
Biochemical and Biophysical Research Communications 453 (2014) 138–142
Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
The dispensability and requirement of SecA N-terminal aminoacyl
residues for complementation, membrane binding, lipid-specific
domains and channel activities
http://dx.doi.org/10.1016/j.bbrc.2014.09.080
0006-291X/� 2014 Elsevier Inc. All rights reserved.

⇑ Corresponding author. Fax: +1 404 413 5301.
E-mail address: biopct@gsu.edu (P.C. Tai).

1 Equal contribution.
Jeanetta Holley Floyd 1, Zhipeng You 1, Ying-Hsin Hsieh, Yamin Ma, Hsuichin Yang, Phang C. Tai ⇑
Department of Biology, Center of Biotechnology and Drug Design, Georgia State University, Atlanta, GA 30303, United States

a r t i c l e i n f o
Article history:
Received 9 September 2014
Available online 27 September 2014

Keywords:
SecA N-termini
Complementation
Membrane binding
Channel activity
Protein translocation
a b s t r a c t

SecA is an essential multifunctional protein for the translocation of proteins across bacterial membranes.
Though SecA is known to function in the membrane, the detailed mechanism for this process remains
unclear. In this study we constructed a series of SecA N-terminal deletions and identified two specific
domains crucial for initial SecA/membrane interactions. The first small helix, the linker and part of the
second helix (D2-22) were found to be dispensable for SecA activity in complementing the growth of a
SecA ts mutant. However, deletions of N-terminal aminoacyl residues 23–25 resulted in severe progres-
sive retardation of growth. Moreover, a decrease of SecA activity caused by N-terminal deletions corre-
lated to the loss of SecA membrane binding, formation of lipid-specific domains and channel activity.
All together, the results indicate that the N-terminal aminoacyl residues 23–25 play a critical role for
SecA binding to membranes and that the N-terminal limit of SecA for activity is at the 25th amino acid.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

SecA is a multifunctional and an essential component of
Sec-dependent protein translocation across bacterial membranes.
SecA exists in soluble and membrane-bound forms in the cells
[1–3]. It contains two nucleotide binding domains which are
required for ATPase activities in response to various ligands
[4–7]. In addition, SecA contains several binding sites to facilitate
its role in protein translocation in the membranes [8,9]. These
include domains for interactions with anionic phospholipids
[10,11], SecYEG [12,13], pre-proteins [14], and SecB [12].

Current data show that two fractions of SecA are functional in
the membranes [7,15]: a fraction of SecA inserts and de-inserts
from the membrane as it hydrolyzes ATP and pushes pre-proteins
across cytoplasmic membranes [8,16], and the other fraction inte-
grates and permanently embeds into the membrane [15,17]. The
dynamics of how SecA inserts or embeds into the cell membrane
is not well known. SecA requires the presence of anionic phospho-
lipids for the membrane integration [11,15,18–20]. There are
multiple sites of SecA interact with phospholipids [10,21–23].
There is evidence that Escherichia coli SecA membrane insertion
is affected in a SecA mutant lacking N-terminal eight amino acid
residues [24]. SecAN-8 also affects translocation ATPase activity
and/or the topology inversion of SecG which couples with the
membrane insertion-de-insertion of SecA [24]. On the other hand,
there is controversy on whether SecAD2-10 is functional [25–28].
Moreover, although nucleotide binding domains remain intact, a
SecA mutant lacking N-terminal 63 residues (C95) is inactive for
ATP binding [29] and protein translocation [20].

In this study, we examined the functions of SecA N-termini
derived from non-functional C95 [20,29], and determined the max-
imal N-terminus deletion for SecA to remain functional. We found
that the first 25 amino acids appear to be essential for complemen-
tation in the cells, and for SecA stability and its initial interactions
with the membrane for functions.
2. Materials and methods

2.1. Bacteria strains and media

E. coli DH5a was used for general DNA preparation, transforma-
tion, and cloning. E. coli BL21.19 (kDE3) from Don Oliver [7,8] was
used as a host for secA containing plasmids. Luria–Bertani (LB)
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Table 1
Complementation of N-deletion mutations.

