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Background: The Sec machinery transports proteins from the bacterial cytoplasm to the periplasm.
Results: Protein translocation kinetics are single exponential when multiple polylysine sites are simultaneously introduced into

precursor proteins.

Conclusion: Translocation through the SecYEG pore is not the rate-limiting step of transport.

Significance: These data argue against the SecA motor model.

The bacterial Sec protein translocation system catalyzes the
transport of unfolded precursor proteins across the cytoplasmic
membrane. Using a recently developed real time fluorescence-
based transport assay, the effects of the number and distribution
of positive charges on the transport time and transport effi-
ciency of proOmpA were examined. As expected, an increase in
the number of lysine residues generally increased transport time
and decreased transport efficiency. However, the observed
effects were highly dependent on the polylysine position in the
mature domain. In addition, a string of consecutive positive
charges generally had a more significant effect on transport
time and efficiency than separating the charges into two or more
charged segments. Thirty positive charges distributed through-
out the mature domain resulted in effects similar to 10 consec-
utive charges near the N terminus of the mature domain. These
data support a model in which the local effects of positive charge
on the translocation kinetics dominate over total thermody-
namic constraints. The rapid translocation kinetics of some
highly charged proOmpA mutants suggest that the charge is
partially shielded from the electric field gradient during trans-
port, possibly by the co-migration of counter ions. The transport
times of precursors with multiple positively charged sequences,
or “pause sites,” were fairly well predicted by a local effect
model. However, the kinetic profile predicted by this local effect
model was not observed. Instead, the transport kinetics
observed for precursors with multiple polylysine segments sup-
port a model in which translocation through the SecYEG pore is
not the rate-limiting step of transport.

In Gram-negative bacteria such as Escherichia coli, all
periplasmic and outer membrane proteins are synthesized in
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the cytosol, and they therefore need to be transported across
the cytoplasmic membrane to reach their final destination. The
major route for protein translocation across or into the cyto-
plasmic membrane is through the Sec pathway. The core struc-
ture of the Sec machinery consists of the protein-conducting
channel, SecYEG, and a peripheral ATPase, SecA. When a typ-
ical exported precursor protein emerges from the ribosome, the
molecular chaperone SecB associates with the nascent chain,
maintaining it in a translocation-competent state. SecA recog-
nizes the signal sequence and targets the nascent chain to the
SecYEG complex (for reviews, see Refs. 1-6). Based on x-ray
crystal structure data, the ~20-25-A-long SecYEG channel is
hourglass-shaped with a ring of hydrophobic amino acid resi-
dues at its central constriction, which is ~5—8 A wide (7). The
pore is blocked on the periplasmic side by a plug formed by a
short a-helix, which is displaced during precursor transloca-
tion (7-10).

Considerable effort has focused on explaining exactly how
precursor proteins migrate through the SecYEG pore. There
are two potential sources of energetic input that could influence
translocation speed and directionality, ATP and the protonmo-
tive force (PMF),® and both are essential for efficient protein
translocation (11-13). The need for ATP is outlined first. Based
on numerous protease and chemical reagent accessibility stud-
ies, SecA undergoes significant conformational changes upon
ATP hydrolysis (11, 13-18). The general picture that has been
favored over approximately 2 decades is that ATP hydrolysis
results in the translocation of a discrete segment of the poly-
peptide chain and that multiple similar SecA ATPase cycles are
required for full precursor translocation (11, 19). In the context
of the x-ray structure of the SecA-SecYEG complex, a “two-
helix finger” of SecA has been proposed to be involved in driv-
ing precursor translocation through the SecYEG pore upon
ATP hydrolysis (20, 21). A SecA “clamp” appears to be properly
positioned to hold the preprotein at some step of the transloca-
tion process (22). Precursor length dependence studies support
amodel in which translocation through the pore is the slow step
of transport (23, 24). Consequently, the implication of the SecA

3 The abbreviations used are: PMF, protonmotive force; OmpA, outer mem-
brane protein A; IMV, inverted membrane vesicle.
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conformational cycling model is that the kinetics of transloca-
tion should be reasonably well described by a model consisting
of a series of first-order reaction steps. Surprisingly, the trans-
port kinetics observed with our recently developed real time
fluorescence-based assay appear inconsistent with this step-
wise translocation model (24).

The PMF is composed of the transmembrane pH and electric
field gradients, the ApH and Ay, respectively (25). At some
point, the electric field gradient, which is typically positive in
the periplasm (13, 26, 27), likely has a significant effect on pre-
cursor translocation rate due to electrophoretic effects on
charge mobility. However, the influence of the electric field on
the translocation of secretory proteins has been controversial.
Some data are consistent with an electrophoretic explanation
(28-30), whereas other data support an alternative hypothesis
(31, 32). The “positive-inside” rule arises from the observation
that, in the case of membrane proteins, the more positive end of
atransmembrane segment is typically found on the cytoplasmic
side on the membrane (33, 34). Although the influence of the
basic physical constraints behind membrane protein integra-
tion and secretory protein translocation may not be completely
identical due to the different results and the use of a different
complement of protein complexes for these two activities (35,
36), the SecYEG channel is utilized for both, and therefore it
seems reasonable that the electric field gradient could be felt
similarly by membrane and secretory pre-proteins. Although
an obvious explanation for the positive-inside rule is that the
electric field simply orients the transmembrane span so that the
charges near the end of the span are aligned in the thermody-
namically most favorable configuration with respect to the
field, it is clear that the explanation is not so simple (34, 37). In
acidophiles, the positive-inside rule still holds, and yet the elec-
tric field gradient is reversed (32).

Conformational and kinetic influences on translocation are
most likely felt locally by the precursor polypeptide, i.e. while
discrete segments are interacting with elements of the Sec
machinery. For example, the PMF affects the conformation and
conformational stability of the SecYEG complex (38 —40) and
the SecA affinity for SecYEG (13) and ADP (41). These effects
can in turn influence the rate at which a precursor transports
through the channel or how it interacts with the channel and
thus would constitute indirect effects of the PMF on precursor
translocation. Alternatively, local structures within the precur-
sor protein likely affect the translocation of polypeptide seg-
ments. For example, changing the spacing between two hydro-
phobic segments in proOmpA resulted in an altered digestion
pattern when a protease was added during transport (42), sug-
gesting that a hydrophobic segment is transported more slowly
or less efficiently, possibly because a decision needs to be made
whether the segment is a transmembrane span (43). A Ay-de-
pendent effect on charged segments is only expected to be felt
during translocation of the charged region through the poly-
peptide pore, where local transient secondary motifs and/or
interactions with the translocation system could modulate the
electric field effect. Such local kinetic effects could significantly
complicate overall translocation kinetics and cause significant
deviation from the most thermodynamically favored result.
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Here, we report the first methodical examination of the
effects of the location and distribution of positive charges
within the mature domain of a precursor protein. Our recently
developed fluorescence-based assay with 1 s time resolution
(24) provided transport efficiencies and detailed kinetic profiles
of the translocation process for numerous charge mutants of
proOmpA. The effect of charge was clearly dependent on where
in the mature domain they were introduced. Charges distrib-
uted throughout the mature domain had significantly lower
effects on translocation than consecutive charges, indicating
the higher importance of local kinetic influences rather than
overall thermodynamics. The transport times of precursors
with multiple polylysine sites were largely predicted from the
transport times of precursors with single polylysine sites. Sur-
prisingly, however, the kinetic profiles of these mutants do not
support a multistep translocation model.

