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SUMMARY

Most bacterial secretory proteins destined beyond
the plasma membrane are secreted post-translation-
ally by the Sec translocase. In the first step of translo-
cation, preproteins are targeted for binding to their
2-site receptor SecA, the peripheral ATPase subunit
of the translocase. We now reveal that secretory pre-
proteins use a dual-key mechanism to bridge the
signal peptide and mature domain receptor sites
and cooperatively enhance their affinities. Docking
of targeting-competent mature domains requires
that their extensive disorder is finely tuned. This is
achieved through amino-terminal mature domain re-
gions acting as conformational rheostats. By being
linked to the rheostats, signal peptides regulate
long-range preprotein disorder. Concomitant confor-
mational changes in SecA sterically adapt its two
receptor sites to optimally recognize hundreds of
dissimilar preproteins. This novel intramolecular
conformational crosstalk in the preprotein chains
and the dynamic interaction with their receptor are
mechanistically coupled to preprotein engagement
in the translocase and essential for secretion.

INTRODUCTION

More than 95% of the Escherichia coli exportome is secreted by

the Sec translocase (De Geyter et al., 2016; Orfanoudaki and

Economou, 2014; Tsirigotaki et al., 2017a). The translocase

core comprises the SecYEG channel and the peripheral

ATPase SecA. In post-translational secretion, proteins are tar-

geted to SecA (Tsirigotaki et al., 2017a) alone (Gouridis et al.,

2013), or guided by chaperones, such as SecB (Huang et al.,

2016) and trigger factor (Saio et al., 2014). When bound to Se-

cYEG and preproteins, SecA doubles as a chemomechanical

energy converter (Sardis and Economou, 2010).

SecA has a helicase ATPase motor and two specificity ap-

pendages (Sardis and Economou, 2010): (1) the preprotein bind-

ing domain (PBD), that occupies three distinct conformational
1056 Structure 25, 1056–1067, July 5, 2017 ª 2017 Elsevier Ltd.
states and (2) the C-domain that binds the motor. The carboxy

terminal 70 residues (C-tail) turn back and dock on the PBD

(Gelis et al., 2007; Hunt et al., 2002).

SecA docks on SecYEG as a dimer (Gouridis et al., 2013). One

protomer contacts SecYEG directly and binds preproteins with

nanomolar affinity; the other regulates the binding protomer

(Gouridis et al., 2013). Signal peptide and/or mature domain

binding to PBD (Gelis et al., 2007; Papanikou et al., 2005) control

the conformation and activity of the motor (Karamanou et al.,

2007). Signal peptides allosterically activate the translocase

(Gouridis et al., 2009). ATP hydrolysis by the activated SecA mo-

tor leads to conformational changes in the C-domain (Economou

andWickner, 1994; Zimmer et al., 2008) and the PBD (Gelis et al.,

2007; Karamanou et al., 2007), SecA monomerization (Gouridis

et al., 2013), preprotein trapping (Gouridis et al., 2009), and

threading through the SecY channel (Erlandson et al., 2008).

SecA recognizes and binds hundreds of secretory preproteins

that share no sequence, signal peptide, charge, structure,

length, or hydrophobicity consensus (De Geyter et al., 2016),

all targeted to the translocase in apparent non-folded, disor-

dered states (Chatzi et al., 2017; Gouridis et al., 2009; Tsirigotaki

et al., 2017b). Preprotein recognition by SecA is essential, yet

poorly understood (Gouridis et al., 2009, 2013). Signal peptides

bind on the PBD through electrostatic and hydrophobic interac-

tions (Gelis et al., 2007) (Figure 1A, green). The significantly larger

mature domains bind on a different site of the same protomer via

short, hydrophobic mature domain targeting signals (MTS) (Fig-

ure 1A, orange) (Chatzi et al., 2017).

Using the model preprotein proPhoA, we now reveal a mech-

anism that coordinates the two independent binding sites of

SecA to achieve preprotein translocation. Covalent signal pep-

tide-mature domain linkage leads to cooperative binding of

the bivalent ligand. The earlymature domain region crucially links

the two binding elements, determining their synergy. It acts as

a global conformational ‘‘rheostat’’ modulating the degree of

disorder in the mature domain ensemble which, in turn, affects

preprotein synergy and secretion. Signal peptides modulate

the ‘‘rheostat’’ so that mature domains can become engaged

and translocated. In return, mature domain flexibility dictates

translocase triggering by signal peptides. This remarkably fine-

tuned novel process is met by corresponding conformational

adaptations from the PBD domain of SecA and is essential for

secretion.
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Figure 1. Cooperative Binding of proPhoA on the Translocase

(A) Schematic representation of the Sec translocase. Signal peptide (green), mature domain targeting signals (MTS; orange) and their binding sites on SecA are

indicated.

