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ABSTRACT During their synthesis, the C-tailed membrane proteins expose the
membrane-spanning segment late from the ribosome and consequently can insert
into the membrane only posttranslationally. However, the C-tailed type 6 secretion
system (T6SS) component SciP uses the bacterial signal recognition particle (SRP)
system for membrane targeting, which operates cotranslationally. Analysis of possi-
ble sequence regions in the amino-terminal part of the protein revealed two candi-
dates that were then tested for whether they function as SRP signal peptides. Both
sequences were tested positive as synthetic peptides for binding to SRP. In addition,
purified ribosomes with stalled nascent chains exposing either sequence were capa-
ble of binding to SRP and SRP-FtsY complexes with high affinity. Together, the data
suggest that both peptides can serve as an SRP signal sequence promoting an early
membrane targeting of SciP during its synthesis. Like observed for multispanning
membrane proteins, the two cytoplasmic SRP signal sequences of SciP may also fa-
cilitate a retargeting event, making the targeting more efficient.

IMPORTANCE C-tail proteins are anchored in the inner membrane with a transmem-
brane segment at the C terminus in an N-in/C-out topology. Due to this topology,
membrane insertion occurs only posttranslationally. Nevertheless, the C-tail-anchored
protein SciP is targeted cotranslationally by SRP. We report here that two amino-
terminal hydrophobic stretches in SciP are individually recognized by SRP and target
the nascent protein to FtsY. The presence of two signal sequences may enable a re-
targeting mechanism, as already observed for multispanning membrane proteins,
to make the posttranslational insertion of SciP by YidC more efficient.

KEYWORDS C-tailed protein, membrane protein targeting, protein sorting, protein
folding, signal recognition particle, signal sequences

Gram-negative bacteria are divided into four different cellular subcompartments,
including the cytoplasm, the inner and outer membranes, and the periplasm. All of

these compartments contain a distinct set of proteins fulfilling important biological
functions. The challenge of compartmentalization is that all proteins are synthesized by
ribosomes in the cytoplasm, and, subsequently, they have to be sorted and transported
to their different target locations in the cell (1). Therefore, various protein sorting
pathways exist. Proteins which are directed to the inner membrane of Escherichia coli
are delivered either in a post- or cotranslational way, depending on their intrinsic signal
elements (2, 3). Cotranslational delivery of inner membrane proteins involves the
universally conserved signal recognition particle (SRP) pathway. The SRP pathway is
comprised of the cytoplasmic ribonucleoprotein SRP, which consists of the protein
component Ffh, the 4.5S RNA, and the membrane-associated SRP receptor FtsY (4–6).
Both SRP and FtsY exhibit GTPase activity controlling the cotranslational targeting
process (4, 7). SRP is associated with ribosomes by binding to the ribosomal proteins
uL23, uL29, and bL32 and the ribosomal 23S RNA. It scans the growing nascent chain
for the presence of an SRP signal sequence (8–11). As soon as an SRP signal sequence
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is exposed outside the ribosomal exit tunnel, it is bound with high affinity by SRP via
its hydrophobic groove that is formed by the M domain (9, 12–14). Consequently, the
ribosome-nascent chain complex (RNC) is targeted to the membrane-associated SRP
receptor FtsY (15). The interaction of SRP with its receptor leads to the coordinated
activation of the two GTPase domains in SRP and FtsY (16). After GTP hydrolysis, the
nascent chain is forwarded to the Sec translocon or the YidC insertase to be integrated
into the bilayer, and SRP enters a new targeting cycle (17, 18).

For SRP signal sequences, no consensus motif has been identified. However, an
uninterrupted stretch of at least 8 hydrophobic amino acids was found to be crucial for
SRP binding (19–22). In most cases, the N-terminal first transmembrane segment (TMS)
located within the first 100 amino acids of an inner membrane protein serves as an SRP
signal sequence (20). In addition to hydrophobicity, basic amino acids in the N-terminal
part of an SRP signal sequence promote SRP binding, probably due to electrostatic
interactions with the SRP RNA (23). In 2008, it was shown that SRP signal sequences are
not limited to transmembrane domains of inner membrane proteins. The four-spanning
potassium sensor protein KdpD has its first transmembrane domain 400 amino acids
downstream from the N terminus (24). However, KdpD is still targeted by SRP early
during translation; a short amphiphilic region, located between amino acid residues 22
to 48 in the cytoplasmic domain of KdpD, was identified to facilitate SRP-dependent
targeting (25). Similar to KdpD, the C-tail-anchored protein SciP from enteroaggregative
E. coli (EAEC) is targeted early during translation by SRP, although the insertion of the
TMS occurs posttranslationally via YidC due to the special (C-out) topology (26).
Interestingly, two short hydrophobic regions between amino acids 12 to 20 and 62 to
71 within the N-terminal cytoplasmic domain were found to be involved in membrane
targeting of SciP. Probably, this early targeting mechanism ensures that the RNC is
already located close to the YidC insertase to directly receive the C-terminal hydro-
phobic transmembrane domain and to protect it from the aqueous surrounding.
However, no other SRP substrate with more than one SRP signal sequence in a
cytoplasmic domain is described in the literature to date.

The question of whether both amino-terminal hydrophobic regions of SciP actually
serve as SRP signal sequences, as suspected from in vivo experiments (26), is addressed
in this study. In vitro interaction studies of purified SRP- and TnaC-stalled ribosomes (27)
using microscale thermophoresis demonstrate that both hydrophobic regions of SciP
are bound with similar affinity to SRP or an SRP-FtsY complex. We also show here, by
in vitro cross-linking studies, that short peptides of both signal sequences are binding
to the SRP M domain, similar to other known SRP substrates. The presence of two
cytoplasmic SRP signal sequences may enable a retargeting event, as already observed
for multispanning membrane proteins, to make the insertion of SciP by YidC more
efficient.

RESULTS
Binding of SciP nascent chains to SRP in vitro. The C-tail-anchored protein SciP of

EAEC consists of 217 amino acid residues and is anchored by one transmembrane
segment located at the extreme C-terminal part of the protein between amino acid
residues 184 and 206. This results in a short periplasmic C-tail of only 11 amino acids
and a large N-terminal cytoplasmic domain of 183 amino acids (Fig. 1, top). Recently,
we have shown that the insertion of SciP into the inner E. coli membrane depends on
the SRP system and YidC (26). Two short hydrophobic stretches in the N-terminal
cytoplasmic domain (amino acids [aa] 12 to 20 and 62 to 71) were identified as
potential SRP signal sequences (Fig. 1), and both regions are able to target a super-
folder green fluorescent protein (sfGFP) fusion construct to the membrane (26). In
addition, deletion of both regions prevented targeting of SciP, as shown with fluores-
cence microscopy (26).