EXPERIMENTAL PROCEDURES

Proteins—Wild type proOmpA-HisC was described previ-
ously (24). Lysine residues were introduced at the locations
indicated in the figures via inverse PCR (44, 45). The coding
region of all plasmid constructs was confirmed by DNA
sequencing. Precursor proteins were purified as described ear-
lier (24), with the exception that protein expression was initi-
ated when the Ay, reached ~2. Fluorescent proteins were
labeled with Atto565 maleimide (24). Biotinylated proOmpA
was made similarly using N-(3-maleimidylpropionyl)biocytin
(Invitrogen) but without gel purification of the precursor length
protein. SecA and SecB were purified and quantified as
described previously (24).

IMYV Preparation—Inverted membrane vesicles (IMVs) were
prepared from E. coli strain MC4100 using a modified form of
pET610 (a gift from Arnold Driessen) (46). To eliminate any
possible effects of Ni** binding to SecY, the His, tag on SecY
encoded by pET610 was removed by inverse PCR yielding
pAHis-SecY. SecYEG was induced with 0.5 mm isopropyl
1-thio-B-p-galactopyranoside at 37 °C for 2 h when the Ay,
reached ~2, and IMVs were purified as described earlier (24),
with the exception that 10 mm EDTA was added during
lysozyme treatment.

Transport Reactions—Import reactions were performed
essentially as described previously (24), except that an ATP-
regenerating system was used. In short, import reactions con-
sisted of precursor protein (10 nM, unless otherwise noted),
IMVs (A,g, = 1.0), 8 uM SecB, and 200 nm SecA (concentra-
tions based on monomeric forms) in import buffer (10 mm
KH,PO,, 5 mm MgSO,, 10 mm NaCl, 250 mm sucrose, 0.4
mg/ml bovine serum albumin, 1 mm B-mercaptoethanol, pH
7.5). A constant ATP concentration (1 mm) was maintained
with an ATP-regenerating system (5 mMm creatine phosphate,
0.2 mg/ml creatine phosphokinase). Succinate (5 mm) was
added 30 s before ATP addition to induce a PMF, unless other-
wise indicated. Transport of Atto565-labeled precursor pro-
teins was assayed with an SLM-8100 spectrofluorometer, as
described previously (24). Excitation and emission wavelengths
were 565 nm (4 nm slits) and 590 nm (8 nm slits), respectively.
Reactions were initiated by ATP addition, unless otherwise
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indicated. NeutrAvidin and NeutrAvidin-horseradish peroxi-
dase conjugate (NeutrAvidin-HRP) were from Invitrogen.

Transport Time and Transport Efficiency Calculations—In
general, the transport kinetics for the mutant proteins exhib-
ited a small upward base-line drift, for unknown reasons.
Therefore, the transport kinetics were fit to an exponential plus
a linear base-line, i.e. fluorescence = a + be % + mt, where a
(base-line), b (pre-exponential factor), k (rate constant), and m
(slope) are constants, and ¢ is time. Because the base-line drift
was linear and not exponential, as would be expected for a slow
component of transport, it is unclear if the base-line drift
reflected instability of the sample or slow transport. Therefore,
the transport time was defined as the time constant of the expo-
nential (7 = 1/k), and the fluorescence changes due to the base-
line drift were not included in transport efficiency calculations.
Thus, the transport efficiency = A/(A + B + C), where A = the
total fluorescence change explained by the exponential compo-
nent of the fitted data (i.e. given by the absolute value of the
pre-exponential factor), B = the total fluorescence change due to
the base-line drift, and C = the total fluorescence change
resulting from EDTA addition, which was used to estimate the
amount of nontransported precursor protein (24). This is con-
sidered a conservative estimate of the transport efficiency,
which in some cases is significantly higher when the base-line
drift is included (see supplemental material).

Linear Transport Velocity Model—During translocation
through the SecYEG pore, polylysine segments may locally
affect the translocation of the lysines and the surrounding pep-
tide. More precisely, proOmpA appears to translocate at a rel-
atively constant rate (23, 24), and thus, a polylysine sequence
may alter the translocation rate of a segment of the polypeptide,
due, for example, to some combination of electrophoretic, elec-
trostatic, and conformational effects. If the effects are local,
then the translocation of #K (n lysines) at one site should not
have any influence on the translocation of a distant nK segment.
We assumed that a 5K sequence locally affects the translocation
of a polypeptide segment ~20 residues long. This includes the
5K segment, as well as an extended chain length on each side of
the lysines capable of extending across the bilayer. With these
basic principles, the transport time, 7, is predicted as shown in
Equation 1,

N

7= (L = Xine — 20N)(1/V) + >,20(1/v;)

i=1

(Eq. 1)

where L is the total precursor length (which is 356 for
proOmpA-HisC); x,,, is the x-intercept of a plot of transport
time against precursor length (which is 61 for proOmpA-HisC)
and suggests that an early segment of the polypeptide chain is
transported very quickly through the SecYEG channel (24); N is
the number of 5K segments; V is the average linear transport
velocity of the entire polypeptide chain (calculated from the
wild type transport time); and v, is the average linear transport
velocity of the 20-residue segment influenced by the ith 5K
segment. Values for v, were calculated from the single 5K
mutant data in Fig. 1B (summarized in supplemental Table S1).

Errors—Error bars are reported as means = S.E. Transport
times and translocation efficiencies varied for different IMV

APRIL 13,2012+VOLUME 287+-NUMBER 16

Sec Transport of Precursors with Polylysine

preparations, although only high translocation efficiency IMV
preparations were used for the reported experiments. The same
batch of IMVs was used for each mutant data set within each
figure panel, and a wild type control is provided for each IMV
preparation used. Values compared between panels may be dif-
ferent due to different IMV preparations.

RESULTS

Mutant Design and Experimental Approach—To probe how
positive charge affects transport time and efficiency, we intro-
duced lysines at six approximately equally spaced locations
within the mature domain of proOmpA. We varied both the
number of lysines introduced at a particular site, as well as the
number of sites at which lysines were introduced. In all cases,
the wild type residue was mutated to lysine, so that the total
length of each precursor protein was identical (356 residues).
Sites are identified both by the residue number of the first res-
idue that was mutated and the percent of the total length that
this position represents (Fig. 14).

Precursor transport rates and transport efficiencies were
measured by a recently described real time fluorescence-based
transport assay (24). In short, overexpressed and purified
proOmpA mutants were tagged at the C terminus with the
Atto565 dye. The dye’s fluorescence was initially quenched by
Ni**, which bound to a His, tag adjacent to the dye labeling site.
During translocation into IMVs, the Ni*" was removed, pre-
sumably stripped off during translocation through the SecYEG
pore, resulting in an increase in fluorescence. A control exper-
iment performed in the absence of Ni*" was used to correct for
dye self-quenching that occurs upon transfer into the vesicle
lumen. Dequenching the fluorescence of the untransported
protein with EDTA, which removes/chelates the Ni*", allowed
estimation of the transport efficiency, as described previously
(24). With this approach, transport efficiency is defined as the
percentage of the precursor protein that was added to the assay
that ultimately transported across the IMV membrane into the
lumen.

