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Eric Lindner,

Stephen H. White”
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Abstract

The soluble cytoplasmic ATPase motor protein SecA powers protein transport across the
Escherichia coliinner membrane via the SecYEG translocon. Although dimeric in solution, SecA
associates monomerically with SecYEG during secretion according to several crystallographic
and cryo-EM structural studies. The steps SecA follows from its dimeric cytoplasmic state to its
active SecYEG monomeric state are largely unknown. We have previously shown that dimeric
SecA in solution dissociates into monomers upon electrostatic binding to negatively charged lipid
vesicles formed from E. colilipids. Here we address the question of the disposition of SecA

on the membrane prior to binding to membrane embedded SecYEG. We mutated to cysteine,

one at a time, 25 surface-exposed residues of a Cys-free SecA. To each of these we covalently
linked the polarity-sensitive fluorophore NBD whose intensity and fluorescence wavelength-shift
change upon vesicle binding report on the the local membrane polarity. We established from
these measurements the disposition of SecA bound to the membrane in the absence of SecYEG.
Our results confirmed that SecA is anchored in the membrane interface primarily by the positive
charges of the N-terminus domain. But we found that a region of the nucleotide binding domain
Il is also important for binding. Both domains are rich in positively charged residues, consistent
with electrostatic interactions playing the major role in membrane binding. Selective replacement
of positively charged residues in these domains with alanine resulted in weaker binding to the
membrane, which allowed us to quantitate the relative importance of the domains in stabilizing
SecA on membranes. Fluorescence quenchers inside the vesicles had little effect on NBD
fluorescence, indicating that SecA does not penetrate significantly across the membrane. Overall,
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the topology of SecA on the membrane is consistent with the conformation of SecA observed in

crystallographic and cryo-EM structures of SecA-SecYEG complexes, suggesting that SecA can

switch between the membrane-associated and the translocon-associated states without significant
changes in conformation.

Graphical Abstract

Keywords

Aqueous phase

Bilayer interface

Partitioning free energy; NBD-labeling; fluorescence; peripheral membrane protein; membrane
protein topology

INTRODUCTION

A Kkey step in the biogenesis of secreted proteins is their translocation across the lipid
bilayer of the plasma membrane. In Escherichia coli, this essential process is carried out

by the general secretory (Sec) system that drives the secretion of proteins across the inner
membrane into the periplasm. This conserved system consists of two key components, the
hetero-trimeric transmembrane SecYEG complex that provides a pathway across the lipid
bilayer and the soluble SecA ATPase motor protein that maintains secreted proteins in a
translocation-competent state [1]. The SecA-SecYEG complex [2] delivers secreted proteins
into the periplasmic space by hydrolyzing ATP [3].

The exact targeting mechanism of SecA to the cell membrane and the dynamics of its
interactions with the SecYEG channel are poorly understood. /77 vivo, SecA appears to

be distributed equally between a soluble dimeric state in the cytoplasm and a monomeric
membrane-bound state in which negatively charged lipids are required for efficient protein

J Mol Biol. Author manuscript; available in PMC 2023 June 30.
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translocation [4, 5]. A fraction of the membrane-associated SecA-SecYEG population is
thought to be integral /n vivo, because it cannot be removed by treatments used to define
proteins as peripheral [6, 7]. Even in the absence of SecYEG, SecA binds to liposomes
containing anionic lipids [8-11] mainly through electrostatic and hydrophobic interactions
of the N- and C-terminal domains [12]. At the N-terminus, which carries a net positive
charge, deletion of the first 20 amino-acids results in loss of SecA activity [5, 13]. When
partitioned into liposomes formed from £. colilipids, the N-terminus forms an amphipathic
helix that lies at the interface between the polar headgroups and the hydrophobic interior
[11, 14]. The last 30 residues of the C-terminal domain also interact with the membrane
[15]. A bioinformatics study identified eight additional regions in the SecA sequence as
possible lipid-binding sites [16].

Knowing the exact disposition of SecA on membranes is important, because SecA
apparently gains access to the SecYEG complex via a lipid-bound intermediate state that
induces a change in conformation to prime SecA for high affinity binding to SecYEG [5].
A recent mechanistic study has suggested a kinetic pathway between cytosolic SecA and
SecA-SecYEG complex via a membrane-associated state. In the resulting model, SecA first
senses the membrane via its N-terminus, forming a first intermediate that then binds tightly
to the lipid membrane to form a long-lived (~10 secs) complex [17]. The model suggests
that a membrane-associated intermediate of SecA plays a crucial role during translocation.
However, there is little topological information about the structure of membrane bound
SecA, which is critical for understanding the disposition of SecA on the membrane during
the proposed first step of protein translocation.