To explore whether the two hydrophobic stretches in the N-terminal cytoplasmic
domain of SciP support the binding of SRP cotranslationally, ribosome-nascent chain
complexes were generated. Hence, the two signal sequences of SciP with an extended
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sequence (amino acids 2 to 54 and 54 to 100) were fused to the TnaC-stalling sequence.
This approach allows a tryptophan-dependent ribosomal stalling in vivo (27). Since
about 30 amino acids are harbored in the ribosomal exit tunnel, the nascent chains with
the signal sequences (aa 12 to 20 and 62 to 71) were extended to ensure that they are
exposed outside the tunnel. The RNCs were produced in E. coli KC6 (28) and purified via
an N-terminal His tag and a 10 to 40% sucrose gradient. The binding of the stalled
ribosomes with purified SRP was investigated with microscale thermophoresis (MST)
measurements (Fig. 2). The stalled ribosomes were labeled with the cysteine-reactive
fluorescent dye NT-647. A fixed concentration of 5 nM labeled ribosomes was incu-
bated with unlabeled SRP ranging from 1 �M to 0.5 nM. As a control, RNCs exposing the
amino acids 4 to 85 of the SRP substrate FtsQ were used (29), resulting in a dissociation
constant (Kd) of 30.6 � 6 nM (Fig. 2A, blue dots). In contrast, the nascent chains of the
cytoplasmic protein luciferase (residues 2 to 50) served as a negative control which
showed no binding to SRP in this concentration range (green dots). First, ribosomes
with nascent chains of the SciP residues 2 to 54 were incubated with SRP. The MST
measurements (Fig. 2B) resulted in a binding event with an estimated Kd of
49.7 � 12 nM (brown dots), which is in the same range as the positive-control FtsQ.
Next, ribosomes with nascent chains of the SciP residues 54 to 100 were applied for the
MST measurements with SRP. Also, in this case, a clear binding was observed with a Kd

of 57 � 7.6 nM (orange dots), comparable to the positive-control FtsQ. We conclude

FIG 1 Topology of SciP and the amino acid sequences of the N-terminal cytoplasmic hydrophobic regions of SciP (aa 12 to 20 and 62 to 71; orange) involved
in SRP targeting. The C-tail anchored protein SciP consists of one transmembrane domain located between amino acids 184 to 206, a short periplasmic domain
of 11 amino acids, and a large cytoplasmic domain of 183 amino acids. The hydrophobic regions involved in SRP targeting are located between amino acids
1 to 27 and 54 to 85, and the hydrophobic stretch is displayed in bold letters. The mutations analyzed in this study are marked with a box. The grand average
of hydropathy (GRAVY scale [42]) of each shown sequence is indicated.
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from the MST measurements that both hydrophobic regions of SciP can bind indepen-
dently of each other to SRP when exposed from a ribosome.

Mutations in the signal peptide affect SRP-dependent targeting. For SRP signal
sequences, no consensus motif has been found. However, an uninterrupted stretch of
at least 8 hydrophobic residues enables SRP binding (19–22). Also for the potassium
sensor protein KdpD, it was shown that the hydrophobicity of its signal peptide is
crucial for its SRP-dependent targeting (29). To monitor the membrane targeting of
SciP, the second hydrophobic region (residues 54 to 85) had been fused to the N
terminus of the fluorescent protein sfGFP (26). We used this construct to investigate
whether mutations in this hydrophobic region of SciP affect the targeting to the
membrane. The cysteine residue at position 68 in the hydrophobic stretch was substituted
with methionine (C68M) or with a hydrophilic serine residue (C68S). The localization of the
mutants was monitored in E. coli MC4100 cells using fluorescence microscopy (Fig. 3), and
expression was analyzed by SDS-PAGE (see Fig. S2 in the supplemental material). The
expression was induced with 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) for 1 h
at 30°C, and the samples were applied on poly-L-lysine-coated slides for fluorescence
microscopy with a specific filter set for GFP. The fluorescent signal of the SciP54-85–
sfGFP-96-217 construct was found at the membrane, demonstrating that the second
hydrophobic region of SciP targets the fusion construct to the membrane (Fig. 3A). In
contrast, the replacement of cysteine 68 with a serine residue resulted in a patchy
fluorescent signal mainly found at the cell poles (Fig. 3B), indicating that membrane
targeting is impaired. The replacement of the cysteine with a methionine residue
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FIG 2 Microscale thermophoresis measurements of SRP with RNCs. Unlabeled SRP (1 �M to 0.49 nM) was
incubated with 5 nM labeled RNCs for 5 min on ice and filled into premium capillaries (NanoTemper
Technologies). (A) The change in normalized fluorescence (ΔFnorm) of FtsQ4-85, SciP2-54, SciP54-100,
SciP54-100 C68S, and Luc2-50 is plotted against the concentration of unlabeled SRP. (B) Summary of the
Kd values (three independently pipetted measurements are merged, and the error bars represent
the standard deviation). The raw data of the MST measurements are shown in Fig. S1 and Table S1 in the
supplemental material.

FIG 3 Fluorescence microscopy of various SciP-sfGFP fusion proteins. E. coli MC4100 cells were trans-
formed with the respective plasmid, and the expression was induced with 1 mM IPTG for 1 h at 30°C. (A)
The fluorescent signal of SciP54-85 was clearly found at the membrane, indicating a targeting function
of this region. (B) Replacement of the cysteine residue at position 68 with a serine residue led to distinct
spots, probably due to the aggregated protein. (C) Replacement of the cysteine with a methionine
residue resulted in a mixed phenotype with distinct spots, mainly at the cell poles and signals found at
the membrane.
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partially restored the targeting defects of the C68S mutant (Fig. 3C). Taken together, the
results obtained with the mutants of the targeting signals show that their hydropho-
bicity is a common feature for SRP-dependent targeting of SciP.

To test whether the targeting defects of the SciP C68S mutant that we had observed
by fluorescence microscopy in vivo (Fig. 3B) correlate with the SRP binding ability, the
affinity of the C68S mutant for SRP was measured with MST in vitro. Therefore, the C68S
mutation was introduced in the SciP54-100 RNC construct (Fig. 2). The C68S mutation
resulted in a 2-fold decrease in the binding affinity with a Kd of 112.1 � 33.2 nM (Fig. 2A,
red dots) compared to the SciP54-85 wild-type sequence (Kd of 57 � 7.6 nM) (orange
dots). We conclude that the less hydrophobic SciP signal sequence is also affected for
its binding to SRP, explaining the impaired membrane targeting.