Transport of 5K and 10K Mutants—It was previously con-
cluded that the insertion of a stretch of five consecutive lysine
residues (5K) at position 249 had essentially no effect on
proOmpA transport but that 10 lysines (10K) almost com-
pletely blocked transport (31). We first sought to determine
whether similar results would be obtained no matter where the
mutations were made in the mature domain of proOmpA.
Mutations were made at the six positions discussed earlier (Fig.
1A). In principle, a significant number of consecutive lysine
residues could provide a substantial barrier to translocation as
the transfer of positively charged resides through the SecYEG
pore occurs against the electric field gradient. To illustrate the
local thermodynamic barrier relative to the total thermody-
namic barrier, an estimate of the amount of total charge trans-
located is plotted against the amino acid position for each of the
5K and 10K mutants tested (supplemental Fig. S1).

Raw data for the 5K and 10K mutants is shown in supplemen-
tal Fig. S2, and summarized in Fig. 1, Band C. At first glance, the
transport time versus position plots for the 5K and 10K mutants
reveals approximately linear correlations, with a significantly
steeper slope for the 10K mutants (Fig. 1B). However, this is a
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FIGURE 1. Design of the 5K and 10K polylysine mutants, and summary of
their transport times and transport efficiencies. A, positions of mutations.
Segments of wild type proOmpA-HisC were replaced with n = 5 or 10 con-
secutive lysines. Mutation sites are identified by residue number and percent
of total precursor length from the N terminus. SS, signal sequence. B, trans-
port times. The transport times (1) obtained from the fits in supplemental Fig.
S2 are plotted against the position of the mutated segment (5K, blue; 10K,
red). The wild type transport time is indicated by a dashed line. C, transport
efficiencies. Transport efficiencies of the 5K (blue) and 10K (red) mutants are
compared with that of the wild type protein (WT). Transport efficiencies were
calculated as described under “Experimental Procedures.” The wild type con-
trols were identical for the 5K and 10K mutants because the same batch of
IMVs was used for all data.

substantially oversimplified picture as the error bars are well
outside a strict linear correlation. For example, the trans-
port times of Lys®>-5K-proOmpA, Tyr***-5K-proOmpA, and
Val**!-5K-proOmpA clearly do not lie on a straight line (Fig.
1B). These data therefore indicate a nonlinear position depen-
dence of 5K on transport time. The position dependence of 10K
on transport time was quite dramatic, with a transport time
range from ~10 to ~70 s. A 10K segment significantly slowed
transport time when located near the N-terminal end of the
mature domain (Fig. 1B). All of the 5K mutants exhibited a
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slightly decreased transport efficiency (~70-95% of wild type,
Fig. 1C and supplemental Fig. S3A). Intriguingly, the 10K
mutants with the shortest transport times yielded the lowest
transport efficiencies (~20-30% of wild type, Fig. 1C and sup-
plemental Fig. S3B).

Transport of 2x5K Mutants—The total thermodynamic bar-
rier to translocation of a precursor protein with 10 consecutive
charged residues against the Ay is identical to that for trans-
porting the same protein with these 10 charged residues distrib-
uted nonconsecutively within the mature domain. To investi-
gate the role of overall thermodynamics in influencing
transport time and transport efficiency, we constructed
proOmpA mutants with two 5K sequences. We chose three
positions, Gly'®*2, Asn®°®, and Val**!, for which the single 5K
mutants exhibited similar transport times and translocation
efficiencies (Fig. 1, Band C). Using these three amino acid posi-
tions, we constructed the three possible 2x5K mutants, and, for
completeness, the 3x5K mutant. All three 2x5K mutants
yielded similar transport times (~40 s) and transport efficien-
cies (~70% of wild type). The 3x5K mutant yielded a similar
translocation efficiency but a slower transport time (Fig. 2 and
supplemental Fig. S4). The properties of the 10K mutants do
not appear to be useful for predicting the properties of the 2x5K
mutants. For example, the Asn®**® and Val**! 10K mutants had
relatively low transport efficiencies and short transport times.
In contrast, the 055-proOmpA mutant, which has a 5K segment
beginning at each of these positions, had a higher transport
efficiency and longer transport time. These data therefore sup-
port the hypothesis that the overall thermodynamics of trans-
porting against a Ay is not the major influence on the transport
time and transport efficiency of these mutants.

Although our data do not support a picture wherein the
overall thermodynamics is the major determining factor for
transport time, the introduction of a 5K sequence within
proOmpA does yield a position-dependent effect on trans-
port time. Previous investigators found that the length of a
polylysine segment influences translocation rate (31), pre-
sumably by a partial or full arrest during translocation of
the polylysine segment through the SecYEG pore. We there-
fore tested whether the effects of 5K mutations on transport
time were additive using a linear transport velocity model
(see “Experimental Procedures”). The transport times pre-
dicted by this linear transport velocity model are indicated
by the green bars in Fig. 2B. All the 2x5K and 3x5K transport
time data agree with this model.

Transport of Nx3K Mutants—According to the linear trans-
port velocity model, a translocation pause occurs at each poly-
lysine segment due to the difficulty of translocating such
sequences through the SecYEG pore. This agrees with the con-
clusion that long polylysine segments can cause the precursor
to become trapped within the translocon at (or near) the posi-
tion of the polylysine (31). Whereas longer polylysine segments
could completely block transport, shorter such segments may
simply reduce transport rate and efficiency. A pause in the
translocation process should produce a lag phase at the begin-
ning of the bulk translocation kinetics. A series of multiple
pauses should give a longer lag phase and therefore should be
more easily detected. The basic principle here is that the kinet-
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FIGURE 2. Transport kinetics of the 2x5K and 3x5K mutants. A, design of
the mutants. SS, signal sequence. B, transport times. Shown in red are the
transport times (7) obtained from the fits in supplemental Fig. S4. Transport
times predicted based on the linear transport velocity model (see text) are
shown in green. C, transport efficiencies.

ics should follow a model consisting of a series of first-order
steps, the more steps, the longer the lag phase as shown in
Scheme 1,

—7

AQB%C% e e e e
SCHEME 1

In Scheme 1, the number of intermediates is determined by the
number of pause sites. Thus, the transport of wild type
proOmpA, which yields single exponential kinetics, is well
described by a single step model. One pause is predicted to
require a two-step model, if the pause is of an appropriate dura-
tion. Similarly, # pauses should require an (z + 1)-step model.

Although the 2x5K transport time data agrees with this linear
transport velocity model, we further tested these ideas by cre-
ating a series of precursor proteins with an increasing number
of polylysine sites. To introduce a large number of potential
pause sites with a minimal effect on transport efficiency, we
introduced three consecutive lysine residues (3K) as potential
pause sites. Using the same six positions in the mature domain
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identified in Fig. 14, we introduced up to six 3K sites (Fig. 3A4).
All of the 3K mutants exhibited a moderately longer transport
time (~25-30 s versus 19 s for wild type), indicating that the
introduced lysines had an effect on transport (red bars in Fig.
3B). Transport efficiency was essentially unaffected for all
except the 6x3K mutant, for which transport efficiency was
only moderately reduced (red bars in Fig. 3C). The transport
kinetics for all the 3K mutants were well fit by a single exponen-
tial. If discrete pauses were introduced by the 3K sites, they
were insufficient to yield a detectable lag phase (supplemental
Fig. S5).

Transport of NxSK Mutants—We next tested whether a
series of 5K sites would be more effective in producing a lag
phase in the transport kinetics. We introduced up to six 5K
sites, as we did earlier for the 3K sites (Fig. 34). Transport time
generally increased as the number of 5K sites increased, sup-
porting the hypothesis that the 5K sites are more effective at
introducing translocation pauses than the 3K sites (compare
red and blue bars in Fig. 3B). With the exception of the 6x5K
mutant, the transport times are well predicted by the linear
transport velocity model discussed earlier (green bars in Fig.
3B). Transport efficiencies decreased in the presence of a higher
number of 5K sites (blue bars in Fig. 3C).