(B) Equilibrium dissociation constants (Kd) and free energy of association (DG; right) of the indicated proPhoA and mutant derivatives (left) for the wild-type (WT;

rows 1–9 and 12–19), SecYEG-SecA(IL) (Gelis et al., 2007) (IL; row 10) and SecYEG-SecA(LCt) (Chatzi et al., 2017) (LCt; row 11) translocase. SP, signal peptide

(green); MD, mature domain (gray); cyan asterisk, site of the 8 residue M1mutation; only MTS 1 and 2 are shown (orange); linker, early mature domain region that

links signal peptide and mature domain. NM, non-measurable; NA, non-applicable. n = 3–9; values represent mean ± SEM.

(C–E) Synergy factor (C), translocase triggering (D), and in vitro preprotein translocation (E) of the indicated proPhoA derivatives. (C) The synergy factor (Fsyn = Kd

mature domain/Kd preprotein; cyan asterisk, site of the 8 residue M1 mutation. Kd values in (B) describe the occupancy of the SecA receptor when both signal

peptides and MTS are present. Fsyn > 1: optimal interaction with the receptor; <1: sub-optimal; = 1: non-measurable synergy. NA, non-applicable. Values

represent mean ± SEM. (D) Activation energy of wild type SecA (Ea) was determined in the presence of wild-type SecYEG-IMVs and the indicated proPhoA

derivatives. The Ea of SecA (alone or bound on SecYEG-IMVs Ea = 180 kJ mol�1; indicated by a red arrow on the x axis) lowers significantly upon signal peptide

binding and is indicative of translocase triggering (Gouridis et al., 2009). n = 6–8; values represent mean ± SEM. (E) In vitro translocation of the indicated

preproteins using wild-type SecA-SecYEG translocase, under the same conditions; values were expressed as the percentage of the translocated proPhoA. n = 3;

values represent mean ± SEM.

See also Figure S1; Table S1.
RESULTS

Preproteins Bind Synergistically on SecA by Bridging
Two Independent Binding Sites
To dissect how preproteins bind and engage the translocase we

determined the affinities (Kd) of different proPhoA moieties (Fig-

ure 1B). The bivalent ligand proPhoA binds to the SecYEG/A

translocase (embedded in inverted inner membrane vesicles

[IMVs]) with a higher affinity (row 1) and a gain in negative DG
(right), compared with either one of the component parts, signal

peptide (row 2) and mature domain (row 3).

Multivalent ligands can display either allosteric or configura-

tional cooperativity; negative or positive (Whitty, 2008). If a signal

peptide is added in trans, in excess (20 mM) it binds and reduces

the activation energy of SecA (Gouridis et al., 2009) but does not

enhance mature domain binding (row 4). Likewise, excess of

mature domain does not improve signal peptide affinity (data

not shown). Therefore, the two sites are distinct and independent
Structure 25, 1056–1067, July 5, 2017 1057



(i.e., non-allosteric). Had their independence been retained dur-

ing binding of the bivalent preprotein ligand, the affinity of the

preprotein should equal the product of the individual binding

constants (i.e., Kd,preprotein = Kd,signal peptide 3 Kd,mature domain; as

per the transformation of the Gibbs equation; see STAR

Methods). In that case, proPhoA would have bound with a Kd

of 2 pM. Had the binding been positively cooperative, the affinity

would have been even higher. Instead, the observed affinity

(0.2 mM; row 1), is consistent with preprotein binding to its

2-site SecA receptor with negative cooperativity.

We concluded that preproteins exhibit negative configura-

tional cooperativity.

Requirements for Cooperative Binding of Preproteins
on SecA
We next examined which preprotein and receptor features are

important for cooperative preprotein binding. Mature domain

length has no effect; even when reduced to a minimum, cooper-

ative binding is retained (proPhoA(1–122); �100 aa; only 2 MTS)

(Figure 1B, compare row 5 with 1). If either one of the binding

elements is compromised, cooperativity is lost. For example,

when proPhoA(1–122) carries no functional MTSs (row 7; Chatzi

et al., 2017) or when the signal peptide carries the L14Rmutation

(row 9), that abolishes its affinity for SecA (Kd, SP(L14R) = 260 mM;

Gouridis et al., 2009). Cooperativity is also lost by mutations on

SecA that affect the two binding sites, i.e., mutations that reduce

SecA affinity for either the signal peptide (row 10; IL; I304A/

L306A; Gelis et al., 2007), or the mature domain (row 11; LCt;

carries the SecA C-tail crosslinked via cysteines on the mature

domain binding site; Chatzi et al., 2017).

We concluded that, as anticipated for cooperative binding

(Martinez-Veracoechea and Leunissen, 2013; Whitty, 2008),

both receptor binding sites and both preprotein binding elements

are essential.

The Early Mature Domain Is Critical for Preprotein
Cooperative Binding
Commonly, in configurational cooperativity the linker (or ‘‘tether’’)

connecting the valent ligands is crucial (Martinez-Veracoechea

and Leunissen, 2013; Whitty, 2008). The region that physically

connects the signal peptide and the first MTS might be such

a linker. To determine this, we elongated it (Figure 1B, row 15),

truncated it (row 17), or mutated it (row 19).