Binding of SciP-nascent chains to an SRP-FtsY complex. Since in vivo, the
ribosome nascent chain (RNC)-SRP complex is targeted to the SRP receptor at the
membrane, we were interested to study the binding of the RNCs, SRP, and the SRP
receptor FtsY in vitro. To test this, a preformed and stable SRP-FtsY complex was
employed for the interaction studies with the RNCs as has been described earlier (13).

In vivo, the major amount of FtsY is located at the membrane; however, as shown
in several other studies with Sec-dependent substrates, interaction and binding of SRP
or an SRP-RNC complex with soluble FtsY may also occur (30–34). Based on this, it was
concluded that in vitro binding of FtsY to an RNC-SRP complex in solution occurs, but
to generate the ternary complex RNC-SRP-FtsY-SecYEG, the interaction of FtsY with
lipids and the SecYEG translocon is required (35, 36).

Purified SRP and the SRP receptor protein FtsY were preincubated in the presence
of 0.2 mM GMP-PNP (guanosine 5=-imidotriphosphate trisodium salt hydrate) for the
MST measurements (Fig. 4). A fixed concentration of 5 nM labeled RNCs was incubated
with increasing SRP-FtsY complex concentrations ranging from 0.1 to 250 nM. First,
RNCs with amino acids 2 to 54 of SciP as a nascent chain were analyzed with SRP-FtsY,
resulting in a Kd of 0.8 � 1.2 nM (Fig. 4B, brown dots). This binding affinity is even
stronger than that for the positive-control FtsQ with an estimated Kd of 22.9 � 10.8 nM
(Fig. 4A, blue dots). RNCs with amino acids 54 to 100 of SciP were also bound by

RNCs KdSRP-FtsY [nM]

FtsQ4-85 22.9 10.8

SciP2-54 0.8 1.2

SciP54-100 10.8 3.6

SciP54-100 C68S no binding

Luc2-50 no binding

C

A

10-1 100 101 102 103 104

Concentration SRP-FtsY [nM]

∆F
no

rm
[‰

]

0

2

4

FtsQ4-85

Luc2-50

6

10-2

B

10-1 100 101 102 103 104

Concentration SRP-FtsY [nM]

∆F
no

rm
[‰

]

0

2

4

-2

SciP2-54
SciP54-100
SciP54-100 C68S

+-

+-

+-

FIG 4 Microscale thermophoresis measurements of a preincubated SRP-FtsY complex with RNCs. Unla-
beled SRP-FtsY (500/250 nM to 0.24/0.12 nM) was mixed with 5 nM labeled RNCs, incubated for 5 min on
ice, and filled into premium capillaries (NanoTemper Technologies). (A) The change in normalized
fluorescence (ΔFnorm) of FtsQ4-85 and Luc2-50 is plotted against the concentration of unlabeled
SRP-FtsY. (B) The change in normalized fluorescence (ΔFnorm) of SciP2-54, SciP54-100, and SciP54-100
C68S is plotted against the concentration of unlabeled SRP-FtsY. (C) Summary of the Kd values (three
independently pipetted measurements are merged, and the error bars represent the standard deviation).
The raw data of the MST measurements are shown in Fig. S3, Fig. S4, and Table S2.
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SRP-FtsY with a Kd of 10.8 � 3.6 nM (Fig. 4B, orange dots). In contrast, RNCs exposing
the nascent chain of luciferase did not show any binding to the SRP-FtsY complex (Fig.
4, green dots). From that, we conclude that both nascent chains exposing either one of
the SciP hydrophobic regions bind to SRP-FtsY with high affinities and therefore
represent true SRP substrates.

The exchange of the cysteine residue at position 68 with a serine residue resulted
in a 2-fold decreased affinity for SRP (Fig. 2). The MST measurements of the C68S
mutant for SRP-FtsY complex binding revealed no affinity (Fig. 4B, red dots). This clearly
shows that the C68S mutant is no functional SRP substrate.

Peptides composed of the two SRP signal sequences of SciP contact the SRP M
domain. SRP signal sequences are bound after their exposure on the ribosome by a
hydrophobic groove of the M domain within SRP (37). Whether the two SRP signal
sequences of SciP both contact the SRP M domain was addressed with in vitro disulfide
cross-linking studies using the oxidizing agent copper phenanthroline. Therefore, the
two putative SRP signal sequences of SciP were synthesized in vitro as individual
peptides. In a previous study, the short ΔEspP signal peptide was shown by fluores-
cence anisotropy to interact with SRP, suggesting that SRP is also able to bind to short
peptides without the context of a ribosome (38). For disulfide-cross-linking studies, a
single cysteine residue is required in each interaction partner. The SciP54-85 peptide
naturally has a cysteine residue at position 68 (Fig. 1). However, for SciP1-27, a cysteine
residue had to be incorporated since no endogenous cysteine residue was present. We
decided to substitute the glycine residue at position 16 with a cysteine (Fig. 1). For the
cross-linking studies, two mutant Ffh proteins (the protein component of SRP) with a
cysteine residue at position 423 in the M domain or a cysteine residue at position 181
in the NG domain were used (Fig. 5C). In both Ffh mutants, the endogenous cysteine
residue at position 406 had been substituted with a serine residue. Two micromolar of
the respective reconstituted SRP were incubated with 20 �M of the respective SciP
peptide and 1 mM copper phenanthroline for 1 h on ice. The samples were trichloro-
acetic acid (TCA) precipitated, resuspended in buffer with or without dithiothreitol
(DTT), and analyzed by 10% SDS-PAGE. When the SciP peptides were incubated with
SRP bearing a cysteine residue at position 423 in the M domain, an additional band at
about 100 kDa appeared (Fig. 5A, lanes 7 and 8). This band corresponds to the Ffh
dimer, formed by intermolecular cross-linking due to the accessible position of the
incorporated cysteine residue at position 423 in the M domain. Although the cross-
linked Ffh dimer probably leads to a competition event with the SciP peptides, an
additional band was visible at about 52 kDa, corresponding to the SciP-Ffh cross-linking
product (Fig. 5A, lanes 7 and 8). This band was also sensitive to the reducing agent DTT
(lanes 15 and 16). In addition, no cross-linking band at 52 kDa appeared when the
isolated peptides or SRP 406S/423C alone were incubated with copper phenanthroline
(lanes 2, 3, and 9). Also, no additional band was visible when the two peptides were
incubated with the SRP 181C/406S mutant (lanes 4 and 5) having a cysteine residue
in the NG domain or no cysteine in the cysteine-less SRP C0 mutant (Fig. 5B, lanes
2 and 3).