The Nx5K mutants sometimes exhibited an initial lag phase
in their transport kinetics (supplemental Fig. S6). This was
expected, according to Scheme 1. Therefore, the transport
kinetics were fit to a Scheme 1 kinetic model with # identical
rate constants (1 = 1-7; supplemental Fig. S7). The best fit was
typically #» = 1-2. This was surprising, because the transport
time predictions of the linear transport velocity model fit the
data reasonably well (Figs. 2B and 3B). Therefore, the kinetic
profiles indicate that the polylysine mutants do not follow a
single turnover stepwise translocation model in which polyly-
sine segments cause rate-limiting pauses during translocation
through the pore. More succinctly, although transport times
largely agree with the linear transport velocity model, the
kinetic profiles do not support this model.

Transport of 5x5K Mutants—Because the data in Fig. 1B indi-
cated that individual polylysine segments had position-depen-
dent effects, we next sought to further investigate whether mul-
tiple polylysine segments exhibited such effects. The data in Fig.
2 suggested that this was not the case. Therefore, we con-
structed a series of six 5x5K mutants using the same six mature
domain positions as before, with a 5K site in all but one position
(Fig. 3D). The transport times of these six 5x5K mutants were
all fairly similar (~60 — 80 s) and were reasonably well predicted
by the linear transport velocity model (Fig. 3E). The transport
efficiency decreased as the 5K sites were moved toward the C
terminus (Fig. 3F), suggesting that C-terminal positive charges
have a more detrimental effect on transport efficiency. Lag
phases were small, if observed, even for the same 5x5K mutant
tested earlier that did exhibit a lag phase (compare supplemen-
tal Figs. S7E and S9F), despite the fact that similar transport
efficiencies and transport times were observed in both experi-
ments. We attribute these differences to IMV batch depen-
dences, based on nine different measurements using four dif-
ferent IMV preparations. For completeness, we fit the data to
the Scheme 1 kinetic model (supplemental Fig. S9). In all cases,

JOURNAL OF BIOLOGICAL CHEMISTRY 12707

2102 ‘vT |Udy uo ‘Alelqi] S20U319S [BIIPIIN - AlSIBAIUN WY Sexa] e Blo agl mmm woly papeojumoq


http://www.jbc.org/cgi/content/full/M111.240903/DC1
http://www.jbc.org/cgi/content/full/M111.240903/DC1
http://www.jbc.org/cgi/content/full/M111.240903/DC1
http://www.jbc.org/cgi/content/full/M111.240903/DC1
http://www.jbc.org/cgi/content/full/M111.240903/DC1
http://www.jbc.org/cgi/content/full/M111.240903/DC1
http://www.jbc.org/cgi/content/full/M111.240903/DC1
http://www.jbc.org/cgi/content/full/M111.240903/DC1
http://www.jbc.org/

Sec Transport of Precursors with Polylysine

A

Construct ss
Name

p-barrel domain periplasmic tail

1xnK Hy! K -co;
2xnK “H M- K, -'K -CO;
3xnK Hy K, ="K K -00;

4xnK LEHHHHHHC-CO,

5xnK *HN—— " 0K 2 —— K SO - LEHHHHHHC-CO,
6xnK *H N —CK 0K K —K K 2K = LEHHHHHHC-CO;
E3 120
22100
g e
=
r 60
[o]
)
2 40
o
= 20
0
X X X X X X
c [ c c [ c
X X X X X E
= N (s} = Yo} ©
3K/5K Mutants
)
>
o
c
2
2
=
48}
=
o
Q.
(2]
=
©
ad
[
X X X X X X
= c c c = c
X < < X X < E
= N (s} <~ 0 ©
3K/5K Mutants

D

Construct 88
Name

B-barrel domain periplasmic tail

055555  “H,N—se—— K m—K 2K K = LEHHHHHHC-CO,

505555  H,N—mm— | — " —K K K = LEHHHHHHC-CO;

550555  H,N—mm—t | ' K K 'K = LEHHHHHHC-CO;

555055  H,N—mmmm—tK | 'K K mm— K 'K = LEHHHHHHC-CO,
555505 H N—mmm—tK KK — K 'K = LEHHHHHHC-CO,

555550

E 100

H K ' OKm 2K 243y 05y

LEHHHHHHC-CO,

©
o

40

20

Transport Time (s)

055555
505555
550555
555055
555505
555550
WT

5x5K Mutants

Transport Efficiency (%)

0 Yo} Yol Yol Yo} o
Yol Yo} Yol Yol o 0
[Xo] Yol o) o Yol Yo
Yol Yo} o Y93 Y} [Te)
o) o (Yo o] Yol Yo
o 0 Xel 0

n n
5x5K Mutants

FIGURE 3. Transport characteristics of proOmpA mutants with multiple polylysine segments. A, design of the Nx3K and Nx5K polylysine mutants.
Segments of wild type proOmpA-HisC were replaced with n = 3 or 5 consecutive lysines. SS, signal sequence. B, transport times (7) of the Nx3K (red) and Nx5K
(blue) mutants obtained from the fits in supplemental Figs. S5 and S6. Predicted transport times for the Nx5K mutants based on the linear transport velocity
model (see text) are shown in green. C, transport efficiencies of the Nx3K (red) and Nx5K (blue) mutants. For Band C, the different values for the wild type controls
are a consequence of the different batches of IMVs used for the 3K and 5K data sets. D, design of the 5x5K mutants. £, transport times (7) of the 5x5K mutants
(red) obtained from the fits in supplemental Fig. S8. Predicted transport times based on the linear transport velocity model (see text) are shown in green.

F, transport efficiencies of the 5x5K mutants.

the best fit was for » = 1-2, again indicating that the Scheme 1
kinetics predicted by the linear transport velocity model are not
supported by the data.

Correlation between Transport Time and Transport Effi-
ciency—There is a moderate negative correlation (R* = 0.60)
between transport time and transport efficiency (Fig. 4). One
possibility is that a precursor protein has a cumulatively
increased probability to abort transport the longer it interacts
with the transport machinery. There are two significant outli-
ers, the Asn®*°-10K and Val®*'-10K mutants. In fact, for the
10K mutants, transport time and transport efficiency appear
positively correlated (dashed line in Fig. 4). Transport time and
transport efficiency are moderately correlated with the total
charge added to proOmpA-HisC (R*> = 0.63 and 0.27, respec-
tively; supplemental Fig. S10).