YciG, a small, unstructured cytoplasmic E. coli polypeptide

(Figure S1), has no affinity for the translocase (Figure 1B, row

12). Fusing it C-terminally to the signal peptide (row 13) or

N-terminally to the mature domain (row 14) of PhoA did not

alter the signal peptide or mature domain affinities for the trans-

locase (compare row 13 with 2 and row 14 with 3). However,

SPPhoA-YciG-PhoA lost cooperative binding (compare row 15

with 1).

Likewise, deleting the early mature domain residues 23–56

of PhoA (PhoA(D23–56)) did not alter the affinity of the mature

domain for the translocase (compare row 16 with 3). Yet, pro-

PhoA(D23–56) lost cooperative binding (compare row 17 with 1).

Linker flexibility is important for cooperative binding of biva-

lent ligands (Whitty, 2008). We tested if this applies to prepro-

teins by introducing eight order-promoting substitutions in

the linker (A34W/Q35F/G36Y/P41W/G42F/G43Y/Q51W/A53F;
1058 Structure 25, 1056–1067, July 5, 2017
hereafter PhoA/M1). While, the affinity of PhoA/M1 for the

translocase remained unaffected (compare row 18 with 3), pro-

PhoA/M1 lost optimal cooperative binding (compare row 19

with 1).

Clearly, the early mature domain region acts as a linker be-

tween signal peptide and MTS1. Moreover, it is functionally

important and critical for cooperative preprotein binding.

Bivalent Preprotein Docking on SecA Is Essential for
Translocation
High-resolution structural and thermodynamic detail of the

dynamic interaction of preproteins with SecYEG-associated

SecA is unknown. Nevertheless, we considered that the ratio

of Kd mature domain/Kd preprotein can be used to quantitatively

describe the synergistic occupancy of the 2-site receptor. This

ratio, hereafter synergy factor (Fsyn), provided us with a simple

means to gauge the extent and quality of this interaction. Fsyn
values >1 indicate optimal, while <1 sub-optimal or frustrated

cooperative interaction with the receptor. Fsyn = 1 indicates a

non-measurable cooperative effect.

proPhoA or proPhoA(1–122) displayed high Fsyn values (Fig-

ure 1C, rows 1 and 2) and showed optimal translocase trig-

gering, i.e., signal peptide-driven lowering of the activation en-

ergy of the translocase (Figure 1D) (Gouridis et al., 2009), and

translocation (Figure 1E). A preprotein with an MTS-less mature

domain was still targeted by its signal peptide (Figure 1B, row 7)

and hence triggered the translocase (Figure 1D, compare row 3

with 2). However, since its mature domain could not occupy

the receptor, it failed to translocate (Figure 1E, compare row 3

with 2).

Likewise, proPhoA with the non-binding L14R signal peptide

did not exhibit optimal receptor occupancy (Figure 1C, row 4)

but was targeted to the translocase by its MTS signals (Fig-

ure 1B, row 9). Nevertheless, it failed to trigger the translocase

(Figure 1D, row 4) and therefore was not secreted (Figure 1E,

row 4).

We concluded that occupancy of the 2-site SecA receptor by

the bivalent preprotein ligand is essential for secretion.

The Early Mature Domain Linker Is Essential for Optimal
Preprotein Docking and Translocation
Preproteins with mutations in their early mature domain region

preserved the flanking SecA binding elements intact (signal pep-

tide, MTS) (Figure 1B, rows 15, 17, and 19). None of these muta-

tions affected mature domain binding (Figure 1B, compare rows

14, 16, and 18 with row 3). Moreover, they all triggered the trans-

locase aswell as proPhoA did (Figure 1D, compare rows 5–7with

row 1). Nevertheless, in all three mutants the tethered binding

elements dock with compromised synergy factor (Figure 1C,

compare rows 5–7 with row 1). In all three cases, this leads to

translocation failure (Figure 1E, compare rows 5–7 with rows

1–2). Since for both triggering and translocation experiments

10 mM preprotein was added (�10-fold >Kd) (Figure 1B, rows

15, 17, and 19), affinity per se was not the rate-limiting step for

any of their defects.

Apparently, the signal peptide-MTS structural crosstalk, be-

tween them and with their SecA binding sites, leads to optimal

cooperative docking which is functionally important for secre-

tion. For this, their connecting linker is critical.



Figure 2. The Signal Peptide-Mature

Domain Crosstalk Determines Preprotein

Synergy and Secretion

(A) Fsyn values of the indicated preproteins for the

wild-type translocase (as in Figure 1C; Kd values in

Table S1).

(B) In vivo secretion of proPhoA and indicated SPX-

PhoA fusions under the same conditions. PhoA

activity of the SPX-PhoA fusions, normalized to the

protein amount synthesized, provided a means

of the secretion efficiency of the fusion protein

(Gouridis et al., 2009). Results are presented as the

ratio of SPX-PhoA/proPhoA secretion. Secretion

values < 1 indicate less (Class I) andR1 better than

or equal to (Class II) wild-type proPhoA secretion.

