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Priya Bariya,? Linda L. Randall®
2Department of Biochemistry, University of Missouri, Columbia, Missouri, USA

ABSTRACT In all cells, a highly conserved channel transports proteins across mem-
branes. In Escherichia coli, that channel is SecYEG. Many investigations of this protein
complex have used purified SecYEG reconstituted into proteoliposomes. How faith-
fully do activities of reconstituted systems reflect the properties of SecYEG in the na-
tive membrane environment? We investigated by comparing three in vitro systems:
the native membrane environment of inner membrane vesicles and two methods of
reconstitution. One method was the widely used reconstitution of SecYEG alone into
lipid bilayers. The other was our method of coassembly of SecYEG with SecA, the
ATPase of the translocase. For nine different precursor species we assessed parame-
ters that characterize translocation: maximal amplitude of competent precursor
translocated, coupling of energy to transfer, and apparent rate constant. In addition,
we investigated translocation in the presence and absence of chaperone SecB. For
all nine precursors, SecYEG coassembled with SecA was as active as SecYEG in na-
tive membrane for each of the parameters studied. Effects of SecB on transport of
precursors faithfully mimicked observations made in vivo. From investigation of the
nine different precursors, we conclude that the apparent rate constant, which re-
flects the step that limits the rate of translocation, is dependent on interactions with
the translocon of portions of the precursors other than the leader. In addition, in
some cases the rate-limiting step is altered by the presence of SecB. Candidates for
the rate-limiting step that are consistent with our data are discussed.

IMPORTANCE This work presents a comprehensive quantification of the parameters
of transport by the Sec general secretory system in the three in vitro systems. The
standard reconstitution used by most investigators can be enhanced to yield six
times as many active translocons simply by adding SecA to SecYEG during reconsti-
tution. This robust system faithfully reflects the properties of translocation in native
membrane vesicles. We have expanded the number of precursors studied to nine.
This has allowed us to conclude that the rate constant for translocation varies with
precursor species.

KEYWORDS protein translocation, protein export, secretion, E. coli, SecA, SecYEG,
membrane protein, proteoliposomes, translocon

n all three domains of life, a specific subset of newly synthesized polypeptides must

pass through membranes to reach their final destination. The pathway across the
membrane is provided by a highly conserved protein in the translocation apparatus. In
eubacteria and archaea, the channel is SecY, and in eukaryotes it is Sec61« (1, 2). In
Escherichia coli, the general secretory (Sec) system is comprised of two heterotrimeric
integral membrane protein complexes: the translocon SecY, SecE, and SecG (SecYEG)
(2) and a second trimer, SecD, SecF, and YajC (SecDFYajC). In addition, there is an
essential peripheral component of the apparatus, SecA, an ATPase. SecA is found both
associated with the membrane and in the cytoplasm. Free in solution, SecA exhibits an
equilibrium between monomer and dimer (3, 4); however, it remains unclear what the
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oligomeric state of functional SecA is at the various steps of export (2). The Sec system
transports polypeptides that carry an amino-terminal leader sequence and can only
translocate polypeptides that have not yet acquired stable, tertiary structure. In vivo,
some precursors are captured directly by SecA, which recognizes the leader peptide (5,
6). A subset of precursors is maintained in a soluble state devoid of stable tertiary
structure with the help of the small cytosolic chaperone, SecB, a homotetramer (7). SecB
does not directly recognize the leader peptide but binds to unstructured regions of the
mature domain (8-15). The ATPase activity of SecA with a precursor bound is maximally
activated when it engages SecYEG (16). The energy provided by hydrolysis of ATP is
required for translocation. SecDF functions late in the cycle. There is evidence that
SecDF couples proton motive force to the release of the translocated polypeptides from
the secretory apparatus (17-20). It is not clear whether leader peptidase I, which has its
active site on the periplasmic side of the inner membrane, removes the leader se-
quence before or after the release.

Most in vitro systems are based on vesicles from cells that overproduce only SecYEG
or on proteoliposomes reconstituted from purified proteins and lipids and do not
include SecDF. These systems transport precursors, indicating that SecDF is not abso-
lutely essential for transport across the membrane. A comparative study from the
laboratory of lan Collinson (21) showed that whereas SecYEG translocated 12% of the
precursor added to the system, the holotranslocon that included SecDFYajC and YidC
translocated only 4%.

The reconstitution of purified SecYEG into liposomes, originally established in the
early 1990s, provided a powerful tool for biochemical studies of translocation (22, 23).
In the standard reconstitution, currently used by most research groups, purified SecYEG
is assembled with lipids to form proteoliposomes. SecA is added subsequently along
with the precursor to be translocated (PLYEG+SecA). We developed a robust recon-
stitution in which SecYEG is coassembled with SecA into the liposomes. We refer to
those proteoliposomes as PLYEG-SecA. In these proteoliposomes the percentage of
translocons that are active compared to those in standard reconstitution is increased
from 10% to 55%. This brings the percentage of active translocons to the same level as
that observed in the isolated inner membrane vesicles (24). When we developed
PLYEG-SecA, we did not determine whether the translocons that showed activity were
fully functional and quantitatively similar to those in the native state. Here, we address
that question with a comprehensive study of the parameters that characterize the
translocation of nine different precursors using native membrane vesicles and the two
types of reconstituted proteoliposomes.