1MLIKLLTKVF
11GSRNDRTLRR
21MRKVVNIINA

Complementation at 42 �C
Dilution factor

10�1 10�2 10�3 10�4

SecA + + + +
SecAD2-9 to D2-13 + + + +
SecAD2-14 + + + �
SecAD2-15, D2-16 � � � �
SecAD2-17 to D2-23 + + + �
SecAD2-24 + + � �
SecAD2-25 + � � �
SecAD2-26 to D2-30 � � � �
SecAD15-16 + + + +
SecAD2-14R16X* � � � �
SecAD2-15R16Y** � � � �
SecAR16E + + + +
SecAD2-16T17Z*** + + + +
SecAD2-16T17A,T17S � � � �

The upper left sequence of SecA N-terminal 30 amino acids are listed.
Complementation at 42 �C was described in Section 2.3. +/� indicates growth or no
growth on spot tests at serial dilutions of 10-1 to 10-4 dilution.
Experiments were repeated 2–4 times.

* R16X tested were S,E,V,K.
** R16Y tested were R16S,E,V.

*** R17Z tested were N,D,V,K,Y,C,G.
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containing 0.5% glucose, 5 lM thiamine, and 100 lg/ml ampicillin
in both liquid and solid forms was used.

2.2. Construction of SecA N-terminal deletion mutants

Plasmid pMAN789/secAD2-63 [29] containing a truncated secA
lacking N-terminal 63 amino acids (from S. Mizushima) was used
to construct pET5a/(secA N-terminal deletion (STable 1).

2.3. Complementation assays

Complementation assays were carried out with SecA ts-mutant
E. coli BL21.19 at 42 �C. Transformants were grown in LB broth at
30 �C until OD600 = 0.5. The cells were then serially diluted and
spotted (1 ll) on LB agar plates and incubated at 30 �C and 42 �C
overnight for observing growth or no growth.

2.4. Membrane fractionation of SecA mutants

BL21.19 cells containing the pET5a/SecAD2-63 series of plasmids
were grown in LB medium until OD600 = 1.0 at 30 �C. The cultures
were diluted to OD600 = 0.1 in LB medium at 42 �C for 2.5 h to allow
the detection of mutant SecA distribution in the membrane at
42 �C. Cells were harvested by centrifugation, resuspended in
TKMD buffer (25 mM Tris-OAc, pH 7.5; 25 mM KCl;
1 mM Mg(OAc)2; 1 mM DTT), and then lysed by French Press Cell
[15]. Cellular debris was removed and the supernatant was centri-
fuged at 86,000 rpm for 40 min. The pelleted membranes were
resuspended to the original volume of the lysates. Equal volume
of membrane and supernatant fractions was applied to Western
blotting with SecA antibodies, followed by quantitation [15,20].

2.5. Purification of SecA and truncated SecA proteins

BL21.19 (kD3) cells containing the appropriate plasmid were
grown in LB medium and induced by 0.5 mM IPTG as described
[15,30]. Over-expressed wild-type SecA and SecA deletion trun-
cates were purified as described previously [15,30].

2.6. In vitro formation of lipid-specific 48 kDa domain

E. coli total dried lipid extracts were resuspended in TKMD buf-
fer and sonicated to prepare liposomes as described [20]. To deter-
mine the formation of lipid-specific domain, purified SecA and
deletion truncated proteins were incubated with liposomes on
ice for 15–20 min, and treated with 1–10 lg/ml of trypsin for
20 min on ice [20]. The lipid-specific 48-kDa domain were identi-
fied by SecA region-specific antibody [19,20,31] and quantified.

2.7. Biochemicals

All chemicals are reagent grades from commercial sources.
E. coli total lipid extract was from Avanti Polar Lipids, Inc.

3. Results and discussion

3.1. In vivo complementation activity for truncated SecA: N-terminal
22 aminoacyl residues are dispensable

We constructed systematically a series of N-terminus deletion
mutants (STable 1). Mutant plasmids were then introduced into a
secAts amber mutant BL21.19 to test their ability for complementa-
tion of the secAts mutation at the 42 �C non-permissive tempera-
ture. The results showed that the SecA missing aminoacyl
residues 2–13 (SecAD2-13) was able to efficiently complement just
like the wild-type SecA, and even the SecAD2-14 to D2-22 could
complement albeit with slightly lower efficiency than the intact
SecA (Table 1). The D2-25 deletion appeared to be the limit for com-
plementation activity (Table 1). Surprisingly, SecAD2-15 and
SecAD2-16 did not complement BL21.19, however, SecAD2-17

regained the activity (Table 1).
As the reported E. coli SecA (EcSecA) crystal structure [32] is

missing the N-terminal 12 and 232–366 aminoacyl residues, we
utilized X-ray structure of Bacillus subtilis SecA (BsSecA) [33] as
the template to build a homology model of EcSecA (SFig. 1A). In
the N-terminal MLIKLLTKVF10-GSRNDRTLRR20-MRKVVNIINA30

MEPEIEKLSD40, aminoacyl residues 5–11th form a helix that con-
nects to the next helix formed by aminoacyl residues 16–37th via a
linker region of aminoacyl residues 12–15th (SFig. 1B). The model
reveals conformational changes of SecAD2-15 and SecAD2-16 that
may be responsible for the loss of SecA activity in these mutants.
Interesting, SecAD15-16 is fully functional in complementation as
the wild-type SecA (Table 1). The modeling reveals that the dele-
tion of both arginine–threonine at 15–16th compensates the
changes to restore activity (SFig. 2B).