Lanes 2 and 3: TAT signal peptides (negative

controls). SP, signal peptide. *SPs from proteins

that can use both SRP and SecA. n = 3–5; values

represent mean ± SEM.

(C) Fsyn values of the indicated SPX-PhoA fusions

for the wild-type translocase (as in Figure 1C;

Kd values in Table S2).

(D) Triggering of the wild-type SecA-SecYEG

translocase by the indicated heterologous SPX-

PhoA fusions (lanes 1–3) or natural preproteins

(lanes 4–7) (as in Figure 1D). n = 6–8; values

represent mean ± SEM. See also Figure S2.
Different Preproteins Exhibit Different Degrees of
Cooperative Binding
Is cooperative binding a universal preprotein characteristic?

We compared the synergy factors of eight preproteins (Fig-

ure 2A; Table S1). Various Fsyn values were observed, from

marginally above 1, up to 20 (Figure 2A, lanes 1–2 and lane 8,

respectively).

Presumably, the docking observed for any given preprotein re-

flects the unknown structural properties of each signal peptide/
mature domain combination as they bind

to the universal 2-site SecA receptor.

This hypothesis was further tested below.

Secretion Requires Optimal Signal
Peptide-Mature Domain Matching
To probe how the signal peptide/linker-

mature domain combinations control

cooperative receptor binding and secre-

tion, signal peptides from 18 E. coli Sec

pathway secretory proteins were fused

in front of the PhoA mature domain.

Following correction for the expression

levels, in vivo secretion of the derivatives

(SPX-PhoA) was compared with that of

proPhoA (Figure 2B). Two TAT system

signal peptides (Berks, 2015), included

as negative controls, did not lead to

PhoA secretion (lanes 2–3). Of the 18

Sec signal peptide fusions, some were

as compromised for secretion as those

containing TAT signal peptides (Class I;

compare lanes 4–5 with lanes 2–3
and 1), while others exhibited translocation as good as or even

significantly better than that of proPhoA (Class II; compare lanes

6–21 with lane 1).

Clearly, not every combination of a mature domain fused to a

bona fide signal peptide, albeit not its own, is optimal for secre-

tion or even secretion compatible. Moreover, in some cases

mature domains would have achieved higher secretion level

had they been fused to a different signal peptide. Evidently, for

every preprotein, evolution has structurally ‘‘matched’’ signal
Structure 25, 1056–1067, July 5, 2017 1059



peptide/linker-mature domain combinations to reach desirable

secretion levels.

Signal Peptide-Mature Domain Matching Determines
Cooperative Binding
Does optimal cooperative binding to SecA correlate with the

secretion efficiency of the various SPX-PhoAs? Varying Fsyn
valueswere obtained (Figure 2C, not all are shown). Two extreme

examples are, SPAmy1-PhoA (4 times lower than proPhoA;

compare lane 2 with lane 1) and SPYehR-PhoA (4 times higher

than proPhoA; compare lane 3 with lane 1). TAT signal peptides

conferred negative Fsyn values (Figure 2C, lanes 4–5), implying

incompatible interactions with SecA. Both SPAmy1 and SPYehR

displayed very poor cooperative binding when fused to their

respective native mature domains (Figure 2A, lanes 1–2). Fsyn
values appear to relate to secretion levels in vivo: SPAmy1-

PhoA is barely secreted (Figure 2B, lane 5), while SPYehR-PhoA

is secreted >2-fold better than wild-type proPhoA (lane 11).

Features of onemature domain seem to be differently affected

by various signal peptides, while the same signal peptide might

affect various mature domains differently. Therefore, coopera-

tive binding to SecA is not an inherent property of either the

signal peptide or the mature domain. Rather, it is an emergent

property, only manifested upon covalent linkage of a specific

signal peptide to a given mature domain via a defined linker.

Cooperative SecA Binding Determines Translocase
Triggering
Does optimal cooperative binding to SecA correlate with the

ability of the various SPX-PhoAs to proceed to the next functional

step of activating the translocase, i.e., triggering? The secretion-

defective Class I fusions (Figure 2B) also show inefficient

translocase triggering (Figure 2D, compare lanes 1–2 with 4),

pinpointing the molecular basis of their secretion defect. In

contrast, when fused to their own mature domains, both Class

I signal peptides, SPFecA and SPAmy1, triggered the translocase

(Figure 2D, lanes 5–6). Class II fusions (only SPYehR-PhoA shown)

(Figure 2D, lane 3) showed optimal triggering. All the Sec signal

peptides analyzed, including the Class I, but not the TAT ones,

when added in trans fully triggered the translocase (Figure S2).

This demonstrated that all of them bind productively to the trans-

locase as independent ligands.

We conclude that structural matching of signal peptides/

linkers-mature domains needs to be optimal not only for receptor

binding but, crucially, to allow the process to proceed to essen-

tial downstream functional steps, such as triggering, that initiates

engagement of the exported chain in the channel (Gouridis

et al., 2009).