The SciP mutant with the G16C mutation was then tested in vivo for membrane
targeting in the SciP1-27–sfGFP fusion construct, its localization in the cell was analyzed
with fluorescence microscopy (Fig. 6), and its expression was analyzed after induction
with 1 mM IPTG in E. coli MC4100 cells for 1 h at 30°C (Fig. S2). As shown for both the
wild-type SciP1-27 sequence (Fig. 6A) and the G16C mutant (Fig. 6B), the fluorescent
signal was located at the membrane, indicating that SRP-dependent targeting is
normal. Taking these results together, we conclude that both signal sequences of SciP
bind to SRP in the hydrophobic groove of the M domain.

The membrane insertion of SciP requires only one of the two signal sequences.
In vitro, both hydrophobic regions of SciP are recognized and bound by the SRP M
domain, which results in the recruitment of the SRP receptor FtsY. To explore whether
the mutant proteins lacking one or both hydrophobic regions were also defective
for the insertion of SciP in vivo, we deleted these regions individually or together.
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Membrane insertion was monitored with a periplasmic cysteine accessibility assay
using 4-acetoamido-4=-maleimidylstilbene-2,2=disodium sulfonate (AMS). To do this, a
cysteine residue was incorporated at position 218 of SciP (SciP-C). The insertion of
SciP-C and the mutant proteins was tested in E. coli MC4100 cells. The expression was
induced with 1 mM IPTG for 10 min, and 2.5 mM AMS was added 1 min prior to
pulse-labeling with radioactive methionine/cysteine. After 2 min of pulse-labeling,
nonradioactive methionine/cysteine was added for 10 min, and the AMS reaction was
quenched with 10 mM DTT for an additional 10 min. The samples were TCA precipi-
tated, immunoprecipitated with anti-His antibody, and analyzed qualitatively by 14%
SDS-PAGE (Fig. S5). When both hydrophobic stretches were present, as is the case for
SciP-C, the protein was modified with AMS, indicating an efficient translocation of the
C-tail (Fig. S5, lane 1). The deletion of either one of the hydrophobic regions did not
have an influence on the translocation efficiency of the C-tail since a comparable
amount was modified with AMS, respectively (lanes 2 and 3). In contrast, the deletion
of both regions led to a decreased translocation of the C-tail since a weaker modifi-
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FIG 5 In vitro disulfide cross-linking of SRP and SciP1-27/SciP54-85 with copper phenanthroline. (A and B) We incubated 20 �M of the
SciP1-27 or SciP54-85 peptides (single cysteines at positions 16 and 68, respectively) with 2 �M reconstituted SRP L181C/406S or SRP
406S/423C (A) or SRP C0 (B) and 1 mM copper phenanthroline for 1 h on ice. The samples were TCA precipitated, resuspended in buffer
with or without DTT, and loaded on 10% SDS-PAGE. When the peptides were incubated with SRP 406S/423C, a 52-kDa cross-linking band
(SciP-Ffh) appeared. The shifted bands were sensitive to the reducing agent DTT. No cross-linking band appeared with SRP 181C/406S and
SRP C0. The SciP peptides and the SRP mutants alone were analyzed for control. (C) Crystal structure of the E. coli SRP bound to a signal
sequence, displayed as a cartoon. The 4.5S RNA and the Ffh NG domain are colored in light gray, the Ffh M domain is in dark gray, and
the signal sequence is in purple. The positions of the incorporated cysteine residues are displayed as red dots (image created with PyMOL
2.3.0; PDB ID 5GAD).
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cation with AMS was visible (lane 4). These results are the first indications that both
regions are functional SRP-targeting signals, but it seems that the presence of only one
is sufficient for the efficient insertion of SciP into the inner membrane. However, we
cannot exclude the possibility that other factors compensate for the loss of SRP binding
sites since a weak amount of SciP is still inserted in the absence of the two hydrophobic
stretches.

DISCUSSION

In the N-terminal domain of the C-tailed protein SciP, two SRP signal sequences
were found close to the N terminus at amino acid residues 12 to 20 and more distant
at 62 to 71. We show here that both these sequences bind to SRP and the SRP-FtsY
complex with a high affinity when they are exposed as RNCs. Deletion analysis further
indicated that it is sufficient if one of the two signal sequences is present to efficiently
insert SciP into the membrane of E. coli (see Fig. S5 in the supplemental material).
However, when both hydrophobic stretches were deleted, structural effects and the
fragility of the SciP mutant protein did not allow us to study the fate of the protein
posttranslationally.

To our knowledge, this is the first case where two bona fide signal sequences have
been found in a cytoplasmic domain of an SRP substrate. Presumably, the extra signal
sequence may function as a backup system if one signal is skipped. Global profiling
studies have recently suggested that RNCs can be bound multiple times by SRP, and
the observed binding events correlate with the transmembrane domains in multispan-
ning membrane proteins (39). It is suggested that RNCs exposing an only moderately
hydrophobic TMS sometimes lose contact with the translocon and need to be retar-
geted by SRP by the binding of an exposed downstream TMS (39). Similarly, a
retargeting mechanism could also occur in the cytoplasmic domain of a C-tail protein
to support insertion into the inner membrane protein. The presence of the two SRP
binding sites might prevent the SciP-RNC from losing contact with the membrane too
early, before the TMS can contact the membrane insertase YidC, which is necessary for
the insertion of SciP (26). Therefore, this mechanism may contribute to more efficient
targeting and successful membrane insertion of SciP.

Our in vitro disulfide cross-linking studies show that both SRP signal sequences can
bind to the SRP M domain, similar to the mechanism found with other SRP signal
sequences. This is also in good agreement with the results obtained with the cytoplas-
mic SRP signal sequence of KdpD. As in this case, the SRP signal sequence is embedded
in the hydrophobic groove formed by the SRP M domain (29). In another study, an SRP
recognition sequence was detected for the cytoplasmic �32 as it cross-linked to the
hydrophobic groove of SRP (40). During the negative feedback regulation in heat shock
response, �32 is targeted to the membrane via the SRP system for degradation by FtsH
(41). From these results, it was concluded that also cytoplasmic proteins can contain

SciP1-27-
sfGFP96-217

G16C
SciP1-27-

sfGFP96-217

A B

68C

16G
C

FIG 6 (A and B) Subcellular localization studies of SciP1-27-sfGFP96-217 and the mutant fusion protein.
The fluorescent signals of SciP1-27-sfGFP96-217 (A) and SciP1-27-sfGFP96-217 G16C (B) were clearly
found at the membrane, showing that the mutation G16C has no influence on SRP-dependent targeting.
(C) In the structure of the cytoplasmic domain of SciP, the two hydrophobic regions (amino acids 12 to
20 and 62 to 71) are colored orange, and the glycine residue at position 16, as well as the cysteine residue
at position 68, are highlighted as blue spheres, respectively (image created with PyMOL 2.3.0; PDB ID
3U66).
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SRP signal sequences and that they are bound in a similar manner by SRP as SRP signal
sequences of transmembrane proteins.