Polylysine Mutants Do Not Get Trapped in the Translocon—
Nouwen et al. (31) obtained a low transport efficiency for a 10K
precursor protein and concluded that the polylysine segment
caused the precursor protein to become trapped in the translo-
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con. We therefore tested whether our highly charged polylysine
mutants form stable translocation intermediates that block
transport. We addressed this possibility as follows. A mutant
unlabeled precursor protein was incubated with IMVs under
transport conditions at a concentration (500 nM or 3 um)
exceeding that of functional translocons (24). If the polylysine-
containing precursor protein became trapped in the translo-
con, further transport activity should have been blocked. How-
ever, the transport of wild type fluorescent proOmpA-HisC was
not blocked by the unlabeled Nx5K mutants or the Gly'#*-10K
mutant, even after a short (2 min) incubation time, long enough
for the polylysine precursors to be transported but short
enough to minimize the possibility for spontaneous clearance
(Fig. 5, A and B). These data indicate that under fully energized
transport conditions, the polylysine mutants do not become
trapped within the translocation channel. Moreover, each of
the polylysine mutants exhibited fluorescence self-quenching,
as was described earlier for the wild type precursor protein (24),
consistent with transport into the IMV lumen. Thus, we con-
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FIGURE 4. Correlation between transport time and transport efficiency
for all of the proOmpA mutants reported here and for precursors of dif-
ferent lengths (see “Discussion”), as reported earlier (24). The solid line is
the linear fit (R = 0.60) not including the two outliers (Asn®°>-10K and Val**'-
10K mutants). If all points are included, R? = 0.25. The slope and R? values are
virtually identical for the polylysine mutants and for the precursors of differ-
ent lengths. Data from the 10K mutants are connected by the dashed line.
Gray, wild type; purple, single 5K mutants; dark blue, 10K mutants; green, 2x5K
mutants; brown, 3x5K mutant; orange, Nx3K mutants; pink, Nx5K mutants;
light blue, 55K mutants; and black, precursors of different lengths. Error bars
are omitted for clarity.

clude that all of our polylysine mutants were able to fully trans-
locate through the SecYEG translocon.

SecYEG Translocons Are Not Blocked by a Translocation-in-
competent Precursor—As a further test to determine whether
the SecYEG pore could be blocked under our transport condi-
tions, we attached a biotin moiety to wild type proOmpA, and
then blocked transport with avidin (Fig. 5C). The basic princi-
ple of this experiment is that due to the strong biotin-avidin
interaction, proOmpA is not translocated due to the large
unfoldable avidin domain attached to the C terminus of the
precursor. The expectation was that the precursor-avidin con-
struct would get trapped within the SecYEG pore. To investi-
gate whether pore blockage occurred, we examined the trans-
port of a translocation competent precursor, e.g. one that does
not have avidin attached, under conditions in which the trans-
location-incompetent precursor is expected to block the pore.
However, there are potentially two inhibitory effects, simple
competition (for binding sites) and pore blockage, that need to
be distinguished. We examined this by determining the trans-
port of fluorescent precursor as a function of increasing con-
centrations of biotinylated precursor in the presence and
absence of bound avidin (Fig. 5D). We found that transport is
inhibited by the precursor-avidin complex, but the inhibition
can be entirely explained by competition; pore blockage does
not seem to occur. This result was unexpected. However, this is
exactly the result that was obtained earlier for the twin arginine
translocation (Tat) machinery, for which the interpretation was
that transport could be aborted (47, 48).

DISCUSSION

This study reports the application of a fluorescence-based
transport assay to examine the influence of a positive charge on
the transport time and transport efficiency of proOmpA by the
Sec protein export machinery. This is the first report that sys-
tematically investigates the influence of the number and distri-
bution of positive charges throughout the mature domain of a
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precursor protein. The high time resolution of a novel real time
kinetic assay is essential for testing the predictions of mecha-
nistic models. The data support the following major conclu-
sions. First, multiple lysine residues inhibit precursor translo-
cation, and more lysine residues are more inhibitory (Fig. 1C).
Second, consecutive lysine residues are more inhibitory than an
equivalent number of lysine residues distributed over multiple
locations (compare Figs. 1C and 2C). Third, the effect of poly-
lysine sequences is dependent on position within the mature
domain (Fig. 1, Band C). Fourth, overall the transport efficiency
is negatively correlated with transport time (Fig. 4). Fifth, the
effects on transport time resulting from 5K mutations at indi-
vidual sites are largely additive, assuming that preprotein seg-
ments transport at position-dependent linear rates (Fig. 3, B
and E). Sixth, the translocation kinetics are typically approxi-
mately exponential even in the presence of multiple rate-influ-
encing polylysine segments (supplemental Figs. S2 and S4-S9).
Seventh, under fully energized conditions, precursors do not
get trapped within the SecYEG translocation pore, they either
translocate or abort transport (Fig. 5). The implications of all of
these conclusions are now discussed.

The movement of positive charge against a Ay is thermody-
namically unfavorable. The data presented here indicate, how-
ever, that the total electrophoretic interaction of positive
charges in the precursor protein with the A is not the major
factor controlling the translocation behavior of the precursor
protein. For example, the 10K mutants had widely varying
transport times and transport efficiencies (Fig. 1), the 6x3K
mutant behaved similarly to the 5K mutants, which have less
than one-third the total positive charge (Figs. 1 and 3), and the
6x5K mutant behaved similar to the Lys®>-10K mutant (Figs. 1
and 3). One interpretation is that the Ay thermodynamic bar-
rier is not that imposing for the process of moving a precursor
protein across a membrane. However, an alternative and more
likely possibility is that counter ions within the hydration shell
of a precursor protein can migrate with charged residues
through the translocation channel. This picture is consistent
with recent work that demonstrated the facile transport of 18-A
rigid tags, indicative of a large channel (49), and it agrees with
experiments that demonstrated ion and water flux through an
open channel (50). Note that a narrow channel that requires
dehydration would be energetically expensive. If counter ions
do indeed move with charged residues through the transloca-
tion channel, sliding of the precursor protein in both directions
could be relatively facile. Backsliding has been demonstrated
experimentally (51). Note that the total charge translocated
does not have to be entirely compensated, on average, by co-
migrating counter ions. Thus, electrophoretic influences could
still be felt by the precursor protein, although not as strongly as
might be predicted based on the charge distribution in the lin-
ear sequence of the precursor.

Considering that the cause of the observed effects of polyly-
sine cannot be simply accounted for by electrophoretic influ-
ences, a different mechanism is required to explain our results.
The data in supplemental Fig. S10 supporta role for electrostat-
ics in influencing transport time and transport efficiency
because about half of the variability in these parameters is
explained by total positive charge. One possibility is that a
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FIGURE 5. Effect of polylysine mutations and bound avidin on the translocation of wild type proOmpA. A, preincubation with 500 nm polylysine mutants.
IMVs were preincubated with the indicated precursor protein (500 nm, nonfluorescent) for 5 min at 37 °C. Transport was initiated by the addition of 1 mm ATP
and 5 mm succinate. After 2 min at 37 °C (first transport period), 50 nm wild type proOmpA-HisC-Atto565 (WT-Atto565) was added, and transport was continued
for another 2 min (second transport period). The fluorescent translocated protein was analyzed after proteinase K treatment by SDS-PAGE and direct in-gel
fluorescence using a phosphorimager. The leftmost 4 lanes are standards calibrated to the total amount of proOmpA-HisC-Atto565 added, as indicated. The
rightmost lane is a control indicating the amount of transport when no precursor was present in the preincubation period and first transport period. Transport
reactions in the middle lanes contained the indicated precursor protein in the preincubation period and the first transport period. These data demonstrate that
the Gly'82-10K mutant and the Nx5K mutants had no significantly different effect on transport than wild type proOmpA. Thus, they did not block the SecYEG
translocons. B, preincubation with 3 um polylysine mutants. Earlier work indicated that the functional SecYEG concentration at the IMV concentration used in
A was ~100-400 nm (24). To test for the possibility that transport blockage was not observed in A due to a significant underestimate of the SecYEG and
endogenous SecA concentrations, the experiment was repeated by preincubating with 3 um of the indicated precursor proteins. Other experimental condi-
tions were the same as in A, except that both transport reaction periods were 15 min instead of 2 min. These data clearly demonstrate that the tested precursor
proteins do not become trapped in the SecYEG translocation channel under these conditions. Precursor (p) and mature (m) length bands are indicated. C, effect
of avidin on the transport of biotinylated proOmpA. Transport reactions were performed with proOmpA-HisC-biotin (500 nm) in the presence or absence of
NeutrAvidin (20 um) and ATP (1 mm) as indicated. Reactions were performed at 37 °C for 10 min. Samples were treated with proteinase K (1.3 ug/ml) at RT for
45 min and quenched with PMSF (20 mm). D, competition between biotinylated and unbiotinylated proOmpA in the presence and absence of avidin. The
fluorescent precursor (proOmpA-HisC-Atto565) concentration was fixed at 50 nm, and the biotinylated precursor concentration (proOmpA-HisC-biotin) was
varied from 0 to 500 nm. Transport of the two proteins was determined by in-gel fluorescence imaging or by probing a blot with avidin-HRP conjugate,
respectively. Reagents were added in the order indicated from top to bottom. Biotin was added before or after the biotinylated precursor. Due to the high
biotin-avidin affinity, the precursor-avidin complex could only form in the latter situation. Unless otherwise indicated, conditions were identical as in C. The
graph shows the average transport yields from four independent experiments under “avidin-bound” and “avidin not bound” conditions, which reflect whether
biotinylated precursor was added before or after free biotin, respectively, and hence whether proOmpA-biotin was bound or not bound to avidin. The left axis
corresponds to the quantification of fluorescence scans reflecting the transported proOmpA-Atto565 under avidin-bound (red) and avidin not bound (blue)
conditions. The right axis corresponds to the quantification of avidin blots reflecting the transported proOmpA-biotin under avidin-bound (orange) and avidin
not bound (green) conditions.