RESULTS

The system. Inner membrane vesicles (IMV) were isolated from E. coli and are taken
to represent SecYEG in its native membrane environment for comparison with high-
activity coassembled proteoliposomes (PLYEG-SecA) and low-activity standard proteo-
liposomes (PLYEG) to which SecA is added after assembly (PLYEG+SecA). In an attempt
to determine whether the characteristics of precursors influence the parameters of
translocation in the process of export, we chose nine precursors (see Materials and
Methods and Table 1) that varied in final location, i.e., the periplasm or outer mem-
brane, in secondary structure, in B-strands versus a-helices, and in molar mass. Three
are precursors of outer membrane proteins, outer membrane protein A (proOmpA,
37.2 kDa), maltoporin (pLamB, 49.9 kDa), and phosphoporin E (pPhoE, 38.9 kDa); these
proteins are B-barrels in the outer membrane. Four are precursors of soluble periplas-
mic proteins, alkaline phosphatase (pPhoA, 49.4 kDa), galactose-binding protein (pGBP,
35.7 kDa), maltose-binding protein (pMBP, 43.4 kDa), and ribose-binding protein (pRBP,
31.0 kDa); the periplasmic proteins are a-f structures. The precursors of MBP and RBP
fold too rapidly in vitro to be efficiently captured by SecA or SecB and thus cannot be
translocated; therefore, polypeptides carrying mutations that slow folding, pMBPY283D
and pRBPA248T, were used (25, 26). To determine whether the leader peptide and/or
the mature region plays a role in the rate-limiting step of transport, we took advantage
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TABLE 1 Plasmids and host strains

Host strain® Plasmid Protein Mol wt (kDa) Mutations
BL21.19 pAL800 properiOmpA 18.5 ompA C290S and G244C residues, including signal sequence
followed by residue 172 to the end, residue 325
pAL942 pRBPA248T 31.0 rbsB A248T, A188C, E246C
pAL928 pPhoA 494 phoA C169S, C179S, C287S, C337S, A369C, A427C
PAL950 pPhoE 38.9 phoE A249C, Q307C
pAL831 pLamB 49.9 lamB C22S, C38S, D329C, N386C
pAL832 proOmpAN176 21.2 ompA T95C, 1153C, truncated after residue 176
MM52 pAL612 proOmpA 37.2 ompA C290S, G244C
pAL725 pGBP 35.7 mglB L244C, D287C
pAL829 pMBPY283D 434 malE Y283D, G289C, V347C

aBL21.19 (61) is a derivative of BL21(DE3) E. coli B F~ dcm ompT hsdS(rg~ mg~) gal A(DE3) with secA13(Am), supF(Ts), trp(Am), zch:Tn10, clpA:KAN, and recA:CAT.
MM52 is a derivative of MC4100 (56): F~ (araD139)g,, secA51(ts) AlargF-lac)169 A~ flb-5301 A(fruK-yeiR)725(fruA25) relA1 rpsL150(strR) rbsR22 A(fimB-fimE)632(:1ST)
deoCl.

of the fact that the monomer of OmpA comprises two distinct domains, each having
similar molar masses: an N-terminal eight-stranded B-barrel that is embedded in the
outer membrane and a C-terminal a-fB structure that extends into the periplasmic
space. We created two separate precursor polypeptides, each carrying the same native
OmpA leader sequence followed by one of the two structurally distinct domains. These
polypeptides are referred to as proOmpAN176 (21.2 kDa) and properiOmpA (18.5 kDa).

Translocation assays of the nine radiolabeled precursors were carried out. Transfer
of the precursors through lipid bilayers was assessed by protection of the polypeptides
from protease added to the assay mixture in the presence of denaturants to render all
untranslocated precursors sensitive to proteolysis. The denaturing conditions varied
among the precursors. Studies showed that inclusion of 1 M urea during proteinase K
digestion was sufficient for five of the precursors, three requiring 2 M urea and one
requiring 1 N guanidine hydrochloride (for specific details see Materials and Methods
and Table 3). Translocation is ATP dependent; thus, to ensure that protection of
precursors reflects genuine translocation by SecYEG and not simply resistance to
proteolysis, a translocation assay for each precursor was done in the absence of ATP.

Time courses of translocation and the associated ATPase were determined for each
precursor in the presence of SecB to maximize the amount of competent precursors
and, thus, the level of translocation observed (Fig. 1, for example). Four precursors,
proOmpA, pGBP, pPhoA, and properiOmpA, were assessed in all three in vitro systems.
The remaining five precursors, when assayed with the standard reconstitution system,
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FIG 1 In vitro translocation and associated ATPase of #C-labeled pPhoA. (A and B) The extent of translocation (A) and SecA ATPase
activity (B) during in vitro translocation of “C-labeled pPhoA into PLYEG-SecA (green) and PLYEG+SecA (red). The average values
for each time point, with standard deviations, are shown (green, n = 9; red, n = 3). When error bars are not visible, they fall within
the symbols. These data and the data in all subsequent figures were fitted to a single exponential rise to maximum (see Materials
and Methods). The fits are weighted with 1/02, where sigma is the standard deviation.
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FIG 2 Extent of precursor translocation in three in vitro systems: IMV+SecA, PLYEG+SecA, and
PLYEG-SecA. The values represent averages of normalized amplitudes with their standard deviations. (A)
Numbers of replicates for translocation of each species were the following for blue, red, and green,
respectively: pPhoA, 7, 5, and 9; pGBP, 6, 5, and 6; proOmpA, 7, 5, and 10; and properiOmpA, 3, 4, and
3. (B) Translocation assays were performed at least 3 times. The bars marked by an asterisk indicate that
assays were done but translocation levels were too low to obtain reliable fits.

showed levels of translocation that were too low to obtain reliable results. In those
cases, translocation was compared between the robust proteoliposomes, PLYEG-SecA,
and vesicles of native membrane, IMV. The following parameters were determined by
fitting the data to a single exponential rise to maximum (see Materials and Methods):
the maximal amplitude (A), the apparent rate constant (k), which is the rate constant of
the slowest step in the cycle, and the coupling of energy of ATP hydrolysis to the work
of translocation.

Maximal amplitude. To compare the final extent of translocation among the three
in vitro systems, the maximal amplitudes were normalized to the number of translocons
that are accessible to proteins added externally in each assay mixture; 55% for proteo-
liposomes (24) and 95% for IMV (27, 28). The averages of the normalized amplitudes
from multiple experiments are shown in Fig. 2. Native IMV and PLYEG-SecA display
approximately the same maximal level of translocation. The precursors that could be
assayed for translocation in PLYEG, having SecA added subsequently (PLYEG+SecA),
show approximately 15% to 25% of the level of translocation seen with IMV or
PLYEG-SecA. Since SecYEG is limiting in these assays (see Materials and Methods), the
difference in amplitude can be explained readily by the fact that only 10% of the
accessible translocons are active in the standard reconstitution compared to approxi-
mately half in both IMV and PLYEG-SecA (24).