The ribosomal profiling studies showed that SRP can bind to nascent protein chains
when the N terminus reaches a distance of 42 to 100 amino acid residues from the
peptidyl transferase center (PTC), exposing an SRP signal sequence (39). In our arrested
RNCs, the N termini of the two SRP signal sequences of SciP are located 73 and 66
amino acid residues from the PTC, respectively. These distances correlate well with the
findings of the ribosomal profiling studies. In most cases, the N-terminal first TMS serves
as an SRP signal sequence; however, SciP is targeted by SRP via two short hydrophobic
sequences located in the N-terminal cytoplasmic region. The fact that SRP signal
sequences are not limited to transmembrane domains was also shown for the potas-
sium sensor protein KdpD of E. coli. A short amphiphilic region in the N-terminal
cytoplasmic part between amino acid residues 22 to 48 serves as an SRP signal
sequence and enables cotranslational targeting of KdpD (25). The two SRP signal
sequences of SciP correlate well with the important characteristics for SRP binding
identified in the KdpD SRP signal sequence. Both regions contain a hydrophobic core
region with grand average of hydropathy (GRAVY) (42) scores of 1.44 and 2.54 com-
pared to the KdpD signal sequence with a GRAVY score of 1.33. The first SRP region of
SciP shows only moderate hydrophobicity compared to other known SRP signal
sequences. Also, the KdpD signal sequence is only moderately hydrophobic. However,
it is assumed that the lower hydrophobicity is compensated by the presence of three
basic amino acid residues that contribute to the affinity for binding to SRP (29). The fact
that positively charged amino acid residues promote SRP binding was also shown for
the SecA-dependent proteins MBP and OmpA. Increasing the number of basic amino
acid residues to the only moderately hydrophobic signal sequences of MBP and OmpA
resulted in the rerouting of both proteins into the SRP pathway (23). The first moder-
ately hydrophobic region of SciP is preceded by two positively charged amino acid
residues. Presumably, the only moderately hydrophobic region (aa 12 to 20) is sufficient
to be recognized by SRP due to the presence of these two basic amino acid residues,
supporting a stable SRP binding by the generation of salt bridges to the SRP RNA. In
contrast, the second signal sequence region of SciP is very hydrophobic and contains
only one positively charged residue. Here, the higher hydrophobicity might be suffi-
cient for high-affinity SRP binding, and additional basic amino acids are not needed for
strengthening the binding.

Lowering the hydrophobicity of the second SRP signal sequence of SciP from a score
of the GRAVY scale of 2.54 to 1.96 resulted in targeting defects, as shown by fluores-
cence microscopy (Fig. 3), and prevented SRP-FtsY binding, as shown with MST (Fig. 4).
The binding of SRP-FtsY to an exposed SRP signal sequence is a crucial step in the SRP
cycle and depends on several conformational changes of the two GTP binding domains
in SRP and FtsY. FtsY recruitment represents another checkpoint for the discrimination
between an SRP or a non-SRP substrate (43, 44). Hence, FtsY is only recruited, and a
stable RNC-SRP-FtsY complex can only be formed if SRP is bound to a correct cargo (13).
The C68S mutant can still be bound by SRP but with a weaker affinity than the wild
type. However, the second checkpoint in the SRP pathway, the formation of a closed
SRP-FtsY complex, was obviously inhibited. In addition, fluorescence microscopy of the
C68S mutant cells showed a patchy fluorescent signal mainly found at the cell poles,
which is probably due to the aggregation of the mutant protein in the cytoplasm since
the interaction of SRP with FtsY is inhibited. From that, we concluded that the C68S
mutant with a lower hydrophobicity is no longer recognized as an SRP substrate. These
findings correlate with the results we had obtained with KdpD. Also, in this case, the
decrease in hydrophobicity resulted in impaired SRP and SRP-FtsY binding to KdpD
monitored with MST (29). Taking these results together, we conclude that the
N-terminal cytoplasmic SRP signal sequences have to exceed a certain threshold level
of hydrophobicity or have additional basic amino acids to ensure efficient recruitment
of the SRP receptor FtsY and to complete the cotranslational SRP targeting cycle.

In the cotranslational pathway, SRP binding occurs early to an exposed nascent
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chain at the exit site of the ribosome. This shields a hydrophobic protein chain from the
hydrophilic cytoplasm and also prevents premature folding of the protein. Therefore,
the folding of the protein is possible only after the release from SRP, and this will occur
when the RNC-SRP has contacted the SRP receptor at the membrane. In the case of
SciP, the release of the nascent chain from SRP allows both signal sequences to fold
into an �-helical bundle (Fig. 6C) that functions as a structural component of the type
6 secretion system (T6SS) necessary for the dimerization and assembly of a ring
complex (45, 46).

The release of the nascent chain from SRP likely occurs after docking to the FtsY
receptor at the membrane. In the SRP-YidC pathway, the handover of a substrate is
probably facilitated by the direct interaction of both SRP and FtsY with YidC. Cross-
linking experiments have shown that SRP and FtsY interact with YidC via binding to the
first cytoplasmic (C1) loop (47). This would attribute the YidC-bound FtsY as the
function of the membrane-docking site for SRP-YidC substrates. The C1 domain of YidC
forms a helical hairpin structure at the entrance of the hydrophilic groove of YidC and
is essential for YidC function. Cysteine accessibility assays with SciP and different YidC
mutant proteins demonstrated that the second helix of the first cytoplasmic loop (CH2)
of YidC is important for the insertion of SciP (48). In agreement with these results, we
think that the C1 loop of YidC plays a crucial role in the recruitment of a cotransla-
tionally targeted YidC substrate via the SRP system.

For RNCs exposing the first hydrophobic region of SciP, a 50-times-higher affinity for
FtsY-SRP than for SRP alone was measured, while no increase in the affinity for the
positive-control FtsQ was observed. The reason for this might be based on the
amphiphilic �-helical structure of the SciP residues 6 to 27, which is not found for
the FtsQ signal sequence, or just on the fact that the membrane insertion pathways are
different for the two proteins. Whereas SciP requires YidC, FtsQ is a SecYEG-dependent
protein (49).