lysine side chain exhibits a stronger interaction with elements
of the translocation system than other side chains. This inter-
action could be electrostatic (e.g the amino group interacts
with one or more negatively charged domains) or through a
hydrophobic face or pocket (e.g. via the aliphatic carbons). Poly-
lysine sites of a translocating preprotein could also interact
electrostatically with the negatively charged membrane lipids.
Such lipid interactions have been found to explain the “positive
inside” rule for membrane proteins (52, 53). To explore the
effects of electrostatics, we examined the transport kinetics of
the Nx5K mutants in the presence of a high salt (200 mm NaCl)
concentration (supplemental Fig. S11). Under such conditions,
electrostatic interactions should be largely shielded. Although
the transport of wild type proOmpA was about 2-fold slower
under these high salt conditions, the effects of 5K segments on
transport time and transport efficiency were largely eliminated.
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These data therefore suggest that the effects of polylysine seg-
ments are largely determined by electrostatics.

The electrostatic effects of polylysine segments on precursor
transport could be manifested locally by influencing polypep-
tide translocation through the SecYEG pore. Such local effects
could potentially be additive, such that multiple distant polyly-
sine sites could produce independent translocation pauses.
This is the basis behind the linear transport velocity model,
which predicts the observed transport times fairly well (Figs. 2B
and 3, B and E). In only two cases did the transport time pre-
dictions fail, for the 6x5K mutant (Fig. 3B) and, to a lesser
extent, for the 055555 mutant (Fig. 3E). The problem is that this
model also predicts that the kinetics should follow Scheme 1.
We did not observe the extended lag phase predicted by
Scheme 1. Thus, the linear transport velocity model appears
incorrect.
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One explanation for the approximately single exponential
kinetics observed is that the transport time could be primarily
determined by the precursor release rate from SecA and/or
SecB. Because the polylysine sites introduced here are at least
74 residues from the signal sequence, it seems unlikely that the
polylysine mutations affect the interaction of SecA with the
signal sequence. However, covalently attached signal sequences
are not required for binding to the SecA-SecYEG complex (54),
suggesting direct interaction of SecA with mature domains.
Thus, mature domain polylysine stretches could interfere with
SecA binding affinity. While the interactions of SecA with the
proOmpA mature domain are uncertain, SecB clearly interacts
directly with the OmpA mature domain. Compared with other
amino acids, lysine residues have a moderate affinity for SecB
(55). Thus, the polylysine mutants could have a higher affinity
for SecB, and a slower release from SecB could lead to a slower
transport rate. A rate-limiting slow release from SecB depen-
dent on the number and length of polylysine sites would yield the
approximately single exponential kinetics that we observed. A
protease protection assay revealed that a 10K peptide has an
affinity of ~1 um for SecB, whereas polylysines of =7 residues
interact significantly weaker (56, 57). The significantly stronger
affinity of SecB for 10K versus 5K polypeptides could potentially
explain the differences in transport times and transport effi-
ciencies observed for our 5K and 10K proOmpA mutants (Fig.
1). However, considering that precursor affinities for SecB are
typically in the 10-50 nm range (58, 59), a 10K affinity of 1 um
may not have a significant effect on precursor off-rate. None-
theless, multiple 3K or 5K sites could yield significantly stron-
ger SecB affinities due to avidity, especially if the binding motifs
include nearby aromatic residues (55). We addressed this issue
directly for some of the Nx5K mutants by performing transport
reactions in the presence and absence of SecB. We found that
transport is not substantially faster without SecB (supplemental
Fig. S12A). Thus, SecB release does not appear to be the rate-
limiting step of transport. Because SecB is required for efficient
transport of proOmpA (supplemental Fig. S12B), we conclude
that the observed kinetics are dominated by the behavior of the
SecB-bound form of proOmpA.

Transport efficiencies could potentially be affected by the
solubility of proOmpA mutants. The solubility of wild type
proOmpA and all of the Nx5K and 10K mutants in the pres-
ence of SecA and SecB is ~40-50% (supplemental Fig. S13).
These data suggest that a lower solubility is not responsible for
the lower transport efficiency of the 5x5K and 6x5K mutants
(Fig. 3C) or the wide range of transport efficiencies of the 10K
mutants (Fig. 1C). Moreover, Fig. 4 indicates that transport effi-
ciency is generally negatively correlated with transport time, i.e.
a longer transport time generally results in a lower transport
efficiency. Lower solubility in and of itself is not expected to
affect transport time. Thus, an alternative explanation for lower
transport efficiencies is needed. An important clue comes from
Fig. 5D, which indicates that a translocation incompetent pre-
cursor can be competitive for transport, and yet not block the
translocation pore. This can happen if the proOmpA-avidin
complex binds to the Sec translocation system but then aborts
transport. A high probability to abort transport implies a low
transport efficiency of a single attempt, and it predicts a slower
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overall transport rate. If precursors that abort transport do not
always return for another translocation attempt, a lower overall
transport efficiency will be observed. This picture therefore
explains the negative correlation of transport time with trans-
port efficiency.