Apparent rate constant. To determine whether those translocons that are active in
the reconstitution systems are completely undamaged or show a diminished activity,
we turned to the rate constant (k). The rate constant is a characteristic parameter of the
secretory apparatus that expresses the probability of a translocation event per unit of
time. Since k is a constant, it is not affected by the variation in the maximal amplitude
that is observed among the experiments (see error bars in Fig. 2). Therefore, instead of
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FIG 3 Fits of multiple data sets and associated errors. Translocation of proOmpA into PLYEG-SecA was
performed multiple times (n = 10) under the condition of limiting SecYEG. Each color represents an
individual experiment. The ratio of precursor to accessible SecY in the assays ranged from 1.5 to 3. (A)
Global fit of the normalized data. (B) Fit of averaged data. (C) Global fit of data from ten translocation
experiments without normalization. See the text for a description of normalization and fitting.

averaging values from the fits of multiple experiments, as was done for Fig. 2, the data
were globally fit after normalizing each data point in a time course to the maximal
amplitude obtained from the fit for that individual experiment. The global fit of the
normalized data (Fig. 3A) displayed an error of 6%. This is a dramatic, 3-fold improve-
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FIG 4 Apparent rate constants of translocation. The apparent rate constants were determined for each
precursor using IMV+SecA (blue), PLYEG+SecA (red), and PLYEG-SecA (green). See the text for a
description of normalization and global fitting. The error bars represent the errors in the global fit. The
ratio of precursor to accessible SecYEG varied over the ranges given here for precursors. (A) pPhoA, 1.3
to 3.5; pGBP, 1.5 to 3; proOmpA, 1.3 to 3.0; properiOmpA, 2 to 4; (B) pMBPY283D, 2 to 4; pRBP(A248T),
1.5 to 3; pLamB, 4 to 5.5; pPhoE, 2.6 to 4; proOmpAN176, 3 to 6.

ment over the error of 19% seen both when averaging the data from multiple
experiments followed by fitting (Fig. 3B) and also when fitting the individual experi-
ments followed by averaging the obtained rate constants (data not shown). In the case
of globally fitting all data from multiple experiments but without the normalization, the
error was 12% (Fig. 3Q).

The apparent rate constants between the translocons that are active in the standard
reconstitution and those in IMV (Fig. 4A, compare red and blue) are the same within
error, with the exception of pPhoA, which has a 1.7-fold-higher rate constant in IMV. We
conclude that despite the lower translocation activity in the standard reconstitution
system, the rate constants of the active translocons are essentially the same as those
observed with IMV. The few translocons that are active after standard reconstitution
most likely escaped damage during membrane preparation and solubilization and
therefore are fully functional. Those translocons that were inactivated by solubilization
can be restored to the active state by coassembly with SecA but do not spontaneously
recover during standard reconstitution.

For translocation of precursors using PLYEG-SecA (Fig. 4), the apparent rate con-
stants of all nine precursors were restored to values at least as high as those observed
in IMV. Six precursors showed rate constants that were either within error or 1.3-fold
higher, whereas three are approximately 3-fold higher. We have no explanation for the
rate constants that are unexpectedly high. Here, we briefly discuss differences among
the systems that might contribute to the observed results. First, proteoliposomes have
a greater surface area of exposed lipids than do IMV. The in vivo ratio of lipid to protein
is reported to be approximately 400:1 (29). However, since optimization of our system
showed maximal translocation at a lipid-to-protein ratio of 1,000:1 (data not shown),
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the proteoliposomes in our study were assembled at that ratio. The membranes of IMV
and proteoliposomes also differ in protein content. The membrane of IMV contains a
wide variety of proteins, many with soluble domains on both sides of the membrane,
whereas the proteoliposomes contain only integral SecYEG or SecYEG with SecA
bound. Thus, more surface area is devoid of protein cover in proteoliposomes than in
IMV. The three proteins that show higher k values in PLYEG-SecA, proOmpA, proOm-
pPAN176, and pLamB are outer membrane B-barrels. Beta-barrels have been shown to
assemble spontaneously in vitro when in contact with lipid bilayers (30); first the
polypeptide adsorbs to the lipid surface, and the extended strands then come together
into antiparallel B-sheets (31). On the cytoplasmic face of the proteoliposome the
precursors would be prevented from association with lipid because they would be
bound to SecB and SecA. It is feasible that as precursors emerge inside the liposomes
they begin to fold on the surface, providing energy to pull the polypeptide through the
channel. However, if the greater surface of exposed lipid explained the phenomenon,
then one would expect both types of proteoliposomes, PLYEG-SecA and PLYEG, to
exhibit higher rate constants than those observed with IMV. Unfortunately, only one
of the B-barrel proteins, proOmpA, had a level of translocation sufficiently high with
PLYEG+SecA to obtain a reliable rate constant. The rate constant observed was
essentially the same as that with IMV. One clear difference between PLYEG-SecA and
PLYEG+SecA is the presence of SecA both inside and outside the liposomes in
PLYEG-SecA. Since SecA has affinity for precursors, it might bind proOmpA as the
polypeptide emerges inside the proteoliposome and thereby provide energy to aid
in pulling the precursor through the translocon. In this scenario, we cannot explain
why only B-barrel precursors exhibit unexpectedly high rate constants. Further
work will be required to discover the basis for the differences. In any case, the
enhancement of rate is not likely to be physiologically important.

Coupling of ATP hydrolysis to translocation. The hydrolysis of ATP by SecA is
required for translocation of precursors across the membrane (32). We assessed ATP
consumption during translocation by monitoring [y-32P]lphosphate release from ATP
(see Materials and Methods). Both translocation data and the associated ATPase data
were obtained from the same in vitro mixture, and the two data sets were each fitted
to a single exponential rise to maximum (Fig. 1). Using the parameters (k and A)
obtained from the fits, we calculated the ratio of moles of ATP hydrolyzed to the moles
of precursor translocated in the first 15 s after the onset of translocation. This ratio is an
expression of the coupling of the energy to the work of translocation. The less ATP was
consumed, the more efficient the coupling was.