We examine here the topology of SecA bound to large unilamellar vesicles (LUV)

made from E. colilipids using methods previously described [10, 11, 18]. Of particular
importance in the present study is the observation that SecA dimers in solution dissociate
into monomers upon partitioning into lipid bilayers [11]. We created a collection of 25
surface-exposed mono-cysteine mutants (Figure 1). We covalently linked to each cysteine,
one at a time, the polarity-sensitive fluorophore 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD).
From the fluorescence intensity increases and wavelength shifts upon binding to LUV, the
local polarity of each labeled residue was determined. We found that SecA is apparently
anchored primarily in the membrane interface by the first 20 residues of the N-terminus
domain, a limited region of the nucleotide binding domain I1, and the extreme C-terminus
of the protein. All three lipid-binding domains are rich in positively charged residues,
consistent with electrostatic interactions playing a key role in membrane binding. Mutation
of groups of positively charged residues to alanine resulted in weaker membrane binding and
provided information on the relative importance of the domains in membrane partitioning.
As expected, the N-terminus is primarily responsible for initial membrane binding, while
the other two domains seem more involved with the stabilization of the membrane-bound
conformation. Overall, the conformation of SecA on the membrane appears similar to the
conformation seen in crystallographic and cryo-EM structures of SecA-SecYEG complexes.
This similarity suggests that SecA can move from the bilayer-bound state to the SecYEG
bound state without major conformational changes.

J Mol Biol. Author manuscript; available in PMC 2023 June 30.
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Membrane-bound topology of SecA

To determine the topology of monomeric SecA bound to lipid bilayers, we used a
spectroscopic approach in which the environment-sensitive probe 7-nitrobenz-2-oxa-1,3-
diazol-4-yl (NBD) [19] was covalently linked to cysteine residues of SecA engineered

into the protein [20]. NBD fluorescence is sensitive to the polarity of the environment

with an emission blue shift and fluorescence intensity (F) increase upon transfer from an
aqueous to a less polar environment [21, 22]. The local membrane environment of a labeled
residue can thus be determined by comparing NBD-fluorescence measured in the absence
(Fp) or presence (F) of lipid vesicles [20, 23, 24]. This specific behavior is widely used

in monitoring the orientation and conformation dynamics of membrane proteins [24-29].
Here, we used F/Fpas the measure of the extent of the interaction. To simplify analysis,
fluorescence intensities were normalized so that the fluorescence intensity at 540 nm in the
absence of vesicles was Fp= 1.

As a proof of concept, we started with an N-terminus G11C SecA mutant [30], which had
been shown previously to penetrate the membrane interface at the headgroup/hydrophobic
boundary [14]. We measured NBD-G11C-SecA fluorescence (Fp) in solution (Figure 2A,
black line) and 30 minutes after the addition of LUVs made from £. colilipids (£, red
line) [10]. The fluorescence blue shift and intensity increase indicated that the Cys-NBD
probe was located in the membrane region. Titration with LUV revealed (Figure 2B) a
mole-fraction partition coefficient (Ky) of 213+14x103, corresponding to a free energy

of transfer of SecA from water to bilayer (AGy,) of —7.1+0.1 kcal mol~2. These values
matched our previous results obtained with unlabeled SecA [10], indicating that the NBD
probe had little effect on SecA partitioning into LUVS.

We therefore mutated, one at a time, the remaining 24 residues in a Cys-free SecA

[30] (Table S1), covalently linked the NBD probe, and determined the local polarity of
each probe using the change in NBD-fluorescence intensity (F/Fg) upon LUV binding,
summarized in Figure 2C. Each of the Cys mutants were able to complement secA™ cells
(Figure S1). The fluorescence data revealed that some labeled mutants were little affected
by the presence of LUVs while others showed a major increase. The probes most affected
by binding are associated with the N-terminus of the protein, as expected, but also those in
the nucleotide binding domain 2 (NBD-2), the two-helix finger (2HF), and the C-tail of the
protein. By coloring on the crystal structure of £. coli SecA the amino acid residues that
exhibit strong NBD fluorescence increases in green and those largely unaffected in red, we
determined the topology of the membrane-bound state (Figure 1).