This discussion therefore leads us to propose an alternate
transport model, which we term the abortive diffusion model.
Brownian diffusion on the nanoscale is quite fast, and it is phys-
ically reasonable that translocation through the SecYEG chan-
nel occurs on the sub-second time scale, as we discussed earlier
(24) and as was originally proposed by others (60). We therefore
suggest that the major reason why translocation is observed as a
slow process is that the probability of aborted transport is high.
For example, if transport can occur in ~5 s (including diffusion
to the SecYEG complex, binding, and translocation), and yet is
only successful ~25% of the time, the average transport time
would be about ~20 s, as we observed for wild type proOmpA.
The predicted kinetics of such a transport process is approxi-
mately exponential, as we observed. In principle, the presence
of polylysine segments may increase the abortive probability
due to aberrant interactions with SecA, SecB, and/or the
SecYEG complex, thereby leading to a slower overall transport
rate that still remains approximately exponential, again in
agreement with our data. Note, however, that we concluded
earlier that SecB release from the precursor protein was not
rate-limiting, and therefore it is not expected to influence abor-
tive probability under our conditions. A more reasonable expla-
nation is that polylysine segments inhibit translocation through
the SecYEG channel for electrostatic reasons, e.g. either due to
interactions with the SecA-SecYEG complex or due to forma-
tion of a translocation incompetent intermediate (partially
folded precursor). Each time a precursor protein aborts trans-
port, it likely can rebind to SecA/SecB and try again or achieve
a transport-incompetent conformation. The latter possibility is
consistent with the recent finding that a transport-incompetent
form of proOmpA is trypsin-resistant and is therefore partially
folded (61). Thus, an increase in abortive transport is predicted
to result in slower net transport and a lower net transport effi-
ciency, in agreement with Fig. 4. This model also predicts that
ATP will be required throughout the observed kinetics because
ATP will be needed for each new translocation attempt, in
agreement with our earlier results (24). Although a stable SecA-
SecB-precursor-SecYEG complex can be obtained in the
absence of ATP and a PMF (11, 62), SecA is rapidly released
from the membrane in the presence of a PMF (13), indicating
complex disassembly. Thus, the lifetime of the SecA-SecB-pre-
cursor-SecYEG complex is likely quite short under fully ener-
gized conditions, as is required for the abortive diffusion model.
The scatter in Fig. 4 can be explained by positive or negative
effects on the abortive efficiency depending on the manner in
which the precursor protein interacts with the translocation
system. We note that the proposed rapid aborted transport is
predicted to occur only under conditions in which the mem-
brane remains energized. When the PMF is reduced or col-
lapses (e.g during sample work-up), the precursor likely
becomes trapped within the SecYEG channel (13, 14, 31).

The abortive diffusion model is outlined in Fig. 6A. There are
a few important features of this model. First, this model does
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FIGURE 6. Abortive diffusion model. A, kinetic scheme of the model. The precursor protein and translocation system bind to form a receptor-substrate
complex. Precursor translocation occurs during the k; step, and retrotranslocation is possible (k,). The step defined by ks is the fluorescence dequenching step,
after which the precursor is converted to the mature protein. Precursor that has aborted transport can aggregate or be converted back into translocation
competent precursor (e.g. by the action/binding of SecA and/or SecB). B, global fit of the model to Nx5K mutant data. Due to the large number of kinetic
constants, the fits are highly underdetermined (many sets of values yield similar fits), and thus the output values are unreliable. The main message is that an
increase in abortive transport (an increased k,/k; ratio) is sufficient to explain the reduced transport efficiencies and the apparently longer transport times for
the Nx5K mutants. Note that the actual transport time of a single attempt (1/k5) does not need to change. For the fits shown (black), it was assumed that k; =
k,, but different for each precursor protein, and that k, was the same for all precursor proteins. Neither of these assumptions is necessary to obtain similar
quality fits. Data from supplemental Fig. S6 were corrected by subtracting the linear base line (see “Experimental Procedures”). The origin was determined by

firstindividually fitting the data to the model: red, wild type; blue, 2x5K mutant; orange, 4x5K mutant; green, 6x5K mutant.

not formally rule out stepwise transport, e.g. catalyzed by con-
formational cycling of the SecA ATPase. However, these con-
formational cycling steps would have to occur very rapidly such
that the entire process is complete within a few seconds (sum-
marized by the k; step in Fig. 64). Polylysine segments could
inhibit the interaction of SecA with the translocating polypep-
tide leading to an increase in the abortive probability. Second,
the model predicts that precursors with low transport effi-
ciency do not become trapped in the translocation pore but
rather are cleared from the translocon. Such rejected precursor
molecules may eventually become transport-incompetent (e.g.
aggregated or misfolded) and no longer able to interact with the
transport system. Such translocon clearing is expected to be
highly useful in vivo to remove precursor molecules that
achieve transport-incompetent (partially folded) configura-
tions during transport. Third, because the translocation step is
postulated to occur primarily through random diffusion
through the pore, longer precursor proteins are less likely to
transport successfully on any given attempt. Thus, longer pre-
cursor proteins are expected to abort transport more frequently
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leading to lower transport rates, as has been observed (24, 31).
Finally, the model is consistent with the kinetic profiles of our
polylysine mutants. To illustrate this point, Fig. 6B shows a
global fit to the translocation kinetics of wild type proOmpA
and three Nx5K mutants. Although there are many fit parame-
ters and thus they are highly underdetermined, this figure
shows that the general kinetic profile of the model is consistent
with our data and that different transport times and transport
efficiencies are easily accommodated. Single molecule experi-
ments would allow direct determination of the rate constants k,
and k; and therefore would provide very useful constraints to
test the model.

In summary, we have investigated the effect of polylysine
segments on precursor transport by the Sec translocation
machinery. We found that both location and charge distribu-
tion are important, demonstrating that any electrophoretic
effect is substantially modulated by other structural, electro-
static, and/or interactive effects. Most importantly, the
observed kinetic profiles do not support a model in which dis-
tinct polylysine segments individually produce rate-limiting

VOLUME 287+-NUMBER 16+APRIL 13,2012

2102 ‘vT |Udy uo ‘Alelqi] Sa0Ua19S [@IIPAIAN - AlSIBAIUN WY Sexa] Te Blo ogl mmm woly papeojumoq


http://www.jbc.org/cgi/content/full/M111.240903/DC1
http://www.jbc.org/

pauses during translocation through the pore. Consequently,
the data argue that translocation through the pore is not the
rate-limiting step of transport. Although this contradicts our
earlier interpretation (24), we have provided an alternative
explanation that is consistent with our current and previous
data. We expect that mathematical modeling and single mole-
cule approaches will be instrumental for more precisely deci-
phering the molecular interactions influencing translocation
behavior.
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SUPPLEMENTAL MATERIAL

Table S1. Linear Transport Velocities of 5K Segments*

Poly-Lysine Position Vi
(first residue) (residues/s)
95 1.0
140 28
182 1.4
243 8.3
305 2.1
341 2.1

*Using the equation and values provided in the main text, v; = 20/(tm-17), where tr is
the measured transport time of the single 5K mutant. For comparison, the average
transport rate of the wildtype precursor protein is V = 16.3 residues/s.
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Figure S1. Predicted Total Charge Translocated for the 5K and 10K ProOmpA
Mutants. The traces indicates the total charge translocated when each residue position
passes through the SecYEG pore (assuming linear translocation from the N- to C-
terminus) for n = 5 (A) and n = 10 (B): wildtype (red), K95 (purple), G140 (dark blue),
G182 (green), Y243 (orange), N305 (pink), V341 (light blue).
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Figure S2. Effects of 5K (A) and 10K (B) Mutations on the Transport Kinetics of
ProOmpA-HisC-Atto565. The data shown is an average of two experiments for the
indicated mutants (blue) and an average of four experiments for the wildtype precursor

protein (red, T = 18%1 s).

linear baseline drift.

[proOmpA-HisC-Atto565] = 10 nM.

The transport kinetics for the mutant proteins exhibited a
Thus, the data were fit (black) by a single-exponential (T is
indicated) with a linear slope (see Experimental Procedures).