Comparison among the three systems showed that both PLYEG-SecA and the native
membrane were equally efficient in coupling the energy of ATP hydrolysis to translo-
cation (Fig. 5, green [PLYEG-SecA] and blue [native membranel). Therefore, coassembly
with SecA results in a state that is near native. The efficiency of energy coupling varied
among the precursor species over a range of 1,000 to 7,000 mol of ATP hydrolyzed per
mol of precursor protected. These quantities of ATP hydrolyzed are similar to those
observed previously for proOmpA and pGBP translocated into IMV (32-34). In the case
of PLYEG (Fig. 5, red), the ATP consumption was much higher than that observed in the
other two systems. Thus, one might conclude that when SecA is added after PLYEG is
assembled, ATP hydrolysis by SecA is much more loosely coupled to translocation.
However, an alternative interpretation is that the few translocons in PLYEG, which are
fully functional in terms of amplitude and rate constant of translocation, are equally
efficient in coupling the energy of ATP, as are those in PLYEG-SecA. The ATP hydrolysis
we observe is that of the entire ensembile; thus, the high level of hydrolysis could be
due to both the active and the defective translocons. To test whether SecYEG species
that are defective for translocation could activate SecA ATPase, we used a mutated
form of SecY, SecY(F328R), which has been shown to be defective in translocation (35).
As expected, proteoliposomes containing translocation-defective SecY(F328R)EG, to
which SecA was added during the assay, displayed less than 20% of the translocation
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FIG 5 Coupling of ATP hydrolysis to translocation of precursors. Translocation ATPase in three in vitro
systems: IMV+SecA, PLYEG+SecA, and PLYEG-SecA. The values are an average of the coupling energy
with the standard deviations. Higher values represent lower efficiency of coupling the energy to the
translocation. The numbers of replicates were 5 to 8 for pPhoA, 5 for pGBP, 4 to 7 for proOmpA, and 3
or 4 for properiOmpA.

seen with wild-type SecYEG (Fig. 6A). However, the translocation-defective SecY(F328R)EG
stimulated the ATPase activity of SecA to reach 95% of the maximal level of ATP
hydrolyzed with a rate constant that is 56% of the wild-type value seen when SecA is
activated by wild-type SecYEG (Fig. 6B). We do not know what the specific defect is in
the ~90% of the SecYEG that is inactive in the standard reconstitution. It is possible
that, like SecY(F328R), those translocons can activate the SecA ATPase. This would result
in two populations of complexes between SecYEG and SecA, those with the coupling
characteristics of actively translocating SecYEG complexes and a population that is
completely uncoupled, simply hydrolyzing ATP without translocation. Thus, the ensem-
ble would display an artificially high ratio of coupling.

Effect of SecB on translocation. All data discussed in the previous sections were
obtained from assays in the presence of SecB. In E. coli, SecB functions to bind a subset
of precursors and keep them in a state compatible with translocation (7). It is known
that in vivo SecB dependence varies with the precursor species. SecB-null strains display
defects in secretion of several proteins, including MBP, LamB, and GBP, proteins which
we have studied here (36-38). Our in vitro results agree well with these in vivo
observations. Although pPhoE has not been studied in vivo, the level of translocation
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amplitude and the apparent rate constant were obtained as described previously. All experiments were
performed at least 3 times. The inset in panel B is an expansion of the y axis to make values visible. The
error bars in panel A represent standard deviations, and those in panel B represent the error in the global
fit.

of pPhoE as well as pMBPY283D and pLamB, in the absence of SecB, was too low to
generate reliable results; all three were translocated in the presence of SecB (Fig. 2B).
In the case of pGBP, the presence of SecB increased the level of translocation approx-
imately 10-fold (Fig. 7A). In vivo, proOmpA can be translocated without SecB (39, 40);
however, translocation is enhanced in its presence. The presence of SecB increased
translocation of proOmpA and proOmpAN176 approximately 4- to 5-fold in our in vitro
systems (Fig. 7).

Studies in vivo using an SecB-null strain indicate that neither RBP nor PhoA requires
SecB (37). Consistent with the in vivo studies, the presence of SecB had no significant
effect on the level of translocation of either pRBP or pPhoA when assayed using IMV
(Fig. 7A, dark blue). We also did not observe an effect of SecB on the transport of
properiOmpA, which has not been studied in vivo. In contrast to RBP, the translocation
of pPhoA in the presence of SecB appears to be enhanced when it was translocated in
PLYEG-SecA, as judged by the ratio of the amplitude in the presence of SecB to the
amplitude in its absence (Fig. 7A, PhoA, light blue, solid and hatched; ratio, 2.4).
However, this effect results not from a true stimulation by addition of SecB: the
amplitudes of translocated pPhoA are the same in IMV and in PLYEG-SecA when SecB
is present (Fig. 7A, compare IMV with SecB, 1.54, solid dark blue, and PLYEG-SecA with
SecB, 1.58, solid light blue). Rather, the apparent stimulation results from a decrease in

January 2019 Volume 201 Issue 1 e00493-18

Journal of Bacteriology

jb.asm.org 9


https://jb.asm.org

Bariya and Randall

translocation in the absence of SecB in PLYEG-SecA (Fig. 7A, compare IMV, no SecB,
1.35, hatched dark blue, and PLYEG-SecA, no SecB, 0.66, hatched light blue). This
decrease probably arises from the need for pPhoA to bind SecB in order to avoid
nonspecific interaction with the large lipid surface area exposed in proteoliposomes,
which would not be present in IMV or cells. Thus, our results are not in conflict with the
studies in cells.

The rate constants of transport were also affected by SecB. In the case of pGBP,
pPhoA, and properiOmpA the rate constants were increased by the presence of SecB,
whereas for both proOmpA and proOmpAN176 the rate constants were decreased (Fig.
7B). SecB had no significant effect on the rate constant for pRBPA248T using IMV but
showed a slight but significant stimulation with PLYEG-SecA.

DISCUSSION

When investigating the mechanism of protein export in vitro, it is vital to know that
reconstituted model systems assembled from purified proteins and lipids reflect the
function in the native membrane environment. Solubilization of SecYEG from isolated
membrane followed by standard reconstitution results in only 10% of the translocons
in the active state, whereas coassembly with SecA brings the level of active translocons
back to that observed in IMV (approximately half). The translocons that are inactive at
the time of isolation of the IMV are not restored to activity by reconstitution in the
presence of SecA. We have previously suggested (24) that SecA could function to
stabilize an active conformation of SecYEG during assembly in vivo. In cells grown for
preparation of IMV, SecYEG is expressed at approximately 50-fold over the chromo-
somal level. This abnormally large quantity of SecYEG might result in a situation in
which the amount of SecA is insufficient to assist in the correct assembly of SecYEG,
causing irreversible damage.