Use of HDX-MS to Study the Conformation of
Native PhoA
Given the non-folded state of a translocation-competent pre-

protein (Chatzi et al., 2017; Gouridis et al., 2009; Tsirigotaki

et al., 2017b), the underlying structural basis of signal peptide/

linker/mature domain structural ‘‘matching’’ (Figures 1 and 2),

might involve changes to the non-folded conformational ensem-

bles. To characterize them we used local (i.e., peptide level)

hydrogen-deuterium exchange mass spectrometry (hereafter

HDX-MS) (Konermann et al., 2011; Tsirigotaki et al., 2017b).
1060 Structure 25, 1056–1067, July 5, 2017
Proteins in aqueous buffer were briefly exposed to D2O

(i.e., 10 s) during which D freely exchanges with solvent-acces-

sible and non-hydrogen-bonded amidic protons (Figures 3Aii).

Following proteolysis (Figures 3Aiii), the mass increase of indi-

vidual peptides is measured by MS, as 1H and D differ by

�1 Da (Figures 3Aiv). Hence, HDX-MS probes whether a poly-

peptide is conformationally flexible or tightly structured, at near

residue-level resolution (Kan et al., 2013).

We first monitored the mature domain of PhoA by HDX-MS.

Peptides that cover 88%–98% of its total length were identified

(Table S3A). Natively folded, enzymatically active PhoA that has

no affinity for the translocase (Gouridis et al., 2009), shows on

average �40% hydrogen-deuterium (H/D) exchange relative to

that of the fully deuterated control (Figure 3B), a value common

for folded proteins (Konermann et al., 2011). D uptake of each

peptide was then mapped on the PhoA structure (Wang et al.,

2005) using a color gradient: cold (blue/cyan) and hot (red/

orange) colors indicate structured and unstructured regions,

respectively.

Native PhoA has a ten b strand core, padded with helices

and other strands and stabilized with two b ‘‘straps’’ and two

disulfides (Figure S3) (Wang et al., 2005). Its N- and C-terminal

regions become proximal; its central region is more distal

(Figure S3A). An N-terminal 29 residue ‘‘latch’’ (Figure S3A,

magenta), comprising most of the early mature domain linker,

stabilizes the N- and C-regions (Figure S3F and S3G). D uptake

largely agrees with the crystal structure (Figure 3D): e.g., the

b core and central regions show the lowest (blue) and the

peripheral/surface-exposed elements the highest (cyan, yellow)

D incorporation. The N-terminal latch is exposed and rather un-

structured (�55% D incorporation; green).

Having established the HDX-MS pipeline on natively folded

PhoA we next applied it to dissecting targeting-competent,

non-folded mature domains.

HDX-MS Analysis of Targeting-Competent Preprotein
Conformations
To maintain their targeting competence, preproteins are purified

in the presence of 6 M urea (see ‘‘Purification of proteins from

inclusion bodies’’ in the STAR Methods), and diluted out into

aqueous reactions when assaying for translocase binding and

secretion (Gouridis et al., 2010). HDXwas performed under iden-

tical conditions (Figure 3C), while parallel control reactionsmoni-

tored targeting competence (not shown). As before, D uptake

was mapped on the native PhoA structure for visualization pur-

poses. The structural properties of the loose conformational

ensemble of targeting-competent PhoA are not known at high-

resolution.

In contrast to native PhoA (Figures 3B and 3D), targeting-

competent PhoA shows high �80% D uptake (Figure 3C), char-

acteristic of loosely structured proteins (Keppel et al., 2011).

Targeting-competent PhoA is thus flexible and loosely packed

(Figure 3E, hot colors), with only little secondary structure (e.g.,

partial formation of a12; Figure 3E, blue).

The N-Terminal Linker Is a Conformational ‘‘Rheostat’’
Local HDX-MS allows the quantification of H/D exchange of a

peptide across conformational states (Bennett et al., 2010)

and, hence, can be used to derive flexibility differences between



Figure 3. Conformational Analysis of Native

and Targeting-Competent PhoA by HDX-MS

(A) Cartoon representation of protein structure

probing, using HDX-MS. The backbone of a fol-

ded protein (black line), secondary structure el-

ements (b sheet; a helices) and the protein sur-

face (surrounding gray area) are indicated. (i) The

protein is diluted in excess of deuterated buffer

(D2O). (ii) During short labeling times, unstruc-

tured or surface-exposed backbone amide hy-

drogens (NHs) will be exchanged for deuterium

(D). Hydrogen bonding due to secondary or ter-

tiary structure decelerates exchange. NHs buried

in the core are protected as D2O must penetrate

the protein surface. Dynamic regions with fast

H-bonding dissociation (i.e., left part of the

b sheet) exchange faster than rigid regions. (iii)

The labeled protein is proteolysed prior to

liquid chromatography-mass spectrometry. (iv)

D uptake is determined for each peptide indi-

vidually by mass spectrometry. Top spectrum:

mass peaks corresponding to the natural iso-

topic distribution of a peptide prior to deutera-

tion. D incorporation (red dots) shifts the isotopic

envelope to higher masses and alters the isotope

abundance (middle spectrum). The maximum

possible D incorporation of each peptide is

determined by the fully deuterated control (bot-

tom spectrum).