SecA does not apparently cross the bilayer

When bound to £. co/i membranes, it has been proposed that SecA may integrate /n vivo
into the membrane by itself, forming a stable transmembrane protein [7, 31] despite the
fact that SecA lacks hydrophobic segments sufficiently long to span the membrane [32].
To determine if any of the labeled residues on SecA cross the LUV bilayer, we used

NBD fluorescence in combination with the Uniblue (UB) quencher [27]. If a SecA residue

J Mol Biol. Author manuscript; available in PMC 2023 June 30.
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penetrates across the membrane, then NBD fluorescence exposed to the interior of vesicles
should be quenched by UB trapped within the vesicles. As a positive control, we started
with the NBD-S39C-SecA mutant with its unique cysteine pointing toward the buffer as
proposed in our membrane-associated topology (Figure 1, Figure 2C). Figure 3 (panel

C39) shows that addition of increasing concentrations of the UB to NBD-S39C-SecA in
solution (black line) caused a dramatic decrease in fluorescence of about 50%, confirming
the quenching effect of UB dye on the NBD fluorescence. When UB was added in solution
after partitioning of NBD-S39C-SecA to LUVs, a similar behavior was observed (red line),
confirming exposure of the NBD-probe to the solvent even in the presence of the membrane.
When NBD-S39C-SecA was mixed with LUVs containing the UB quencher inside, the
NBD-fluorescence was not affected (blue line), meaning that the UB quencher remains

in the lumen without access to the NBD probe. Similar trends were observed with other
cysteine residues exposed to the solvent in our membrane-associated topology (Figure 3, left
panel).

To see if any of the labeled parts of SecA cross the membrane, we started with NBD-G11C-
SecA that interacts strongly with the bilayer. As shown in Figure 3, while the addition of
UB probe resulted in a major decrease in NBD fluorescence in solution (black line), only a
minor decrease in NBD fluorescence was observed when the quencher was added in solution
after partitioning of SecA to LUV (red line), demonstrating that this cysteine residue is
embedded in the membrane interface and therefore only weakly accessible to the quencher.
When the UB probe was located inside the LUVs, no change in NBD fluorescence was
observed (blue line), demonstrating that the cysteine does not cross the membrane. Using
all the mono-cysteine SecA mutants that interact strongly with the bilayer (C12, C600,
C605, C795, and C896, Figure 3, middle panels), we found that none of the five other

NBD probes were significantly quenched by the UB probe inside the LUVS. There were
variable responses to quencher outside the vesicles (red lines) that resulted from diffusion
of the quencher into the membrane interface region. The variations hint at the likelihood
that access depends upon the depth of burial of the probe in the membrane interface, which
is about 15 A thick [33]. Most important is that the NBD probes interacting with the lipid
bilayer are not accessible from inside the LUV (blue lines).

Finally, we applied the same strategy to mono-cysteine mutants that are close to, but not
embedded in the bilayer interface, according to our proposed topology (C530, C695, and
C788) to see if they crossed the membrane (Figure 3, right panels). We observed, as
expected, that those residues are variably exposed to the external solution but do not cross
the membrane. Collectively, the above results demonstrate that, under our conditions, SecA
is strictly surface bound without any indication of penetration of labeled residues across the
membrane.

SecA has three lipid-binding domains

Figure 2C summarizes the regions of SecA that interact strongly with the negatively charged
LUV interface. In £. coli, the essential first 24 residues of the N-terminus contain an excess
of 7 positively charged residues, consistent with the proposed membrane location (Figure
4A). It constitutes the first lipid-binding domain of SecA, as previously described [5, 14,

J Mol Biol. Author manuscript; available in PMC 2023 June 30.
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17]. Three of our NBD-labeled mutants (C11, C12, and C17) located in the N-terminal
region showed a large increase in NBD fluorescence (Figure 2C), confirming that these
residues are deep in the membrane interface.

A second lipid-binding domain was identified around the positions 600 and 605. The
corresponding Cys-NBD mutants displayed a significant change in NBD fluorescence upon
partitioning into LUVs. This region, named the Joint Domain (residues 591-621 in ecSecA)
[34], is formed by an alpha-helix located between the Nucleotide Binding Domain 11
(NBD-II) and the first half of the Helix Scaffold Domain (HSD, see Figure 2C,D). This
region contains an excess of 6 positively charged residues all pointing toward the negatively
charged membrane, constituting the second lipid binding domain in SecA (Figure 4B).

The C-tail region of SecA (cysteine mutants 795, 890 and 896) is a third, but relatively
weak, lipid-binding domain previously described [15]. This structurally unstable region is
missing from crystallographic and cryo-EM structures, but has been proposed to lie along
the groove between the PreProtein Crosslinking Domain (PPDX) and NBD-I1 with its
extremity close to the joint domain [35]. This is in good agreement with our observation.
The C-tail of SecA (Residues 836 to 901) contains an excess of 5 positively charged
residues.