We have determined the parameters that are characteristics of transport using three
in vitro systems: the native membrane and the two reconstituted systems. We begin
discussion of our results with the amplitude and the effects of SecB on the amplitude.
The amplitude, expressed in nanomolar concentrations, varies with the precursor
species; however, for a given species it is similar between IMV and PLYEG-SecA,
indicating full restoration of activity by coassembly of SecYEG with SecA. A subset of
proteins interacts with SecB in vivo to remain competent for translocation. The effect of
SecB on the maximal amplitude in vitro faithfully mimics the degree of SecB depen-
dence in vivo. Protein proOmpA does not absolutely require SecB to be transported
either in vivo or in vitro, but the level of translocation is increased by SecB (34, 41). This
is in contrast to LamB and PhoE, which are not translocated without SecB. The tendency
to aggregate and lose competence might result from structural differences among the
proteins, even though all three are B-structures. Whereas LamB and PhoE are embed-
ded in the membrane as B-barrels, in addition to the embedded B-barrel domain,
OmpA has a soluble domain that comprises 50% of its mass. This soluble domain has
been shown to act as an endogenous chaperone to keep the B-barrel from aggregating
(42), explaining why proOmpA is not completely dependent on SecB.

In the late 1980s, work in the laboratory of Wickner et al. (32) showed that thousands
of moles of ATP were hydrolyzed to translocate one mole of precursor, indicating that
translocation is only loosely coupled to ATP hydrolysis. Later, Schiebel and colleagues
(43) proposed that the loose coupling was the result of precursor polypeptides sliding
backwards during translocation. In the case of PLYEG to which SecA was added, the
extremely high level of ATP hydrolyzed per mole of precursor translocated is not likely
to result only from backsliding in the 10% of translocons that are active. It more
probably reflects activation of the SecA ATPase by the great majority of translocons that
are inactive for translocation. This conclusion is supported by our demonstration that
a translocation-defective SecY stimulates the ATPase activity of SecA. Using ensemble
approaches such as the assays described here, it will be difficult to demonstrate tight
coupling. Unless 100% of the translocons in the system are active, the true amount of
ATP required for translocation will be smaller than that observed.
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The rate constant for transport that is observed is that of the slowest step in the
cycle, that is, the step that limits the rate. A change in the rate constant indicates that
there has been a change either in the step limiting the rate or in the features of that
step. Therefore, identification of factors that change the rate constants will help us learn
what is involved in the slowest step of the cycle. As a chaperone, SecB increases the
amplitude of precursor translocation by increasing the quantity of translocation-
competent precursor available. This will result in an increase in the rate of translocation
but not in the rate constant, since the rate (measured as molar concentration per
minute) of a reaction is the product of the concentration of substrates (precursor;
measured as molar concentration) and the rate constant of the reaction (k; units are per
minute). The rate constant is an inherent property of the reaction, and it expresses the
probability of the reaction occurring. Nonetheless, the presence of SecB does change
the rate constant for translocation of five of the precursors studied. The k is increased
for pGBP, properiOmpA, and pPhoA but decreased for proOmpA and proOmpAN176.
The increase in k might be the result of delivering the precursors from SecB to SecA in
an unfolded state ready to be translocated. Transfer of the precursor from SecB to SecA
occurs within a SecB:SecA complex, not through solution, where it might acquire
structural elements (44). The effect of SecB on the rate constant is supported by a
single-molecule fluorescence study that concludes that the slow step that precedes
rapid transit through the channel is the delivery of the precursor from SecB to SecA (41).
A possible explanation for the decrease in k of the two related B-barrels is a high affinity
for SecB that would decrease the probability of transfer to SecA.

With the nine precursors studied here, we did not observe a correlation of rate
constant with molar mass or final location (i.e., soluble in the periplasm or embedded
in the outer membrane). The three species carrying the same leader sequence have
significantly different rate constants: proOmpA, k=0.24 = 0.01; proOmpAN176,
k= 0.48 = 0.06; properiOmpA, k =0.10 £ 0.01. Therefore, the leader peptide itself is
not the determining feature; rather, the rate constant is likely to be determined by the
nature of the amino acyl residues in the mature portion of the protein.

Previous studies of intact proOmpA have indicated that the rate of transfer is
dependent on the primary sequence of the polypeptide. Mizushima and his colleagues
(45) reported discontinuous transfer of proOmpA in 1989. In a subsequent study (46)
they concluded this was caused by a retardation of transfer that occurs when hydro-
phobic stretches of 4 aminoacyl residues interact with the translocon. Work from the
laboratory of Driessen et al. (47) demonstrated a decrease in rate of translocation by
insertion of stretches of either positively or negatively charged aminoacyl residues into
the periplasmic domain of proOmpA. Rapoport and his coworkers (48) showed that
amino acyl residues vary in strength of interaction, with the two-helix finger of SecA
resulting in periods of active and passive translocation through the SecYEG channel.
Thus, the rate of transfer per residue is not constant. A conclusion which is in conflict
with the reports discussed above (46-48) is based on work from Tomkiewicz et al. (33)
as well as Fessl et al. (41). Their work indicates that SecA drives translocation at a
constant rate that is independent of the nature of the aminoacyl residues. Our data
reported here contradict the conclusion that the rate of transfer is constant per
aminoacyl residue. This is most simply seen by the 5-fold difference in the rate
constants of the two domains of proOmpA, proOmpAN176, and properiOmpA, which
are approximately the same length, 176 aminoacyl residues for OmpAN176 and 154
residues for periOmpA.