(B and C) Conformational dynamics of native (B)

and targeting-competent (C) PhoA. D uptake of

each PhoA peptide is given as a percentage of its

fully deuterated control (see Table S3B). Native

PhoA (B) was isolated/treated in the absence of

urea, or reducing or chelating agents; n = 2. Tar-

geting-competent PhoA (C) was isolated in the

presence of 6 M urea. H/D exchange was per-

formed upon urea dilution (13 mM urea final con-

centration, 10 mM DTT, 5 mM EDTA, 9 hr). n = 5;

values represent mean ± SD.

(D) Mapping of the conformational dynamics of

native PhoA in (B) on the structure of a folded PhoA

protomer (PDB: 3BDG), using a color gradient that

correlates with the percentage of D uptake relative to the fully deuterated control (as indicated). Cold colors, structured regions; hot colors, unstructured; gray,

unidentified.

(E) Conformational dynamics of targeting-competent PhoA in (C) mapped as in (D).

See also Figures S3 and S4.
mature domains (Figure 4A) and the structural basis of targeting

competence.

We first monitored D uptake for each peptide of the targeting-

competent PhoA/M1 and determined the difference with that of

the corresponding reference peptide of wild-type PhoA (DD up-

take; y axis; plotted against PhoA residues; x axis) (Figure 4B).

Negative (lower) and positive (higher) DD are indicative of more

or of less ordered structures, respectively, compared with

wild-type PhoA (dotted line, y axis = 0).

Targeting-competent PhoA/M1 was extensively disordered

but less than PhoA (Figure 4B; Table S3C). Unexpectedly,

M1 induces order not only to the region of the mutation (Fig-

ure 4B, gray area) but throughout the length of the polypeptide.

PhoA/M2, a derivative with only two residues substituted

in the same area (M26S/V28S) exhibited similarly increased or-

der throughout its sequence (Figure 4C). Finally, introduction

to PhoA/M2 of multiple, additional disorder-promoting mu-
tations (L29S/N31S/I38P/T39S/G42S/G43S/A44S/L47S/T48P/

T52P; hereafter PhoA/M3), reverted the conformational state of

PhoA/M2 across its length (Figure 4C) back to that of PhoA

(Figure 4D).

Targeting-competent PhoA is highly disordered (Figure 3C).

Mutations in the early mature domain region (Figure 4) can

modulate this disordered ensemble by exerting long-range

conformational effects. This region therefore acts like an intra-

molecular conformational ‘‘rheostat.’’

Signal Peptides Modulate Mature Domain Disorder
Do signal peptides fused to the rheostat affect the non-folded

conformational ensembles of mature domains? To address

this, we compared the conformation of targeting-competent

PhoA and proPhoA using HDX-MS (as in Figures 3D and 3E).

Targeting-competent proPhoA (Figure 5A, right) is largely as

disordered as targeting-competent PhoA (left), demonstrating
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Figure 4. Long-Range Conformational Regulation of PhoA Mature

Domain by Its Early Mature Domain Region Probed by HDX-MS

(A) Schematic representation of PhoA derivatives that are compared in their

targeting-competent state in (B–D).

(B–D) D uptake of targeting-competent PhoA derivatives (as indicated) was

determined (as in Figure 3C) under identical conditions (values in Table S3C;

statistical analysis in Table S3G). The difference (D) of D uptake of PhoA/M1

(B), n = 4; PhoA/M2 (C), n = 2; and PhoA/M3 (D), n = 4 to that of PhoA (WT;

dashed line: 0; n = 3) is plotted for each peptide. y axis, absolute difference in

Dalton; error bars, SD of PhoA derivative + SD of PhoA WT; x axis, residue

position in PhoA sequence; residues 1–22 = SPPhoA (not shown). Positive/

negative values compared with PhoA: regions that are more/less flexible.

Mutated peptides (gray shade, asterisk) were excluded.

See also Figures S3 and S4.

Figure 5. Fine Conformational Tuning of PhoA Mature Domain by

Signal Peptides

(A) D uptake of targeting-competent PhoA or proPhoA (as in Figure 3C) under

identical conditions (values in Table S3B). Visualization of conformational dy-

namics (as in Figure 3E). A signal peptide (SP) was manually fitted (right). n = 5.

(B) Schematic representation of proPhoA derivatives that are compared in their

targeting-competent states in (C–F).

(C) DD uptake of the targeting-competent proPhoA (gray bars) relative to that

of the targeting-competent PhoA (dashed line: 0) (as in Figure 4) (values in

Table S3D, statistics in Table S3G). n = 5.

(D–F) DD of the indicated targeting-competent SPX-PhoA fusions (gray bars)

(as in Figure 4) (values in Tables S3E and S3F; statistics in Table S3G). n = 4–5.