[IMV] (Azg0) = 1;
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Figure S3. Transport Efficiencies of the 5K and 10K Mutants. Transport
efficiencies of the 5K (A) and 10K (B) mutants are compared with that of the wildtype
protein (WT). Transport efficiencies calculated by including the exponential
fluorescence change and the fluorescence change resulting from the linear baseline
slope are indicated in red, whereas transport efficiencies calculated by including only
the exponential change are indicated in blue (same as that shown in Figure 1C).
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Figure S4. Transport Kinetics for the 2x5K and 3x5K mutants. (A — D) Transport
kinetics, obtained and fit as described in Figure S2. Data shown is an average of two
experiments. Wildtype transport kinetics are indicated in red (t = 17£1 s). (E) Transport
efficiencies, calculated as described for Figure S3.
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Figure S5. Transport Kinetics for the Nx3K Mutants. (A — F) Transport kinetics,
obtained and fit as described in Figure S2. Data shown is an average of two
experiments. Transport kinetics for the wildtype protein are indicated in red (t = 1912 s)
and those for the charge mutants in blue. Transport times for the mutants are: 1x3K (28
12 s), 2x3K (2611 s), 3x3K (31%1 s), 4x3K (2611 s), 5x3K (3012 s), and 6x3K (33%1 s).
(insets) In order to demonstrate the absence of a significant lag phase in the beginning
of the kinetics traces, the time window of all transport data was enlarged to show the
early part of the kinetics. (G) Total charge translocated profiles: (red) wildtype, (light
blue) 1x3K, (pink) 2x3K, (orange) 3x3K, (green) 4x3K, (dark blue) 5x3K, and (purple)
6x3K. (H) Charge in a moving ten amino acid window for the 6x3K mutant (purple) and
the wildtype protein (red). Peaks indicate potential local barriers to translocation. (I)
Transport efficiencies, calculated as described for Figure S3.
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Figure S6. Transport Kinetics for the Nx5K Mutants. (A — F) Transport kinetics,
obtained and fit as described in Figure S2. Data shown is an average of two
experiments. Transport kinetics for the wildtype protein are indicated in red (t = 171 s)
and those for the charge mutants in blue. Transport times for the mutants are: 1x5K (37
11's), 2x5K (4614 s), 3x5K (4915 s), 4x5K (6311 s), 5x5K (5916 s), and 6x5K (11019 s).
(insets) In order to demonstrate the absence of a significant lag phase in the beginning
of the kinetics traces, the time window of all transport data was enlarged to show the
early part of the kinetics. (G) Total charge translocated profiles: (red) wildtype, (light
blue) 1x3K, (pink) 2x3K, (orange) 3x3K, (green) 4x3K, (dark blue) 5x3K, and (purple)
6x3K. (H) Charge in a moving ten amino acid window for the 6x5K mutant (purple) and
the wildtype protein (red). Peaks indicate potential local barriers to translocation. (I)
Transport efficiencies, calculated as described for Figure S3.
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Figure S7. Fitting the Nx5K Mutant Transport Kinetics to an n-step, First-order
Model (Equation 1). (A — F) The indicated data (black) from Figure S6 were fit via
simulation using Berkeley Madonna®. For most of the data, a single exponential (n = 1)
yielded the best fit, as estimated by root-mean-square deviation (RMSD). In one case,
n > 1 yielded a better fit (see E), although the improvement was small. For A-F, the
expected best fit based on the number of 5K pause sites is shown in addition to a single
exponential (n = 1) fit. Baselines were allowed to float. (red) n = 1, (green) n = 2,
(orange) n = 3, (dark blue) n = 4, (light blue) n =5, (brown) n = 6, and (purple) n =17.
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(A — F) Transport kinetics,

obtained and fit as described in Figure S2. Data shown is an average of three (charge
mutants) or four (wildtype) experiments. Transport kinetics for the wildtype protein are
indicated in red (t = 1711 s) and those for the charge mutants in blue. (G) Total charge
translocated profiles. For clarity, only the wildtype (red) and 555550 (purple) profiles
are shown. (H) Transport efficiencies, calculated as described for Figure S3.
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Figure S9. Fitting the 5x5K Mutant Transport Kinetics to an n-step, First-order

Model (Equation 1).

(A — F) The indicated data (black) from Figure S8 were fit via

simulation using Berkeley Madonna®. For most of the data, a single exponential (n = 1)
yielded the best fit, as estimated by root-mean-square deviation (RMSD). In one case,
n > 1 yielded a better fit (see F), although the improvement was small. In all cases, the
expected best fit based on the number of 5K pause sites (n = 6, brown) is shown in
addition to a single exponential (n = 1, red) fit. Baselines were allowed to float. (red) n
=1, (green) n = 2, (orange) n = 3, (dark blue) n = 4, (light blue) n = 5, and (brown) n = 6.
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Figure S10. Correlation of Transport Time (A) and Transport Efficiency (B) with
Total Charge Added for All Mutants. The transport efficiencies used here do not
include the fluorescence change due to the linear baseline drift (see Figure S3 caption
and Experimental Procedures). The shown linear fits have R* = 0.63 (A) and 0.27 (B).
(gray) wildtype, (purple) single 5K mutants, (dark blue) 10K mutants, (green) 2x5K
mutants, (brown) 3x5K mutant, (orange) Nx3K mutants, (pink) Nx5K mutants, and (light

blue) 5x5K mutants.
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Figure S11. Transport Kinetics of Nx5K Mutants under High Salt Conditions.
Fluorescence-based transport kinetics, obtained and fit as described in Figure S6,
except that 200 mM NaCl was included in the transport buffer. The data shown is an
average of two experiments. (A) Shown in red are transport times (t) relative to that of
the wild type precursor in the presence of 200 mM NaCl. For comparison, relative
transport times under standard conditions (10 mM NaCl) are shown in blue. Note that in
the presence of 200 mM NacCl, the wildtype transport time was about 2 fold slower than
under standard conditions. (B) Transport efficiencies, calculated as described for
Figure S3. Shown here are transport efficiencies calculated by including only the
exponential fluorescence change. Transport efficiencies at high (red) and low (blue)
NaCl concentrations are compared.
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Figure S12. Transport Kinetics of Wildtype proOmpA and Nx5K Mutants in the
Presence and Absence of SecB. (A) Transport times (1) and (B) transport efficiencies
in the presence (blue) and absence (red) of 8 yM SecB. Data were obtained and fit as
described in Figure S6, except that the precursor concentration was 40 nM. The 4-fold
higher precursor concentration was required to obtain a sufficient signal-to-noise ratio in
the minus SecB reactions due to the low transport efficiencies under these conditions.
The data shown is an average of three experiments. The data indicate that SecB is
required for efficient transport of proOmpA and that SecB release is not the rate-limiting
step of transport.
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Figure S13. Solubility of proOmpA Mutants. Precursor solubility was assayed after
dilution (10 nM final concentration) into import buffer in the presence (red) or absence
(black) of 200 nM SecA and 8 pM SecB. After 10 min at 37°C, aggregated precursor
was sedimented by centrifugation at 16,000 g for 45 min a 37°C in LoBind tubes
(Eppendorf). The fraction of precursor protein remaining in the supernatant was
determined by densitometry of the in-gel fluorescence of supernatant and pellet
fractions (N = 3). Unfortunately, we were unable to determine the precursors' solubility
under the actual transport conditions, i.e. in the presence of IMVs, since IMVs are
pelleted under the centrifugation conditions. Since the transport efficiency of wild-type
proOmpA-HisC is 60-70% (e.g., Figures 1C, 2C, and 3C), i.e., higher than its apparent
solubility, the presence of IMVs must assist with maintaining transport competence.
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