YidC also interacts with translating ribosomes, exposing a YidC substrate. In con-
trast, nontranslating ribosomes only show a weak binding affinity to YidC (18, 50, 51).
The interaction of YidC with RNCs was shown in a reconstituted system, even in the
absence of SRP (50). This may be the explanation for the decreased insertion rate we
had observed in the absence of both signal sequences (Fig. S5) or of SRP (26). In vivo,
efficient targeting and insertion of SciP occur cotranslationally, and a nascent chain of
SciP binds to the membrane. This is then probably received by FtsY that is bound to
YidC and prepared for the interaction with the C-terminal transmembrane domain
(TMD). After the insertion by YidC and release into the lipid bilayer, the SciP protein can
dimerize via its TMDs (46, 52), enabling the structural function in the T6SS.

A previous study with two additional C-tail-anchored proteins, DjlC and Flk, had also
suggested that SRP is involved in their membrane targeting. In contrast to SciP, the
studies indicated that for DjlC and Flk, SRP binds to the C-terminal transmembrane
domains and that these proteins are targeted by SRP in a posttranslational manner (53).
This is different for SciP, where a membrane targeting of the C-terminal transmembrane
domain fused to the fluorescent protein sfGFP did not occur (26). Therefore, different
insertion pathways may exist in E. coli. Also for eukaryotic tail-anchored (TA) proteins,
different targeting and insertion pathways exist. In mammalian cells and yeast, some of
these can insert by a nonassisted pathway. In vitro studies with the TA proteins Cytb5
and tyrosine phosphatase 1B showed that they can insert into liposomes without the
assistance of other proteins or nucleotides (54–56). However, it seems that the majority
of the TA proteins use a chaperone-mediated pathway, which divides into an SRP,
Hsc70/Hsp40, SND (SRP-independent targeting), or the GET (guided entry of tail-
anchored proteins) pathway (57–59).

MATERIALS AND METHODS
Bacterial strains and growth conditions. E. coli BL21(DE3) (60), MC4100 (61), and KC6 (28) cells

were grown overnight in LB medium with 100 �g ml�1 ampicillin. The next day, the cultures were back
diluted in fresh LB medium supplemented with 100 �g ml�1 ampicillin and grown at 37°C.
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Construction of the SciP-sfGFP mutants. The replacement of the glycine with a cysteine residue at
position 16 (SciP1-27 G16C) was done with site-directed mutagenesis on plasmid pMS-SciP1-27sfGFP96-
217 (26) with the oligonucleotides 5=-CAG ATT TTT TAT CCC TGC TGG CTG ATG GTC-3= and 5=-GAC CAT
CAG CCA GCA GGG ATA AAA AAT CTG-3=. The substitutions in the second hydrophobic region of SciP
were generated with site-directed mutagenesis on plasmid pMS-SciP54-85sfGFP96-217 (26). The oligo-
nucleotides 5=-C ATG TTG TAT GCC TTC AGC GCC CTG CTG G-3= and 5=-C CAG CAG GGC GCT GAA GGC
ATA CAA CAT G-3= were used to generate pMS-SciP54-85sfGFP96-217 C68S (named SciP54-85 C68S),
whereas the oligonucleotides 5=-C ATG TTG TAT GCC TTC ATG GCC CTG CTG GAC G-3= and 5=-C GTC CAG
CAG GGC CAT GAA GGC ATA CAA CAT G-3= resulted in the construction of pMS-SciP54-85sfGFP96-217
C68M (named SciP54-85 C68M).

Construction of plasmids for ribosome-nascent chain complexes. The sequences coding for
amino acids 2 to 54 or 54 to 100 of SciP were amplified from pMS-SciP-C using the oligonucleotides
5=-GGC CAA TTG AAT AAA CCT GTT ATC TCC CGG GC-3= and 5=-CGG CCA TGG TCC TGC TTC GGC CAG
CTC TTC ACG-3= (SciP2-54) or 5=-GGC CAA TTG GGA TTC AGT CAG AAA AGC AGT GAC-3= and 5=-CGG CCA
TGG CGT ACC AAA AAA ATG AGC CTG CAG C-3= (SciP54-100) flanking the PCR products with MfeI and
NcoI restriction sites. The PCR products and the plasmid pMS-MscL115-TnaC (29) were digested with MfeI
and NcoI and ligated to exchange the mscL sequence with the two sciP sequences, respectively. To
generate pMS-SciP54-100-C68S-TnaC, site-directed mutagenesis was done on plasmid pMS-SciP54-100-
TnaC using the oligonucleotides 5=-C ATG TTG TAT GCC TTC AGC GCC CTG CTG G-3= and 5=-C CAG CAG
GGC GCT GAA GGC ATA CAA CAT G-3=. All coding sequences were verified by sequence analysis.

As a negative control for the MST measurements, the plasmid pMS-Luc2-50 (29) was used. The
plasmid pEM36-3C encoding amino acids 4 to 85 of FtsQ fused to the TnaC-stalling sequence (kindly
provided by R. Beckmann, Munich, Germany) was used as a positive control.

Plasmid construction for cysteine accessibility assays. To delete the sequence coding for amino
acids 12 to 20 and 62 to 71 of SciP, site-directed mutagenesis was done on plasmid pMS-SciP-C (26) using
the oligonucleotide pairs 5=-CT GTT ATC TCC CGG GCT GAA CAG AGC CAG CTG CGC AGC-3= with 5=-GCT
GCG CAG CTG GCT CTG TTC AGC CCG GGA GAT AAC AG-3= (Δ12 to Δ20) and 5=-GCA GGA TTC AGT CAG
AAA AGC AGT GAC GAC GAG AGT GTA CTG AAC CGC G-3= with 5=-C GCG GTT CAG TAC ACT CTC GTC
GTC ACT GCT TTT CTG ACT GAA TCC TGC-3= (Δ62 to Δ71), resulting in plasmids pMS-SciP-CΔ12-20,
pMS-SciP-CΔ62-71, and pMS-SciP-CΔ12-20 and Δ62-71, respectively. The coding regions of the constructs
were verified by sequence analysis.