See also Figures S3 and S4.
that disorder is an inherent property of the mature domain. The

DD values of proPhoA compared with PhoA (as in Figures 4B–

4D) indicated that most of the proPhoA peptides exhibited

altered D uptake, either enhanced or reduced (Figure 5C). The
1062 Structure 25, 1056–1067, July 5, 2017



Figure 6. Functional Evidence of the Signal Peptide-Mature Domain Conformational Crosstalk

(A) Kd values of the indicated preproteins for the wild-type translocase (as in Figure 1B). SPX (signal peptide; green); MD (mature domain; gray); only MTS 1 and 2

are shown (mature domain targeting signals; orange); fusions and mutations as indicated. n = 3–9; values represent mean ± SEM.

(B–D) Synergy factor (B); Kd values in (A), translocase triggering (C), and in vitro preprotein translocation (D) of the indicated proPhoA derivatives (left), are as in

Figures 1C, 1D, and 1E, respectively. n = 3–8; values represent mean ± SEM.
middle region of PhoA became more ordered, and its N- and

C-regions less ordered.

Therefore, covalently fused signal peptides are conformation-

ally sensed by the whole non-folded mature domain ensemble.

Different Signal Peptides Affect Differently the
Conformation of the Same Mature Domain
Given the variable functional effects that signal peptides cause

on PhoA (Figures 2B–2D), what is the conformational effect of

signal peptides on the same mature domain? To address this,

we analyzed SPYehR-PhoA and SPAmy1-PhoA, two derivatives

with extreme functional properties (Figure 2C, lanes 2–3), by

HDX-MS. The DD uptake for each derivative compared with pro-

PhoA was plotted, as shown in Figure 5C.

SPYehR-PhoA exhibited a significant increase in the overall dis-

order of its mature domain compared with proPhoA (Figure 5D).

In contrast, SPAmy1-PhoA becamemore ordered (Figure 5E). The

SPAmy1-PhoA/M4 derivative that carries the disorder-promoting

F14S/V16P mutations on its signal peptide reverted to being as

disordered as wild-type proPhoA (Figure 5F).

Clearly, while non-foldedness/disorder are inherent properties

of the targeting-competent mature domain, signal peptides

finely tune the degree of disorder and thereby bias the configu-

rational states of the preprotein.

Fine-Tuning of Disorder in the Targeting-Competent
Mature Domain Is Essential for Protein Translocation
The rheostat, with or without covalently attached signal pep-

tides, modulates disorder in non-folded, targeting-competent

mature domains (Figures 4 and 5). Is fine-tuning of disorder

important for translocation?

To address this, we analyzed the functional properties of

SPAmy1-PhoA and SPYehR-PhoA. SPYehR-PhoA that exhibited
increased disorder in the targeting-competent PhoAmoiety (Fig-

ure 5D) also exhibited high Fsyn (Figure 6B, row 2) and elevated

translocation (�2.7-fold better) (Figure 6D, row 2) compared

with proPhoA (row 1). On the contrary, SPAmy1-PhoA, whose

PhoA region is more ordered (Figure 5E), exhibited low Fsyn (Fig-

ure 6B, row 4) and practically no translocation (Figure 6D, row 4)

compared with proPhoA (row 1).

Can a slight increase in the overall disorder enhance transloca-

tion efficiency, while a similarly minor decrease in disorder reduce

it? If so, it would be anticipated that reducing disorder in SPYehR-

PhoA would reduce translocation efficiency. In contrast, in-

creasing disorder in SPAmy1-PhoA would enhance translocation.

To test this hypothesis, we introduced the order-promoting

M1 mutation (Figure 4B) in SPYehR-PhoA. Indeed, SPYehR-

PhoA/M1 lost cooperative binding (Figure 6B, row 3) and failed

to translocate (Figure 6D, row 3). On the other hand, the disor-

der-promoting M4 mutation that restored the disorder level of

SPAmy1-PhoA back to that of proPhoA (Figure 5F), concomitantly

restored high-level cooperative binding, triggering, and protein

translocation (Figures 6B–6D, compare row 5 with row 4).

Collectively, our results suggest that fine-tuning of mature

domain disorder is essential for translocation. Elevated disorder

is preferred and compatible with translocation. Introduction

of even limited order seems ‘‘deleterious.’’ Thus, by inducing

long-range order/disorder changes in the following mature

domain sequences (Figure 5), signal peptide/mature domain

matching dictates the ‘‘secretability’’ of any preprotein (Figure 2).

SecA Regulates Cooperative Binding of Preproteins by
PBD Swiveling
Conformational flexibility and cooperative binding of prepro-

teins are expected to be met by concomitant conformational re-

sponses from their 2-site receptor, SecA. Could swiveling of the
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Figure 7. SecA PBD Motions Regulate Preprotein Synergistic Binding

(A) The E. coli SecA (gray)-SecYEG (yellow), modeled after the T. maritima translocase (PBD: 3DIN; Zimmer et al., 2008), is shown in three states with distinct PBD

(purple) positioning: Closed (left), Open (middle), and Wide Open (right).