All three lipid-binding domains carry an excess of positively charged residues that are
conserved across species (Figure S3), consistent with the essential role of negatively charged
lipid for SecA binding and function [36]. In contrast, the Helix Wing Domain (HWD)
contains an excess of 9 negatively charged amino acids (Figure 4A, right panel). This region
of SecA must avoid tight association with the membrane because of electrostatic repulsion
with negatively charged lipids. This hypothesis is supported by our NBD-fluorescence
experiments (Figure 2C), because NBD probes at residues 695 and 721 reveal only a weak
membrane interaction. These residues, conserved across species, suggests an important role
of keeping the HWD away from the membrane.

Relative importance of the three lipid-binding domains

WId-type SecA contains 7 tryptophan residues whose fluorescence changes upon membrane
binding provide a convenient method of measuring the partitioning of SecA into membranes
[10]. Briefly, we titrated various SecA mutants with large LUVs made from £. coli lipids
and analyzed partitioning by the method of White ef a/. [37]. This approach allowed us to
investigate the relative importance of the three identified lipid-binding domains (Figure 4).
For reference the titration curve for WT-SecA with LUVs (Figure S4, black line) yields

a partition coefficient (Ky) of 198,000, corresponding to a free energy of transfer from
water-to-bilayer of —7.1 kcal mol~1 (Figure 4C), consistent with our previous measurements.

Removing the first 24 residues of SecA (SecA AN24, Table 1) had a dramatic effect on SecA
binding, as expected from previous observations [5, 14], demonstrating again the importance
of the N-terminus for SecA partitioning into the membrane. To investigate further the role of
the other positively charged domains, we designed two mutants based on the SecA crystal
structures: SecA a0 where three positively charged amino acids (K4, K8, and R13) were
mutated to alanine residues and SecA a1 where four residues (R16, R19, R20 and R22)

J Mol Biol. Author manuscript; available in PMC 2023 June 30.
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were replaced by alanine (Figure 4B). In both cases, the alanine substitutions dramatically
lowered the partitioning of SecA. The partition coefficient decreased by three-fold for SecA
a0 and a two-fold for SecA a1 (Table 1).

The second lipid binding domain, located between the NBD-1I and the HSD, consists of two
a-helices (Figure 4B). We made two mutants lacking either the positively charged residues
from the joint domain (K602A and K609A) or from the HSD (K625A, R632A, and K633A).
Again, SecA partitioning was reduced in absence of these positive charges (Figure 4C,
Figure S4), causing the observed partition coefficient to be reduced by 25% for SecA-Joint
and 35% for SecA-HSD, showing that this domain also plays a significant role in membrane
binding (Table 1).

Finally, we used C-terminal truncated SecA mutants (1-888 and 1-874) lacking, respectively,
13 or 27 C-terminal residues of SecA that interact relatively weakly with the membrane [15]
(Figure 2C). As might be expected from the relatively weak binding of the third domain
(residues 795, 890, and 896), the absence of the C-terminal residues did not result in a
significant change in the binding to the membrane (Figure 4C), suggesting that the C-tail of
SecA may be conformationally restricted from interacting strongly with the membrane.

DISCUSSION

SecA is dimeric in solution but dissociates into monomers upon partitioning into LUV made
with E. colilipids [11]. This observation allowed us to examine the topology of monomeric
SecA when bound to LUV. Starting from a collection of 25 mono-cysteine mutants of SecA,
we covalently linked to each one separately the polarity-sensitive fluorophore NBD. From
the changes in NBD-fluorescence upon vesicle binding, we determined the local polarity of
each probe, and thereby the topology of the membrane-associated state of SecA (Figure 1,
Figure 2C). The protein interacts with the membrane via three main lipid-binding domains
that each carry an excess of surface-exposed positively charged residues that interact directly
with the negatively charged LUV bilayer (Figures 4): (1) The amphipathic N-terminus of
the protein, known to penetrate the bilayer interface deeply [14], (2) the Joint-Domain

that connects to the Helix Scaffold Domain (HSD) to the Nucleotide Binding Domain Il
(NBD-I1) whose amphipathic alpha-helical properties are similar to those of the N-terminus
region, and (3) the very flexible C-terminal tail of SecA, missing from x-ray and cryo-EM
structures, but carrying an excess of 6 positively charged amino-acids that can potentially
interact with the negatively charged headgroups of the lipids. We determined the relative
importance of each lipid-binding domain by using mutants in which positively charged
residues were replaced with alanine (Figure 4).