Fluorescence microscopy. The plasmids pMS-SciP1-27sfGFP96-217 (26), pMS-SciP1-27sfGFP96-217
G16C, pMS-SciP54-85sfGFP96-217 (26), pMS-SciP54-85sfGFP96-217 C68S, and pMS-SciP54-85sfGFP96-217
C68M were transformed in E. coli MC4100 cells, respectively. The cells were grown to an optical density
at 600 nm (OD600) of 0.5, induced with 1 mM IPTG for 1 h at 30°C, and washed twice with fresh LB
medium. The cells were resuspended in 2 mM EDTA and 50 mM Tris-HCl (pH 8) and were applied to
poly-L-lysine-coated cover slides for f luorescence microscopy with the Axio Imager M1 and a filter
set for GFP.

Purification and labeling of ribosome-nascent chain complexes. E. coli KC6 cells were trans-
formed with plasmids pMS-SciP2-54-TnaC, pMS-SciP54-100-TnaC, pMS-SciP54-100-C68S-TnaC, pMS-
Luc2-50-TnaC, and pEM36-3C. The purification and labeling were done as described by Pross and Kuhn
(29). The cells were grown to an OD600 of 0.5 in 2 liters LB with 100 �g ml�1 ampicillin and induced with
1 mM IPTG for 1 h at 37°C. The cells were harvested and resuspended in 20 ml buffer ARNC {20 mM HEPES
(pH 7.2), 250 mM potassium acetate (KOAc), 25 mM magnesium acetate [Mg(OAc)2], 2 mM L-tryptophan,
and 0.1% dodecyl-�-D-maltoside (DDM)}. We added 0.2 mM phenylmethylsulfonyl fluoride (PMSF), the
cells were lysed at 1.23 kbar using the OneShot, and the lysate was centrifuged for 20 min at 31,000 � g.
The supernatant (10 ml) was loaded onto 45 ml of 750 mM sucrose in buffer ARNC and centrifuged for
20 h at 49,000 � g. The ribosomal pellet was resuspended in 20 ml buffer ARNC and loaded into a column
with 3 ml Ni-nitrilotriacetic acid (Ni-NTA) (GE Healthcare) (blocked by incubation with 10 �g ml�1 E. coli
tRNA for 1 h at 4°C). After 1 h at 4°C on a rotary wheel, the flowthrough was collected, and the matrix
was washed with 30 ml buffer BRNC (50 mM HEPES [pH 7.2], 500 mM KOAc, 25 mM MgCl2, 2 mM
L-tryptophan, and 0.1% DDM). The His-tagged ribosomes were eluted with 3 ml buffer BRNC supple-
mented with 150 mM imidazole and 3 ml buffer BRNC with 300 mM imidazole in 1-ml fractions. The
elution fractions were pooled, loaded on a linear sucrose gradient from 10 to 40% sucrose in buffer BRNC,
and centrifuged for 3.5 h at 114,000 � g. The sucrose gradient was collected in 1-ml fractions, and the
fractions containing the ribosomes (determined via the absorbance at 260 nm) were pooled and
centrifuged at 114,000 � g for 4 h at 4°C. The pellet was resuspended in buffer CRNC [20 mM HEPES (pH
7.2), 50 mM KOAc, 5 mM Mg(OAc)2, and 2 mM L-tryptophan] and stored at �80°C until labeling.

The purified RNCs were adjusted to a concentration of 2 �M in 100 �l buffer CRNC and labeled with
the cysteine-reactive dye NT-647 and the red-maleimide labeling kit (NanoTemper Technologies).
Therefore, 6 �M of the dye in 100 �l labeling buffer (provided in the kit) was mixed with the RNC
solution. The labeling reaction mixture was incubated for 1 h at room temperature in the dark and
purified using the column of the kit to remove the free dye. The concentration of labeled RNCs was
calculated by measuring the absorbance at 260 nm, and they were stored at �80°C until the measure-
ment.

Purification of Ffh, Ffh L181C/406S, Ffh 406S/M423C, and FtsY. The purification of Ffh, the Ffh
mutants, and FtsY was done as described by Pross and Kuhn (29). The plasmids pMS-Ffh-C-Strep,
pMS-Ffh-L181C-C-Strep, and pMS-Ffh-M423C-C-Strep (29) were transformed in E. coli BL21(DE3) for
purification. The overnight culture was back diluted 1:100 in 2 liters LB medium with 100 �g ml�1

ampicillin and grown to an OD600 of 0.5. The expression was induced with 1 mM IPTG for 3 h at 37°C. The
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cells were harvested and resuspended in buffer AFfh (20 mM HEPES [pH 8], 350 mM NaCl, 10 mM MgCl2,
10 mM KCl, and 10% glycerol), and 0.2 mM PMSF was added. After cell disruption with the OneShot at
1.23 kbar, the lysate was centrifuged 2 times for 30 min at 20,000 � g, and the supernatant was loaded
onto a 3-ml Strep-Tactin matrix (IBA Lifesciences). The flowthrough was collected, and the matrix was
washed with 50 ml buffer WFfh (20 mM HEPES [pH 8], 500 mM NaCl, 10 mM MgCl2, and 100 mM KCl).
Twenty milliliters of buffer EFfh (20 mM HEPES [pH 8], 350 mM NaCl, 10 mM MgCl2, 10 mM KCl, 10%
glycerol, and 2.5 mM desthiobiotin) were used for the elution of the protein in 2-ml fractions. The elution
fractions were pooled and purified using an Äkta system and the Superdex 75 16/60 column in buffer
GFFfh (20 mM HEPES [pH 8], 200 mM NaCl, 10 mM MgCl2, 10 mM KCl, and 10% glycerol).

The plasmid pTrc99-FtsY-His (provided by H.G. Koch, Freiburg, Germany) was used for the expression
of E. coli FtsY in E. coli BL21(DE) cells. Two liters of LB medium supplemented with 100 �g ml�1 ampicillin
was inoculated 1:100 with an overnight culture, and the culture was grown to an OD600 of 0.5 at 37°C.
After induction with 1 mM IPTG for 4 h at 37°C, the cells were harvested and resuspended in buffer AFtsY

[50 mM HEPES (pH 7.6), 1 M NH4Ac, 10 mM Mg(OAc)2, 10% glycerol, and 1 mM DTT]. We added 0.2 mM
PMSF, and the cells were lysed using the OneShot at 1.23 kbar and centrifuged for 30 min at 4,300 � g.
The supernatant was further centrifuged in a Beckman Ti60 rotor for 1 h at 38,000 rpm, 30 mM imidazole
was added, the supernatant was mixed with 2 ml Ni-NTA and incubated for 1 h at 4°C on a rotary wheel.
The resin was washed with 20 ml buffer WFtsY [50 mM HEPES (pH 7.6), 1 M NH4Ac, 10 mM Mg(OAc)2, 1 mM
DTT, and 30 mM imidazole], and the protein was eluted in 2-ml fractions using 20 ml buffer EFtsY [50 mM
HEPES (pH 7.6), 1 M NH4Ac, 10 mM Mg(OAc)2, 400 mM imidazole, and 10% glycerol]. The elution fractions
were pooled and purified using the Äkta system and the Superdex 200 16/60 column (GE Healthcare) in
buffer GFFtsY [100 mM HEPES (pH 7.6), 200 mM KOAc, 20 mM Mg(OAc)2, 2 mM DTT, and 10% glycerol].