The difference in rate constants observed among the precursors is not likely to
reflect different rate-limiting steps but rather differences in the details of interactions
during that step. There are at least two steps that would be consistent with our results:
movement through the channel (48) and delivery of the precursor to the channel in a
state optimal for passage. It is easy to envision different interactions that would be
specific for each precursor (46) occurring in either step. However, it is possible that
some other step in the cycle is rate limiting but still dependent on the aminoacyl
residues of the precursor, for example, release of precursor from the secretory appa-
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ratus in order to reset it for the next polypeptide. SecDF in conjunction with proton
motive force has been proposed to function in release of translocated precursors (18,
19, 49). If this were the case, our in vitro systems would be missing the release function.
The IMV can generate proton motive force, but SecYEG has been overproduced and
SecDF has not; thus, they are not present in the correct ratio. The proteoliposomes
cannot generate proton motive force, and they do not contain SecDF. Work is in
progress to develop a system in which the role of SecDF can be assessed.

MATERIALS AND METHODS

Determination of lipid and protein concentration and specific activity of radiolabeled precur-
sors. The concentrations of lipids in membrane vesicles, liposomes, and proteoliposomes were deter-
mined as described on the Avanti Polar Lipids website (www.avantilipids.com/tech-support/analytical
-procedures/determination-of-total-phosphorus). A total phosphorus assay was carried out in which the
phosphorus standard solution (0.65 mM; Sigma-Aldrich) and the unknown lipid samples went through an
acidic digestion. The released inorganic phosphate was reacted with ammonium molybdate and ascorbic
acid to generate a colored solution. The absorbance of the samples was measured spectrophotometri-
cally at 820 nm. A calibration curve was generated using the standard solutions, and the amount of
phospholipids in the unknown samples was calculated.

The concentrations of pure proteins were determined spectrophotometrically at 280 nm using molar
extinction coefficients: SecB tetramer, 47,600 M~ cm~"; SecA dimer, 78,900 M~' cm~"'; and SecYEG,
45,590 M—' cm~'. The concentration of SecY in the cytoplasmic inner membrane vesicles and in
proteoliposomes was determined using a quantitative Western blot and a quantitative Coomassie
brilliant blue R-250-stained gel, respectively. A sample with unknown SecY concentration was loaded in
increasing quantities along with a range of purified SecY at 5 or 6 known concentrations on the same
gel to generate a standard curve. Blots were incubated with primary antibody, a rabbit polyclonal
antiserum raised to pure SecY, followed by a goat antibody raised to a rabbit immunoglobulin and
conjugated with horseradish peroxidase. A 4-chloro-1-naphthol-hydrogen peroxide solution was used to
stain the protein bands. By comparing the intensity of the protein bands with those of standards, the
concentrations of SecY in inner membrane vesicles and proteoliposomes were determined. The intensity
of protein bands for stained gels and for Western blots was quantified using TotalLab software (version
13.0; TotalLab Ltd., UK). Radiolabeled precursors (greater than 95% pure) were subjected to analyses to
determine the amino acid composition from which the concentration of the protein was determined (in
milligrams per milliliter). The analyses of amino acid composition were performed by the AAA Service
Laboratory, Inc. (Damascus, OR). The radioactivity in the pure protein preparation (counts per minute per
microliter) was determined by scintillation counting. Five microliters was removed in duplicate into
100 pl water held in scintillation vials to which 3 ml of 30% Scintisafe (Fisher Scientific) was added. The
specific activity of radiolabeled precursors (counts per minute per microgram) was calculated from the
concentration and radioactivity.

Purification of SecYEG, SecA, and SecB. The translocons SecYEG and SecY(F328R)SecESecG were
purified as described previously (24) from strain C43(DE3) (50) and transformed with a plasmid (pEXP2)
that expresses secY(C329S, secYC385S, and secE with a His tag at the N terminus and secG under the
control of an arabinose-inducible promoter (51). The ATPase, SecA, was purified as described previously
(52). The chaperone, SecB, was purified as described previously (53). SecYEG was stored in 20 mM Tris-Cl,
pH 8, 0.3 M NaCl, 10% (wt/vol) glucose, 0.6 mM dodecyl-beta-maltoside (DBM), and 2 mM dithiothreitol
(DTT). SecB and SecA were stored in 10 mM HEPES, pH 7.6, 0.3 M potassium acetate (KAc), 2 mM DTT, at
—80°C.

Preparation of radiolabeled precursors. All precursors were purified from a temperature-sensitive
SecA strain of E. coli, harboring a plasmid that carried the precursor gene of interest. Each plasmid carried
a gene altered by site-directed mutagenesis to generate a polypeptide with only two cysteines (Table 1).
These cysteines were introduced from a previous study (24). The genes for ribose-binding protein (RBP)
and maltose-binding protein (MBP) also carried mutations that have been shown to slow folding of the
precursors (25, 26). For precursors of the integral domain (proOmpAN176), the plasmid carried a gene
that encodes the leader and the aminoacyl residues through 176. For properiOmpA, the leader
sequence of proOmpA was attached directly to the first aminoacyl residue of the periplasmic
domain, i.e., residue 172.