The N-terminal region is the most important lipid-binding domain; its interaction with the
membrane is electrostatic in nature. This is supported by the fact that removal of some of
positively charged residues resulted in weaker binding of the protein (Figure 4C and S4).
Positively charged residues located in the second lipid-binding domain comprised of the
Joint Domain and the first half of the HSD also play a significant role in the binding of
SecA to the membrane but are less important than those of the N-terminal helix. This second
lipid-binding Domain likely helps stabilize the protein on the membrane, but it might also

J Mol Biol. Author manuscript; available in PMC 2023 June 30.
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trigger a conformation change that results in better SecA affinity for the SecYEG complex
as previously demonstrated [5].

During protein translocation, SecA and SecYEG act as a functional unit. A crucial step in
this process is the targeting of SecA to the cytoplasmic membrane. Although it has been
known for a decade that anionic lipids are crucial for the SecA function [9, 38], the exact
role of the membrane has remained elusive. Over the last few years, a new step in SecA
targeting to SecYEG has emerged. SecA was recently shown to gain access to the translocon
via a lipid-bound intermediate state that induces a change in SecA conformation to prime it
for high affinity binding to SecYEG [5] with membrane binding driven mainly by SecA’s
amphipathic N-terminus [14, 17].

In our membrane-associated topology, the Helix Wing Domain (HWD) is close to

the membrane. However, when NBD-probes were inserted in the HWD, no significant
fluorescence intensity change was observed upon binding to LUVs (Figure 2C, residues 696
and 721), meaning that this domain does not associate directly with the membrane under
our conditions. This can be explained by the distribution of charged residues at the surface
of the protein: the HWD domain carries an excess of negatively charged residues (Figure

4) that results in electrostatic repulsion from the negatively charged lipids. This enrichment
is observed across different species (Figure S3), suggesting the importance of keeping the
HWD off the membrane.

The membrane-facing surface that we have determined overlaps the interacting surface of
SecA with other partners (Figure 5). A particularly interesting result is that the membrane
binding surface of SecA is nearly identical to the surface involved in binding to the ribosome
[39, 40] (Figure 5C). This implies two populations of SecA, consistent with the observation
of Knipffer et al. [41] that membrane bound SecA is unable to bind to ribosomes. The
membrane-binding surface (Figure 5A) is also similar to the homo-dimer interface observed
in the cytoplasmic dimer [42—44] (Figure 5B) and some of the SecA-SecY interaction
surface recently observed by cryo-EM [45] (Figure 5D, Figure S5). These interacting
surfaces are located on the same side of SecA, suggesting an interplay between the different
partners.

Our experimentally determined membrane-associated topology is very similar to the cryo-
EM structure of SecA sitting on the translocon [45], suggesting that the protein could easily
move from the membrane to the SecY channel, while remaining attached to the membrane
with both lipid-binding domains I and 11 and possibly the C-terminal tail, allowing it to hop
on and off the translocon (see Figure S5) as proposed in the recent mechanistic model of
Winkler et al. [17]. In their model, the first step of SecA targeting to SecY involves an initial
interaction of SecA with the membrane via its N-terminus followed by a transition to a
tighter bound state in which the protein partially inserts into the lipid bilayer with a lifetime
of about ten of seconds in preparation for attachment to the membrane-embedded SecYEG
channel.

J Mol Biol. Author manuscript; available in PMC 2023 June 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Roussel et al.

Page 9

MATERIALS AND METHODS

Materials.

All phospholipids were purchased form Avanti Polar Lipids (Alabaster, AL): E. colitotal
extract (catalog number 100500), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC,
850457), 1-palmytoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE, 850757), 1-
palmioyl-2-oleoyl-s+glycero-3-phospho-(1’rac-glycerol) (POPG, 840457), and cardiolipin
(841199). IANBD was purchased from Molecular Probes (Eugene, OR). Uniblue A vinyl
sulfone was purchased from Sigma (St. Louis, MO).

Construction of mono-cysteine-mutants.

Plasmids p77-C4-secA encoding for Escherichia coli cysteine-less SecA and other mono-
cysteine-mutants were a generous gift from Donald Oliver (see Table S1). Starting from
the cysteine-less construction, single amino acid substitution was performed by PCR
mutagenesis to introduce a single cysteine residue at different positions. Mutations were
confirmed via DNA sequencing and complementation assays were used to confirm proper
functioning of the mutants /n vivo (Figure S1).

SecA Protein production.