Helical wheel plot of SecA N-terminal 20 aa (SFig. 2) shows an
amphipathic helix of SecA that lines positively charged amino acids
on one side and hydrophobic amino acids on the other, suggesting
that this helix interacts the negatively charged hydrophobic phos-
pholipids in the membrane [34]. The model shows that R and K res-
idue side chains make up one side of the helix; these residues may
be required for SecA interaction with the polar lipid head groups of
the lipid bi-layer or the polar environment of the cytoplasm.
Similar arrangements are observed for SecA D15-16, and even for
aminoacyl residues 17–37 (SecAD2-16), but not residues 24–44
(SecAD2-23) (SFig. 2).

3.2. Roles of AA residue 15N and 16R for SecA mutants in vivo function

To determine whether loss of SecAD2-15 and SecAD2-16 function-
alities is due to the 15th or 16th AA, point mutations of the deletions
were constructed at positions 15N, 16R or 17T. Substitutions at the
amino acid 15N retained the in vivo activity of SecAD2-14 (not
shown). Deletion mutations at 16R with or without 15N lost the com-
plementation activity with various substitutions: polar hydrophilic,
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hydrophilic charged or hydrophobic amino acids (Table 1). The
intolerance of substitution for deletion mutant at 16R suggests that
the arginine residue at the beginning of the second helix is function-
ally as well as structurally important for the truncated SecA. How-
ever, when SecA is intact the change of this residue SecAR16E was
able to complement BL21.19 to the same extent as wild-type SecA,
just like SecAD15-16 deletion (Table 1). These SecA mutations at 16R
apparently were tolerable for complementation.

Point mutations at inactive SecAD2-16
17 T were also tested. Con-

trary to 16R mutations, most SecAD2-16
17 T mutations regained activ-

ity to complement BL21.19, except for the smaller serine and
alanine (Table 1). These data indicate that the size of aminoacyl
residue 17T is functionally and structurally important for SecA
mutant, SecAD2-16, as more bulky but not smaller A/S were able
to complement BL21.19. SecAD2-16T17G was able to complement;
however, glycine is flexible so perhaps be able to overcome con-
straints of this position (Table 1).
3.3. Complementation and structural stability

The molecular modeling suggested that some SecA constructs in
this region underwent major conformational changes. We exam-
ined the steady state amount of truncated SecA in these mutants
and the ability to complement. We found that the ability to com-
plement correlated with the SecA stability and the precursor pro-
cessing (Fig. 1A and B), which is consistent with the report that
transmembrane a-helices strongly influence the folding or
SecA

OmpA
pOmpA

(A)

Fig. 1. (A) The stability of SecA in SecA deletion mutants. Wild-type SecA and SecA trun
before shifted to 42 �C for an additional 2 h incubation. Cell pellets were resuspended
antibodies; the latter detected both pOmpA and OmpA. (B) The plating efficiency of Sec
42 �C with appropriate dilutions.
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Fig. 2. ATPase activities and translocation of SecA variants. (A) The intrinsic ATPase, mem
SecA-depleted membrane + pOmpA precursor) activities of SecAs were determined as d
were carried out at 37 �C with BA13 SecA-depleted membranes as described [19].
association of integral membrane proteins [35]. These results sug-
gest that aminoacyl residues 15D and 16R play critical roles for sta-
bility and functionality of SecA, especially in the absence of N-
terminal aminoacyl residues 2–14 (SecAD2-14).