In vitro synthesis of 4.5S RNA and SRP reconstitution. The plasmid pUC18-4.5S RNA (provided by
Irmgard Sinning, Heidelberg, Germany), which consists of the 4.5S RNA gene downstream of the T7
promoter, was used for in vitro synthesis with the HiScribe T7 high yield RNA synthesis kit (New England
BioLabs). Prior to the in vitro synthesis, the plasmid was linearized with BamHI and gel purified. One
microgram of the linearized plasmid was used as a template. The sample was incubated for 16 h at 37°C,
purified with the RNA Clean & Concentrator-25 kit (Zymo Research), and analyzed on a 2% agarose gel
in 1� Tris-borate-EDTA buffer. For reconstitution, the 4.5S RNA was incubated for 2 min at 75°C and
chilled on ice for 1 min. The purified Ffh was mixed with a 1.5-fold molar excess of 4.5S RNA in MST buffer
[20 mM HEPES (pH 7.2), 50 mM KOAc, 5 mM Mg(OAc)2, 2 mM L-tryptophan, and 0.05% Tween 20] and
incubated for 10 min at 20°C. The reconstituted SRP was stored on ice.

SciP peptide synthesis. The two peptides SciP1-27 G16C (MNKPVISRAEQIFYPCWLMVSQLRSGQ) and
SciP54-85 (GFSQKSSDIMLYAFCALLDESVLNREKTDDGW) were synthesized in vitro by the custom peptide
synthesis services from Genosphere Biotechnologies (France) with N-terminal acetylation and C-terminal
amidation and purity of �95%. The SciP1-27 G16C peptide was dissolved in H2O-CH3CN (3:1), whereas
the SciP54-85 peptide was dissolved in dimethyl sulfoxide (DMSO).

In vitro disulfide cross-linking with copper phenanthroline. For cross-linking studies, the SciP1-27
G16C peptide was synthesized with a cysteine residue at position 16 (G16C).

For in vitro cross-linking, 2 �M purified Ffh L181C/406S or Ffh 406S/423C were reconstituted with 3
�M 4.5S RNA in bufferSRP [20 mM HEPES (pH 7.2), 50 mM KOAc, and 5 mM Mg(OAc)2]. The reconstituted
SRP was mixed with 20 �M of the synthesized peptide in buffercrosslink (50 mM Tris [pH 7.4], 150 mM NaCl,
and 10 mM MgCl2), 1 mM copper phenanthroline was added, and the mixture was incubated for 1 h on
ice. After the incubation, the mixture was precipitated with 10% TCA, resuspended in sample buffer
without or with DTT (1 mM), and loaded on 10% SDS-PAGE.

Microscale thermophoresis. For the interaction studies of RNCs with SRP, the labeled RNCs were
diluted to 10 nM in MST buffer. With the reconstituted SRP, a series of 1:1 dilutions in MST buffer was
prepared, resulting in a concentration from 1 �M to 0.49 nM. One volume of labeled RNCs was added to
the dilutions, resulting in an RNC concentration of 5 nM. The samples were incubated for 5 min on ice,
filled in Monolith NT premium treated capillaries (Nano Temper Technologies), and measured at 22°C
with the Monolith NT.115 device. Thermophoresis was carried out with 5 s laser off, 20 to 30 s laser on,
and 5 s laser off; LED power was 40 to 50%, and the MST power was low. Three independently pipetted
measurements were merged and analyzed with MO.Affinity Analysis v2.3 (NanoTemper Technologies)
using the manual evaluation (cold region start/end, �1 s/0 s; hot region start/end, 5.00 s/10.01 s).

The interaction studies of RNCs with SRP-FtsY were done using a preincubated closed SRP-FtsY
complex. The reconstituted SRP was mixed with a 4-fold molar excess of purified FtsY in MST buffer
supplemented with 200 �M of the nonhydrolyzable GTP analogue GppNHp. The sample was incubated
for 10 min at 25°C and chilled on ice until the measurement. A series of 1:1 dilutions was prepared in MST
buffer with 200 �M GppNHp (Sigma-Aldrich), resulting in a complex concentration of 500/250 nM to
0.25/0.12 nM, and one volume of labeled RNCs was added (final concentration, 5 nM). The samples were
incubated for 5 min on ice, filled in Monolith NT premium treated capillaries, and measured at 22°C with
the Monolith NT.115 device. Thermophoresis was carried out with 5 s laser off, 20 to 30 s laser on, and
5 s laser off; LED power of 60%; and the MST power low. Three independently pipetted measurements
were merged and analyzed with the MO.Affinity Analysis v2.3 using the manual evaluation (cold region
start/end, �1 s/0 s; hot region start/end, 5.01 s/10.05 s).

Periplasmic cysteine accessibility assay with AMS. The E. coli strain MC4100 was transformed with
the plasmids pMS-SciP-C, pMS-SciP-CΔ12-20 (named Δ12-20), pMS-SciP-CΔ62-71 (named Δ62-71), and
pMS-SciP-CΔ12-20, Δ62-71 (named Δ12-20 Δ62-71), respectively. The cells were grown to an OD600 of 0.5,
washed twice, and resuspended in M9 minimal media lacking methionine and cysteine. After shaking for
1 h at 37°C, the expression was induced with 1 mM IPTG. After 10 min, 2.5 mM AMS (Molecular Probes)
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was added, and after 1 min, the cells were pulsed-labeled with 15 to 30 �Ci [35S]methionine-cysteine for
2 min. The pulse-labeling was chased with nonradioactive methionine-cysteine for 10 min, and the AMS
reaction was quenched with 10 mM DTT for another 10 min. The samples were TCA precipitated and
resuspended in 10 mM Tris–2% SDS, followed by the immunoprecipitation with anti-His antibody and the
separation on a 14% SDS-PAGE. The visualization was done by phosphorimaging.

Data availability. All data generated or analyzed during this study are included in this article (and
the supplemental material) or are available from the corresponding author on reasonable request.
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SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.
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