WT-SecA, mono-cysteine-SecA were obtained from E. co/i BL21 (DE3) cells carrying the
corresponding secA gene with a C-terminal Hisg-tag under the control of the T5 promaotor.
Cells were grown in LB medium at 37°C with constant shaking. Log-phase cultures (OD
0.8) were stimulated with IPTG (0.1 mM) for 2 hours at 30°C. Cells were then harvested
by centrifugation at 4,000 rpm for 15 minutes and the resulting pellet stored at —20°C until
needed.

SecA Protein purification.

All protein purification steps and centrifugations were performed at 4 C. Bacterial pellets
(from 400 mL culture) were solubilized in 48 mL of Buffer A (50 mM Hepes-NaOH pH 7.4,
10 mM imidazole and 50 mM KCI) for 10 minutes at room temperature. Protease inhibitor
cocktail (Roche) was added before the cell suspension was passed through a French Pressure
Cell (SLM-Aminco) at 10,000 Ib/in2. The suspension was then centrifuged at 13,000 g for
15 minutes to pellet the membrane fraction. The supernatant was loaded onto a Talon-Resin
(1.5 x 5 cm) previously equilibrated with 25 mL of Buffer A. His-tagged SecA protein

was then eluted with Buffer B (50 mM Hepes-NaOH pH 7.4, 200 mM imidazole, 50 mM
KCI, 1 mM DTT). Two mL fractions were collected, and the protein profile analyzed using
SDS-PAGE. Fractions containing 100 kDa SecA were then pooled, concentrated, and loaded
onto a Superdex 200 increase 10/300 GL equilibrated in 50 mM Hepes-NaOH pH 7.4, 1 mM
MgCl,, and 50 mM KCI). SecA was then eluted at a flow rate of 0.5 mL/minute and protein
elution monitored by optical absorbance at 280 nm. 500 pL fractions were collected and the
protein profile analyzed using SDS-PAGE. Fractions containing the SecA protein were then
pooled, and the protein concentration was estimated using the BioRad Assay with BSA as a
reference and a molecular weight of 102 kDa.

J Mol Biol. Author manuscript; available in PMC 2023 June 30.
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NBD-Labeling of single-cysteine mutants of SecA.

NBD-labeling was carried out in a 500 mM KGlu solution to assure that SecA was
monomeric [18]. The labeling was done using a standard procedure for the thiol-reactive
derivative IANBD [46]. Briefly, SecA (2 mg) was first treated with 5 mM DTT for 20
minutes at 4°C to reduce the cysteine residue. DTT was removed by passing the sample
through a desalting PD-10 gel filtration column. In a typical labeling reaction, 5 L of 0.4 M
IANBD in DMSO was then mixed with 1 mL of a 2 mg/mL sample of single-cysteine SecA
mutant in 25 mM Phosphate buffer pH 7.4 and 1 mM MgCl,. The sample was incubated in
the dark for two hours at room temperature or overnight at 4°C. Samples were then passed
through a second desalting PD-10 gel filtration column to remove excess IANBD.

Liposome preparation.

Phospholipids dissolved in chloroform were dried under a stream of nitrogen and further
dried under vacuum overnight. Lipids were then suspended in 25 mM Hepes-NaOH pH 7.4
and vortexed 15 minutes. Large unilamellar vesicles (LUVs) were prepared by extrusion.
Lipid concentrations were determined according to the procedure of Bartlett [47].

NBD-fiuorescence.

For topology experiments, NBD-labeled single-cysteine SecA (1 uM in 25 mM Phosphate
Buffer pH 7.4, 50 mM NaCl, 100 mM KGlu, and 1 mM MgCl,) was mixed with

LUVs made from E. colilipids (2 mM). To insure equilibration, we waited 30 minutes
before measuring the fluorescence using an SLM 8000c spectrophotometer (Urbana, FL)
equipped with double-grating excitation and single-grating emission monochromators. The
measurements were made in 10 x 1 mm quartz cuvettes at 20°C. Cross-orientation of
polarizers were used to minimize scattering from the vesicles. Fluorescence spectra were
obtained using an excitation wavelength of 470 nm. We averaged 10-15 scans collected over
a 510-560 nm range using 1 nm steps. Excitation and emission slits were no wider than

8 nm. For the normalization of F/Fg we used a wavelength of 540 nm, which emission
maximum of NBD in the absence of vesicles. The same conditions were used for recording
scans in buffer alone, which were then subtracted from the appropriate peptide spectra.
Three or more data sets were collected for all experiments.

NBD-fluorescence quenching by UniBlue dye.

NBD-labeled single-cysteine SecA (1 uM in 25 mM Phosphate Buffer pH 7.4, 50 mM NacCl,
100 mM KGlu, and 1 mM MgCl,) was mixed with LUVS made from £. colilipids (4 mM),
binding was allowed 30 minutes at 37°C before measuring the fluorescence. UB (0.1 %
w/v) was then added directly in the aqueous phase and fluorescence was measured after 10
minutes incubation time.