The SecA stability has also been attributed for the lack of com-
plementation for SecAD11-his, and plating efficiency ([25] and
Fig. 1B). SecAD11(SecAD2-11), but not SecAD11-his is stable
in vivo (Fig. 1A). It has been reported that the complementation
by SecAD11-his can be achieved with increased induction [25].
However, we have found that the over-produced purified
SecAD2-11 and SecAD2-11-his have same lipid-interacting ATPase
activity (SFig. 3) and for ion channel activity (data not shown;
see below, Table 2). Thus stability account for the in vivo differ-
ence (Fig. 1B), though there is also difference on the monomer–
dimer equilibrium [25]. It is worth noting that the introduction
of his-tag may alter the stability and function of a protein in
the cells.
3.4. Correlation of complementation and lipid-interaction: membrane
binding, lipid-specific domain and ion channel activity

To substantiate that SecA with deletion of more than N-termi-
nus 25 AA could no longer complement BL21.19 (Table 1), the plat-
ing efficiency and the growth of the SecA mutants were
determined. Cells were grown and the plating efficiency was deter-
mined by the ratio of the number of colony at both 30 �C and 42 �C.
All SecA mutants that exhibit various degree of complementation
(B)

cated mutants strains as indicated were grown at 30 �C and diluted to OD600 = 0.1
in SDS sample buffer, boiled and detected by Western blot using SecA and OmpA
AD11 and SecAD11-his was carried out as colony forming units (CFU) at 30 �C and
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escribed [20,26]. (B) The SecA-dependent protein translocation activities of pOmpA



Table 2
SecA mutant growth and membrane interactions.

% plating efficiency Doubling time (min) % in vivo membrane binding % 48-kDa formation Ion channel activity (lA)

SecA 100 35 ± 6.1 50.9 ± 4.8 100 6.8 ± 0.1
SecAD2-9 to D2-14 48.3 ± 4.9 88 ± 1.4 5.2 ± 0.3
SecAD2-15, D2-16 0 N/A Trace – –
SecAD2-18 ND 38.3 ± 1.4 84 ± 0.0 2.2 ± 0.3
SecAD2-21 102 ± 9.5 55 ± 5.3 37.0 ± 9.8 42 ± 8.5 1.4 ± 0.4
SecAD2-22 106 ± 10.1 45 ± 7.1 42.5 ± 1.0 33 ± 1.0 –
SecAD2-23 96 ± 7.4* 164 ± 15.6 33.0 ± 9.7 27 ± 3.5 0.2 ± 0.1
SecAD2-24 93 ± 5.1* 260 ± 21.2 18.3 ± 4.8 Trace –
SecAD2-25 101 ± 8.5* Variable 20.2 ± 4.2 None –
SecAD2-26-D2-62 0 N/A – None 0

Plating efficiency, measured in triplicates, represents the CFUs ratio at 42 �C/30 �C. Experiments were repeated 2–4 times.
The doubling times were from cells at steady state exponential phase in LB broth at 42 �C.
The % membrane distribution of SecA in the cells at 42 �C was determined as the fraction of membrane-bound SecA in the cells at 42 �C as described in Section 2.4.
The % 48-kDa domain of the lipid-specific interaction was determined by trypsin treatment as in Section 2.7 and quantified using intact SecA as 100%.
The ion current activities of SecAs protein-conducting channel were determined with SecA-depleted BA13 membranes in the oocytes as described [36,37]. n = 45.

* Cells were grown on LB plates for 48 h before countable cells were visible.
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(Table 1), have similar plating efficiency as the wild-type SecA
(Table 2). However, SecAD2-24 and SecAD2-25 with reduced comple-
mentation showed significant retardation of growth in forming
colony and steady state growth doubling time as SecAD2-23 or
wild-type SecA (Table 2). Together, the results show that while
the N-terminal 25 residues are dispensable for SecA activity, the
coordinate growth impairment starts from the deletion of amino-
acyl residue 23R, resulting in growth retardation. We note that
the deletion of up to 22R–23K minimizes the N-terminal positive
charges and the 16R–30A helix (SFig. 2B).

It has been reported that SecA contains a membrane binding
determinate in the first 239 amino acids and that SecA membrane
interactions require anionic phospholipids interactions [1,19]. To
test the hypothesis that N-terminal 25 AA are involved in SecA
membrane interactions, in vivo membrane distribution and
in vitro integration experiments were performed. In wild-type
cells, SecA is normally distributed equally in cytosolic and mem-
brane fraction [1–3]; Table 2). As more residues from the SecA N-
terminus were deleted, significant decreases in SecA amount were
observed in membrane fractions (Table 2). The loss of binding to
membrane corresponded to the loss of complementation:
SecAD2-24 and SecAD2-25 only partially complemented and
SecAD2-26 did not complement (Table 1).

