificity, not necessarily protein translocation [15,32].

As shown above, the intrinsic ATPase activity of soluble SecA
was competitively inhibited by RB and EB at low concentrations
of ATP, but non-competitively inhibited at high concentrations.
However, SecA membrane ATPase (Fig. 1B) and translocation ATP-
ase were mostly non-competitively inhibited (Fig. 1C) by RB. The
channel activity on injected EcSecA-liposomes in the oocytes was
also non-competitively inhibited (Fig. 2A). Because there is no suit-
able biochemical assays for protein translocation or translocation
ATPase for SecAs from different bacteria that require cognate
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Fig. 2. Inhibition kinetics of Rose Bengal in SecA-liposome alone ion channel activity. Non-competitive inhibition of RB on ion channel activity in the oocytes with (A) EcSecA-

liposomes, (B) PaSecA-liposomes. (C). BsSecA-liposomes n = 20-30.
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Fig. 3. Inhibition kinetics of Rose Bengal with SecA-SecYEG-SecDFeYajC liposome
complex. Non-competitive inhibition of RB on the ion channel activity in the
oocytes with EcSecA-SecYEG-SecDFeYajC iposomes n = 20-30.

precursors and membranes [18], we used the oocyte system to
measure the kinetics of ATPase of various bacterial SecAs and
found that RB also showed non-competitive inhibition with ATP
for the liposome channel activity of EcSecA (Fig. 2A), PaSecA (Pseu-
domonas aeruginosa SecA, Fig. 2B), BsSecA (Fig. 2C) and other SecAs
(data not shown).

3.5. Bacterial protein-conducting channels with SecA-liposomes and
SecYEG complexes in oocytes

We previously showed that the SecA-liposomes channels with
only SecA protein exhibit lower efficiency and loss of specificity
of signal peptides, which were restored with purified SecYEG
[15]. Injecting reconstituted SecA-liposomes with purified SecYEG,
which by itself has no channel activity, and SecDFeYajC enhanced
the channel activity to the same level as native BA13 membranes
containing endogeneous SecYEG exhibited in oocytes (data not

Table 2
Rose Bengal ICso (M) inhibition of SecA channel activity in oocytes.

shown, see Ref. [15]). The reconstituted complexes exhibited an
efficiency and specificity of channel activity, similar to their
activity in translocating protein precursors. We have found that
the pre-assembled SecA-liposomes with purified SecYEG-DFeYajC,
like SecA-liposomes alone, also showed similar non-competitive
inhibition pattern by RB on channel activity (Fig. 3). Thus these
results validate the in vitro results and the oocyte system, and pro-
vide a direct correlation of enzymatic activity between in vitro and
in cell conditions.

Employing liposomes with SecA homologs provided another
means of comparing other bacterial SecA systems in the oocytes.
By injecting SecA-liposomes, or reconstituted with SecYEG or Sec-
YEG-SecDFeYajC and various RB concentrations, we determined
the ICsq of their sensitivity to RB. Surprisingly, the SecA-only lipo-
somes and the membranes depleted of SecYEG (Re-13 membrane)
were about 10 times more sensitive to RB than those with SecYEG
(Table 2). Thus the sensitivity of SecA channel activities is greatly
influenced by the presence and the properties of SecYEG. The
results from various bacterial channel activities were remarkably
similar for BaSecA, SaSecA, and PaSecA reconstituted-liposomes
(Table 2). Interestingly, the complex of EcSecYEG with various SecA
homologs showed intermediate sensitivity to RB as compared to
the SecA-liposome and membranes, indicating some interaction
of SecA homologs with E. coli heterocomplex of SecYEG for the
channel opening activities (Table 2). The addition of SecDFeYajC
further elevated the IC59 almost to the same level as seen with
wild-type membranes. Previous studies showed that protein trans-
location of BsSecA- or PaSecA-liposomes cannot be enhanced by
the non-cognate E coli SecYEG-SecDFeYajC [18]. As noted above,
this assay detects only the signal-peptide-dependent opening of
the SecA ion-channel activity, not necessarily protein translocation
[15,32].

In conclusion, we found the RB inhibition on the SecA intrinsic
ATPase to be competitive at low ATP concentration and non-
competitive at high ATP concentration. However, the inhibition

SecAs Lipo Lipo + SecYEG L + SecYEG + SecDF-C BA13 memb RE-13 memb RE-13 memb + SecYEG RE-13 memb + SecYEG-DF.C
EcSecA 04105 03+0.1 3.8+03 47+0.1 0.4+0.1 42+0.3 44+0.1
BsSecA 03+0.2 3.1+02 45+0.2 58+0.3 0.5+0.5 50+0.2 52103
PaSecA 0.3+0.2 1.1+0.2 20+03 51+0.2 0305 51+0.2 51+0.1
SaSecAl 04+0.1 3.1+0.2 42+03 6.1+03 0.5+03 56+04 5003
BaSecA1l 03102 33102 40103 6.1£0.3 0.5+0.5 50+0.2 53103

The ICso of channel activities for Rose Bengal was determined with liposomes reconstituted with SecAs (120 ng) of E. coli (EcSecA), Bacillus subtilis (BsSecA), S. aureus
(SaSecA1), P. aeruginosa (PaSecA) and B. anthraces (BaSecA1). Reconstituted liposomes were injected together with pOmpA and ATP-Mg?* as described. When indicated,
SecYEG at 0.47 ng and SecDF-YajC at 0.53 ng were used for reconstitution, which were the same amount as in SecA-depleted BA13 membranes; Re-13: reconstituted

membranes after removing SecYEG from B13 membranes n = 20-30.
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on SecA-mediated translocation ATPase activity and ion-channel
activity are non-competitive. Moreover, the semi-physiological
assays of channel activity in the oocytes allow the assessments of
functional activities and inhibitors of SecA homologs from other
bacteria that otherwise are not feasible. Another advantage of
proteo-liposomes injection is the ability to reconstitute with inter-
acting membrane complexes. The reconstituted SecA-liposomes
with SecYEG-SecDFeYajC forms efficient super-complex channels
that are as efficient as in the native membranes in the oocytes
[17]. The formation of such 7 components complex would have
been difficult to accomplish with the traditional cDNA/mRNA
methods. The incorporation of SecA-SecYEG-SecDFeYajC complex
channels are also more efficient, faster and with higher current
than SecA-alone channel [15,17].
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