Preparation of LUVs containing UB.

Phospholipids dissolved in chloroform were dried under a stream of nitrogen and further
dried under vacuum overnight. Lipids were then suspended in 25 mM Hepes-NaOH pH 7.4,
and three different concentrations of UB dye (5, 10, and 20 nM) and vortexed 15 minutes.
Large unilamellar vesicles (LUVSs) were prepared by extrusion. The lipid vesicles were then
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passed twice through a PD10 desalting column to remove UB dye outside the vesicles. Lipid
concentrations were determined according to the procedure of Bartlett [47].

Tryptophan fluorescence.

SecA (final dimeric concentration of 4 pM) was prepared in 50 mM Hepes-NaOH pH 7.4,
100 mM KGlu, 1 mM EDTA, 2 mM MgCl, and 1 mM DTT. Fluorescence spectra were
recorded at 37°C with an SLM 8000c spectrophotometer (Urbana, FL) using an excitation
wavelength of 295 nm and measuring the signal in the region of 310-400 nm (1 nm steps).
Excitation and emission slits were not wider than 8 nm. Unless otherwise indicated, the
emission polarizer was oriented at 0° relative to the vertical and the excitation polarizer at
90°. Spectra were measured using a 10 x 1 mm quartz cuvette. More than 10 spectra were
averaged to achieve an adequate signal-to-noise ratio. The same conditions were used for
recording scans in buffer alone, which were then subtracted from the appropriate peptide
spectra. Three or more data sets were collected for all experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The topology of SecA bound to £. colilarge unilamellar vesicles was
determined

25 surface-exposed residues of a Cys-free SecA were mutated to Cys
The polarity-sensitive fluorophore NBD was covalently linked to each Cys

The disposition of SecA on the membrane in the absence of SecYEG was
determined

Conformation of SecA on the membrane is like that seen in SecA-SecYEG
complexes
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Figure 1. Topology of SecA bound to large unilamellar vesicles (LUV) formed from E. coli lipids.
Single-Cys mutants of SecA labeled with the polarity-sensitive fluorophore 7-nitrobenz-2-

oxa-1,3-diazol-4-yl (NBD) [19] were used to determine the topology of monomeric SecA
on LUV. (Although SecA is dimeric in solution, the dimers dissociate into monomers upon
partitioning into the LUV [11]). Starting with a Cys-free SecA mutant, each of the 25
residues shown were mutated one at a time to Cys. NBD was covalently linked to each Cys
residue. From the NBD fluorescence increases and wavelength blue-shifts upon binding to
the LUV, the local polarity of each NDB label was determined. The structure of £. coli SecA
was modeled after the B. subtilis structure determined by Hunt et al. [48], PDB:1M6N. The
dashed horizontal line indicates the approximate location of the membrane-water interface.
Residues colored green are those determined to be in close proximity to the membrane
based upon large increases in fluorescence while those colored red show no significant
fluorescence changes. See Figure 2.
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Figure 2. Increases in NBD fluorescence blue-shifts and amplitudes indicate the local
environment of each NBD label.

For each label, the fluorescence of SecA (1 uM) was recorded between 510 and 560

nm using an excitation wavelength at 470 nm in the absence (Fp) or presence (F) of

large unilamellar vesicles (LUVs, 2 mM) formed from £. colilipids. To simplify analysis,
fluorescence intensities were normalized so that the maximum value of fluorescence in
the absence of vesicles was Fy= 1. A. The fluorescence of the G11C NBD label in the
absence (black line) and presence of LUVs (red line). The blue-shift and intensity increase
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of the fluorescence indicates that G11 near the N-terminus of SecA is in the bilayer. See
supplementary Figure S1 for fluorescence spectra for each labeled position. B. Relative
NBD fluorescence-intensity changes (F/Fpat 540 nm) accompanying the titration of aqueous
solutions of the NBD-labeled G11C SecA with LUVSs. The black curve is a non-linear
least-squares fit to the data (see Methods) from which the mole-fraction partition coefficient
K, was derived. In this case, Ky = 213+14x103 corresponding to a free energy of transfer

of SecA from water to membrane of —7.1+0.1 kcal mol~ (Table 1). C. Summary of
fluorescence changes F/Fq of each NBD label at 25 positions along the SecA sequence
determined as in panels A and B. The data indicate strong interactions of SecA with