The ["“Clleucine (Perkin-Elmer)-radiolabeled precursors were purified from a strain, either BL21.19 or
MM52, each carrying a SecA temperature-sensitive mutation (Table 1). The bacterial cells were grown in
M9 minimal media in the presence of 19 amino acids (no leucine), MgSO, (1 mM), CaCl, (0.1 mM), and
vitamin B, (0.0004%, wt/vol) (54). The culture was supplemented with glycerol (0.4%, wt/vol) as the
carbon source and the antibiotic ampicillin (100 wg/ml). For precursor OmpA (proOmpA), the cells were
also supplemented with glucose (34). After growth at 30°C to an optical density at 560 nm (OD,) of 0.25
to 0.3, the cells were pelleted and suspended in medium prewarmed to 39°C to apply a heat shock and
inactivate SecA (55, 56). Further growth was continued at 39°C to an optical density at 560 nm of 0.8, and
isopropyl-B-p-thiogalactopyranoside (IPTG) (1 mM) was added to induce expression of the precursor
protein. Thirty minutes after induction, ['“Clleucine (328 mCi/nmol; final concentration of 4 uM) was
added and growth continued for another 2.5h (39°C). The cells were harvested by centrifugation
(16,000 X g, 10 min at 4°C; GSA rotor; Sorvall) and washed with and then suspended in 20 mM Tris-HC|
at pH 8. The cell suspension was frozen by dripping into liquid nitrogen and stored at —80°C. After
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thawing, lysozyme (0.2 mg/ml) and EDTA (4 mM) were added and the suspension was subjected to three
cycles of freezing and thawing to lyse the cells. The lysate was incubated with micrococcal nuclease
(314 U/ml) and calcium chloride (5 mM) for 1 h on ice to degrade nucleic acids. EDTA (10 mM) then was
added to chelate calcium. Inclusion bodies containing the precursor were collected by centrifugation
(4,000 X g, 10 min at 4°C; SS-34 rotor; Sorvall) and washed once with 20 mM Tris-Cl, pH 7.6, 2 mM DTT,
1 mM phenylmethylsulfonyl fluoride (PMSF). The washed pellets were exposed to differential solubiliza-
tion procedures (see below and Table 2 for steps in solubilization). Each pellet suspension was incubated
on ice for 2 to 3 h, followed by centrifugation (543,000 X g, 15 min at 4°C; TL100.4 rotor; Beckman). The
supernatant and pellet fractions were examined by SDS gel electrophoresis to determine the solubility
and purity of the precursor of interest. The precursors of RBP and GBP were purified by one step of
solubilization. The precursors of OmpA, LamB, PhoE, and PhoA and the integral OmpAN176 were pure
after two steps of solubilization. The precursors of MBP and periplasmic OmpA were solubilized, followed
by column chromatography, using QAE-825 in 4 M urea to achieve purity. Precursor MBP was eluted
using a gradient of NaCl from 0 to 150 mM, and the precursor of the periplasmic domain of OmpA eluted
in the flowthrough. All precursors were stored at —80°C with tris(2carboxyethyl)phosphine (TCEP) to
maintain the sulfhydryls in reduced forms.

Preparation of cytoplasmic inner membrane vesicles. IMV were prepared from E. coli strain
HB4105, which carries a AuncBC mutation to eliminate the proton-translocating ATPase, which would
interfere with the translocation assay by hydrolyzing ATP. The strain harbors the same plasmid (pEXP2)
as that used for purification of SecYEG. Bacterial cells were grown in a rich medium (LB) with glucose
(0.5% wt/vol) and ampicillin (100 wg/ml) at 35°C. When the preculture reached an ODs, of ~0.7, glucose
was removed from the culture by centrifugation (14,000 X g for 10 min at 4°C; SLC-6000; Sorvall),
followed by suspension in cold LB medium with ampicillin (100 wg/ml), and stored at 7°C overnight. The
culture was diluted to an OD, of 0.1, and growth was continued the next day. To induce the expression
of the translocon SecYEG, arabinose (0.5%, wt/vol) was added when the culture reached an OD,, of 0.6.
The culture was further grown to an OD, of 1.5 and harvested by centrifugation. Cells were disrupted
using a chilled French pressure cell at 8,000 Ib/in2. The cytoplasmic membranes were isolated by
equilibrium density gradient centrifugation (57). The fractions containing sucrose with densities of 1.14
to 1.18 g-ml~", which corresponds to the density of cytoplasmic inner membrane vesicles, were collected,
brought to 4 M urea, and incubated for 30 min on ice, followed by centrifugation to remove bound SecA.
The time of centrifugation was corrected for the viscosity and density of urea. The pellet was washed
once in 10 mM HEPES, 0.3 M KAc, and 5 mM magnesium acetate [Mg(Ac),], pH 7.6, and suspended in the
same buffer. The suspensions were stored in aliquots at —80°C. The level of production of SecYEG over
the chromosomal level was determined to be ~50-fold by Western blotting of the uninduced and
induced cultures.

Preparation of proteoliposomes. E. coli polar lipid extracts (Avanti) in chloroform were taken to
dryness using a stream of dry nitrogen. The lipid films were held in a vacuum chamber overnight and
then hydrated by suspension in 10 mM HEPES, pH 7.6, 30 mM KAc, and 1 mM Mg(Ac),. The suspension
was forced through a polycarbonate membrane (100-nm pore diameter; Liposofast; Avestin) and passed
back and forth between two gas-tight glass syringes to get unilamellar liposomes. Proteoliposomes were
formed as previously described (24). Liposomes in the presence of the detergent dodecyl-B-maltoside at
a ratio of 4.65 mM detergent to 5 mM lipids, a level sufficient to swell liposomes but not disrupt them
(58), were incubated at room temperature for 3 h in a rotary mixer. The proteins to be incorporated were
then added. The following concentrations were used for the standard reconstitution (PLYEG): SecYEG,
5.2 uM; for the coassembled proteoliposomes (PLYEG-SecA), SecYEG, 5.2 uM; SecA dimer, 5 uM (24). After
another hour of incubation, detergent was removed by addition of BioBeads SM-2 (Bio-Rad). The
proteoliposome suspension was centrifuged at 436,000 X g for 20 min at 4°C (TL100.1 rotor; Beckman
Coulter), and the pellet was washed twice with the same buffer as that used for lipid suspension to give
a concentration of 10 mM lipids and 10 uM SecY. The suspensions were stored in aliquots at —80°C.

In vitro protein translocation and ATPase assays. Both translocation and ATPase assays were
carried out in the same reaction mixture, made up in glass tubes (12 by 75 mm) on ice. The mixture
contained 20 mM HEPES, 230 to 250 mM KAc, 5 mM Mg(Ac),, 1 mM DTT, 1 mM EGTA, 3.3 mM ATP, and
an ATP-regenerating system consisting of 7.5 mM phosphocreatine and 37 U/ml creatine phosphokinase.
NADH (1.7 mM) was added when translocation was carried out with IMV. SecA was added if the
translocation mixtures included IMV or proteoliposomes containing SecYEG only (PLYEG). No SecA was
added to coassembled proteoliposomes (PLYEG-SecA), since it was already present. SecB and either
proteoliposomes or inner membrane vesicles were added to the mixture, followed by addition of the
["#Clleucine radiolabeled precursor. The level of radioactivity (counts per minute per microliter) in each
mixture was determined by moving 5 ul of duplicate into 100 ul water held in scintillation vials to which
3 ml of 30% Scintisafe (Fisher Scientific) was added. The concentration of precursor (in micrograms per
milliliter) in each mix was determined from the specific activity (counts per minute per microgram) of
purified proteins. To assess ATP hydrolysis, [y-32P]ATP (specific activity, 9 uCi/umol; final concentration,
3 to 5 nM; Perkin Elmer) was added to the remaining translocation mix. It is important to remove samples
for determination of the level of “C radioactivity before adding [y-32PJATP.