SecA forms a membrane/lipid specific 48-kDa domain in the
presence of anionic phospholipids [19,20]. We used it as another
test for examining N-terminal truncated SecA variants/membrane
interactions. Purified proteins incubated with liposomes for bind-
ing, then digested with low concentrations of trypsin [20]. The
induced 48-kDa domain formation of the truncated SecA was
determined compared to wild-type intact SecA. The results showed
that there is a significant decrease in 48-kDa domain formation
between SecAD2-18 (84%) and SecAD2-21 (42%), indicating there is
a stepwise loss of SecA membrane integration as the N-terminal
limit of SecA is approached. SecAD2-23 and SecAD2-24, which were
defective of in vivo membrane binding, showed a more than 50%
decrease in 48-Da domain formation (Table 2). There was no
detectable amount of 48-kDa domain formation for
SecAD2-24-SecAD2-26 indicating that these proteins formed little
lipid-specific conformation (Table 2; [20]).

It has been shown that SecA elicits ion channel activities with
membranes that are phospholipid-specific [36,37]. We examined
the ion channel activities of these SecAs in the oocytes. The com-
plementation of SecA variants also corresponded to the ability to
elicit ion channel activity: There is almost no effect for up to
SecAD2-14; the channel activities for SecAD2-18 and SecAD2-21 were
lower, for SecAD2-23 was almost lost; and there was no activity for
SecAD2-26 (Table 2).
These data together suggest that the N-terminal 25 amino acids
play a crucial role in initial interactions of SecA with phospholipids
for SecA to function in the membrane. The complementation of the
N-terminal 25 residues corresponds to the ability to interact with
phospholipids. However, there are other additional domains
related to SecA-lipid-binding [10,21–23,34]. It is possible that the
SecA N-terminal 25 amino acids facilitate the initial binding and
integration to the anionic phospholipids, which lead to further
interaction of other SecA domains with membranes. This would
suggest that SecA interaction with phospholipids is sequential,
starting with the N-terminal binding and about half ends up with
permanent integration into the membrane [15,17]. On the other
hand, some SecA mutations result in the accumulation of SecA in
the membrane [17].

3.5. Disproportional correlation of in vitro SecA activities and in vivo
complementation

We noted that though the trend of decreasing SecA channel
activities generally correspond to cell growth, the SecAD2-18-
SecAD2-21 which are fully functional in complementation, have lost
significant activities in forming functional channel (Table 2). To
further correlate the in vitro SecA activities and in vivo complemen-
tation, we used the purified truncated SecA proteins to assess their
in vitro ATPase and protein translocation activities. It has been
shown [6,18] that SecA possesses intrinsic ATPase activity which
is stimulated by the membrane/lipids (membrane ATPase), and
the ATPase is further stimulated by the precursor with signal pep-
tides and SecYEG (Translocation ATPase); the latter presumably
reflects the SecA function on the protein translocation in the
membrane. Surprisingly, the ATPase activities were reduced pro-
gressively for SecA with longer deletions (Fig. 2A), even though
complementation and doubling times showed these mutant SecA
variants function like intact SecA in the cells. There were
several-fold reductions of translocation ATPase activities of
SecAD2-18-SecAD2-21 with no corresponding decrease of in vivo
complementation efficiency (Fig. 2A and Table 1).

The protein translocation activities into the membrane vesicles
were also determined. We found that the pOmpA protein translo-
cation activities of SecAD2-9-SecAD2-21 were significantly affected
and were reduced about 10-fold for SecAD2-21 (Fig. 2B). These data
suggested that the requirement of SecA function in the cells to
complement is not proportionally related to the in vitro SecA activ-
ities. It is well known that SecA is present in excess in bacterial
cells (see Refs. [2,3,37]. Moreover, the SecA-SecYEG protein-
conducting channels are more efficient than SecA-alone channels
[38]. Thus it is likely that the reduced activity of the SecA
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N-terminal deletions can be tolerated in the cells to provide full
complementation activity.

Taken all data together, the N-terminal 22 residues of SecA
(SecAD2-22) are dispensable, though with reduced activity.
However, the additional deletions of 23–25 (SecAD2-25) results in
loss of binding and interaction with membranes/liposomes, thus
the activities. In this regard, the C-terminal 70 residues of the full
length SecA 901 residues are also dispensable; but unlike
N-terminal deletions (SecA901D2-22), the SecA1-831(N95) retains
almost full ATPase activities and protein translocation activity
[20,25,27,29,31]. Moreover, SecA D2-11N95831 can still complement
[25,27]. It would be interesting to determine the minimal length of
N- and C-terminal truncated SecA that still retains activity to
complement.
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