the membrane at the N-terminus, the NBD-11/HSD domains, and to a lesser extent the
C-terminal domain (unstructured in crystallographic structures). D. SecA structural domains:
Nucleotide binding domain 1 (NBD-1, yellow), Preprotein crosslinking domain (PPXD,
cyan), nucleotide binding domain-2 (NBD-2, green), Helix scaffold domain (HSD, grey),
Helix wing domain (HWD, purple), and two-helix finger (2HF, blue).
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Figure 3. Labeled SecA residues do not penetrate across the membrane.
If bound SecA were to penetrate across the membrane, then NBD-labeled residues that

penetrate across should be accessible to fluorescent quenchers trapped within the vesicles.
We tested this idea using the Uniblue (UB) quencher [27], which was present either in
solution (black line) in the absence of vesicles, outside the vesicles (red line) with bound
SecA, or trapped within the vesicles (blue line). The ability of UB to quench NBD labels
was determined for various cysteine residue positions based on our proposed membrane-
associated topology. Left panel are residues exposed to the solvent, middle panel are
residues embedded in the membrane, and right panel are residues close to the membrane
(see Figure 2C). All fluorescence intensities were normalized to intensities at 540 nm.
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Figure 4. The distribution of surface charges of SecA are consistent with the topology
determined by NBD labeling and fluorescence measurements.

Positive charges dominate partitioning into the membrane. A. EcSecA crystal structure with
the positively (blue) and negatively (red) charged residues facing the membrane interface
highlighted as sticks. The Joint-Domain [35] that connects the helix scaffold domain (HSD)
to the nucleotide binding domain Il (NBD-II) are labeled. B The electrostatic potential-
surface maps of Escherichia coli SecA displays areas of net positive charge highlighted

in blue and areas of net negative charge highlighted in red. The map establishes two
principal lipid binding domains labeled I and Il. The charged residues at the membrane
interface comprising Lipid-binding domains | and Il can be subdivided as shown in order
to examine the relative contributions of the four groups to binding strength. To investigate
the relative strengths, four SecA mutants were designed whose positively charged residues
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were replaced with alanine: group a0 (K4A, K8A, and R13A; red) and group a1 (R16A,
R19A, R20A, R22A, and K23A,; blue) focused on the N-terminal helix-forming the lipid
binding domain 1. Lipid-binding domain Il was subdivided into the joint domain (R602A
and K609A; green) and the Helix Scaffold Domain (HSD, K625A, K632A, and K633A,;
grey). C. The four SecA mutants (a0, al, joint, and HSD) were titrated with LUVs made
form E. colilipids and the partition coefficients (K, top panel) and free energy of transfer
from water to bilayer (AG,yp, bottom panel) were determined. D. Summary of partition
coefficients and free energies observed when the first 24 residues of the N-terminus (AN24)
are removed; or when the domains labeled in panel C were replaced with alanine residues;
and finally, when the terminal C-tail is truncated by 13 or 27 residues (ACtail). Although
all positively charged residues contribute to partitioning, the 27 residues of the N-terminus
clearly dominate partitioning.
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View parallel
10 membrane

Figure 5. One interface serves them all.
On the ecSecA crystal structure (PDB 1M6N), we highlight in green the interaction

surfaces of SecA under various conditions. A. Residues interacting with the lipid bilayer
represented in green, experimentally determined in this work. B. residues involved in the
dimer interface of the cytoplasmic dimer. Residues in green are located within 6 A of the
second protomer (shown in orange in the bottom structure) of SecA (PDB: 1M6N, [48]);
C. Amino-acids involved in the interaction with a ribosome synthetizing a nascent chain.
Residues in green were determined to be within 6 A of the RNC (PDB: 6SO0K, [40]).
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D. SecA surface contacting the translocon with residues in green located within 6 A of

the SecY channel (PDB: 61TC, [45]). For the interaction with the membrane, the second
protomer, the ribosomal complex, or the translocon, the residues of SecA involved in the
contact are located on the same face of SecA. It is likely physiologically significant that the
membrane binding surface (A) overlaps much of the ribosome binding surface (C).
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Table 1 —

Partitioning Free energies of SecA mutants

Construct A, x 102 PAGy, (keal mol )
wWT 108 + 11 -73
AN24 83+12 -53
0 (K4A+KBA+R13A) 64443 6.4
RIGA+RIGA+R20A+R22A+K23A  97.0+5 -6.7
R602A+KE09A 155+ 9 -6.9
K625A+R632A+K633A 126+ 4 -6.8
c-888 17445 7.0
c874 178+ 4 =70

a . . -
Mole-fraction partition coefficient;

b .
Free energy of transfer from water to bilayer
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