The reaction was initiated by transferring the glass tube to a water bath at 30°C. Samples were taken
on ice (t=0) and at given times after transfer to 30°C. At each time, to stop ATP hydrolysis and
translocation, 8 ul of the reaction mixture was added to tubes held on ice containing 6 ul of 42 mM EDTA
to stop ATP hydrolysis, 25 mM DTT, and denaturant (Table 3 lists specific denaturant required for each
precursor). After an incubation of 10 min, 2 ul was removed from the sample tubes for the ATPase assay.
The remainder of each sample was subjected to proteolysis by addition of proteinase K (4.5 U/ml) and
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TABLE 3 Conditions for proteinase K digestion

Denaturant Precursor(s)

1 M urea proOmpA, pGBP, pMBP(Y283D), pPhoA, properiOmpA
2 M urea pPhoE, pLamB, proOmpAN176

1 N GnHCI pPRBP(A248T)

incubation for 15 min on ice, except for proOmpAN176, which was incubated at 40°C. The protease
activity was terminated by addition of trichloroacetic acid (final concentration, 11%) to precipitate the
proteins. The washed precipitate was dissolved in sample buffer containing DTT (10 mM), boiled for 4 to
5 min, and subjected to SDS-12% PAGE.

To ensure that SecYEG was limiting during the assay, precursor was added in excess (1.2 to 3 uM)
over the active translocons (0.2 to 0.4 uM) with SecA at 1.2 uM dimer. In both coassembled proteoli-
posomes (PLYEG-SecA) and vesicles, the active translocons represent 55% of the total accessible
translocons (95% accessible in vesicles and 55% accessible in proteoliposomes) (24, 27, 28). The same
ratio of precursor to active translocons was used when comparing activity of proteoliposomes with
activity of vesicles. SecB, was added at a 1:1 molar ratio to precursor to keep the precursor unfolded.
Precursors were stored in solutions containing either urea or guanidine hydrochloride (GnHCI) (Table 2)
and diluted into the translocation assay. A final denaturant concentration of up to 200 mM urea or 46 mM
GnHCI had no effect on translocation.

Analysis of translocation data. All samples from a given translocation experiment were loaded on
a gel in equivalent volumes. The gels were dried, and the radioactivity of proteins in the gels was
measured using a phosphorimager (Fujifilm FLA 3000) in the linear range of its response. The intensities
of the radioactive bands were quantified (Image Gauge 4.0), and the percentage of full-length polypep-
tides that were protected at each time point, were estimated by comparing the band intensities to those
of the input, i.e., the sample taken from the same reaction mix on ice (t =0) in duplicate but not
subjected to proteinase K treatment. In addition to the full-length species, for some precursors there are
protected intermediates, which were partially translocated at the time the assay was stopped. In such
scenarios, molarities of both full-length and intermediate-length species were included in the calculation
of molarity translocated. No intermediate-length species were observed for the three smallest precursors,
PRBPA248T, properiOmpA, and proOmpAN176. The amount of precursor protected was plotted as a
function of time. Origin software was used to fit data to a single exponential rise to maximum with the
equation y = y, + A(1 — ekt - 1), where A is the maximal amplitude of the reaction, k is the apparent
rate constant, and t — t, corrects for the initial time lag. The time for the reaction mixture to come to 30°C
was measured using a thermocouple, and it was found to be between 15 and 30 s depending on the
volume.

Determination of number of active translocons. To determine the number of active translocons
in the in vitro systems studied here, assays were carried out as described above, except the
14C-labeled proOmpA was oxidized to form a disulfide-bonded loop that could not pass through the
channel and stops translocation. The number of translocons that were active but stalled was
determined by quantification of the radiolabeled intermediate (24). For the preparations used in this
study, the active fractions varied between 50% and 55% for PLYEG - SecA and 10% for PLYEG+SecA.

Analysis of SecA ATPase activity by thin-layer chromatography. One-microliter samples for
each time point that had been subjected to EDTA treatment (18 mM) as described above were
analyzed by thin-layer chromatography using a polyethyleneimine (PEl)-cellulose F plate
(20 by 20 cm; Merck). The plate (stationary phase) was developed in a closed container with 125 mM
KH,PO, as the mobile phase (59). The plate was dried and radioactivity was determined using a
phosphorimager (Fujifilm FLA 3000). ATP remained at the origin, and the inorganic phosphate
migrated with an R; of ~0.4. The ATP hydrolyzed (in micromolar concentration) was plotted as a
function of time and fitted to a single exponential rise to maximum as described above. The
spontaneous hydrolysis of [y-32P]JATP was determined to be less than 1% by dilution of [y->2P]ATP
into a translocation mixture without SecA.

Calculation of the coupling of energy of ATP hydrolysis to translocation. The coupling of ATP
hydrolysis to translocation of precursors is expressed as the moles of ATP hydrolyzed per mole of
precursor protected (34). Data from both translocation of precursors and the associated ATPase
activities were fitted individually using a single exponential rise to maximum. From the fits, the
moles of precursor protected and the moles of ATP hydrolyzed during the first 15 s were calculated.
Only early time points were considered, because the affinity of SecA for ADP is five times higher than
that for ATP (60) and accumulation of ADP at later time points would suppress the activity. Also, the
generation of 32P, continues even though translocation has stopped, because translocation ATPase
activity is replaced by membrane ATPase activity, which occurs when SecA binds SecYEG in the
absence of a precursor.

Accession number(s). All plasmids used in this study that carry precursor protein genes have been
deposited in Addgene and are available under the following accession numbers: pAL800, 119306;
PAL942, 119721; pAL928, 119853; pAL950, 119748; pAL831, 119301; pAL832, 119305; pAL612, 119860;
pAL725, 119862; pAL829, 119697.
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