(B) Kd of the SP
PhoA and four different mature domains for the wild-type SecYEG-SecA translocase or the indicated LC or LO or LWO derivatives (as in Figure 1B).

n = 3–9; values represent mean ± SEM.

(C) Fsyn values (y axis; as in Figure 1C; Kd values in Table S1) for five preproteins (black) against the same trnaslocase were plotted in one graph as a function of

preprotein length (aa; x axis). Proteins are: proBglX (1), proPhoA (2), proPpiA (3), proLpp (4), proOsmB (5), and proPhoA(1–122) (6). The affinities of the short

derivative of proBglX(1–132) (1; red) to the WT and LWO translocase were measured to demonstrate that binding of short preproteins to the latter is defective.

n = 3–9; values represent mean ± SD.

(D) Working model of translocase activation upon synergistic docking of preproteins (see text for details). Orange, MTS; green, signal peptide; magenta, the

conformational rheostat; multiple wavy lines, segments of increased flexibility.
SecA PBD domain (Figure 7A), which binds signal peptides lying

adjacent to themature domain binding site, be important for pre-

protein synergistic binding? To test this, we ‘‘locked’’ PBD in

three states, using engineered, quantitatively formed disulfides

(Chatzi et al., 2017): Closed (LC), Open (LO), and the Wide

Open (LWO).

PBD locking in any position affected neither signal peptide nor

mature domain binding as independent ligands on SecA (Fig-

ure 7B). In contrast, locking PBD in the LC and LWO positions

had a pronounced effect on the cooperative binding of the full

length preprotein (Figure 7C, bottom; Fsyn values shown; Kd

values in Table S1). Cooperative binding was conditionally

affected by preprotein length. Large preproteins (i.e., no. 1,

proBglX) retained the same Fsyn on LC and LWO as on wild-

type SecA (Figure 7C, upper left); medium-sized ones exhibited

reduced Fsyn (i.e., no. 2); and small-sized preproteins Fsyn values

that suggested frustrated cooperative interaction with the re-

ceptor (i.e., no. 3, 4, and 5). Preprotein binding to the LC and
1064 Structure 25, 1056–1067, July 5, 2017
LWO translocases was restored upon reduction with DTT (Table

S1). SecA LO (Figure 7C, upper right) displayed cooperativity like

that of wild-type SecA (upper left).

Loss of cooperative binding to the LC and LWO translocases

seems exaggerated for small-sized preproteins. As preproteins

have on average �3 MTS per 100 residues, short preproteins

might have fewer MTS that can be used as alternative binding

elements than large ones. To test this, we truncated proBglX

(22 MTS), which exhibited the same binding in all translocases

(Figure 7C, no. 1), and determined its cooperativity for the

wild-type and the LWO translocase. In agreement to the starting

hypothesis, proBglX(1–132) (5 MTS) retained cooperative bind-

ing on thewild-type but lost it on the LWO translocase (Figure 7C,

compare no. 1 red with no. 1 black, in wild-type and LWO).

We hypothesized that the negative Fsyn values, observed for

small preproteins in the LWO translocase (Figure 7C), reflected

structural incompatibility of the tethered signal peptide-mature

domain binding. If this were correct, preventing signal peptide



binding to the translocase would relieve this effect. Indeed, by

introducing the I304A/L306A mutations (Gelis et al., 2007; Gour-

idis et al., 2009) onto the SecA-LWO translocase the affinity of

proPhoA(1–122) now increased andmatched that of PhoA (Table

S1, blue).

We concluded that PBD positioning underlies preprotein

cooperative binding onto SecA, presumably through steric coor-

dination of the independent but neighboring signal peptide and

mature domain binding sites. SecYEG-bound SecA must exist

predominantly in the Open PBD state (Gelis et al., 2007) for all

preproteins to bind synergistically to the translocase.

DISCUSSION

How the translocase recognizes hundreds of exported chains

and engages them for secretion remains a conundrum. It is

commonly assumed that signal peptides are necessary and suf-

ficient for post-translational targeting. However, mature domains

are self-targeted and possess their own, multiple, targeting sig-

nals (MTS), which dock on specific SecA sites (Chatzi et al.,

2017; Gouridis et al., 2009). Therefore, preproteins are not sin-

gle- butmulti-valent ligands.We now reveal a cooperativemech-

anism that explains why binding of both signal peptide and MTS

is essential for translocase catalysis.

Preproteins diffuse in the cytoplasm as conformational

ensembles (Figures 7DI). Either signal peptides or MTSs can

dock on the translocase stochastically (Figures 7DII). Once

one is bound, their tether promotes the avidity and binding of

the second (III), as seen with other multivalent ligands (Marti-

nez-Veracoechea and Leunissen, 2013; Whitty, 2008). Occu-

pancy of both receptor sites is negatively cooperative (IV; see

below) and drives a downstream cascade of translocase trig-

gering (V), and preprotein trapping and translocation (VI).

The proPhoA example dissected here in depth reveals that

several molecular adaptations enabled this dual-key mecha-

nism: (1) the targeting-competent preprotein mature domain is

extensively non-folded/disordered (Figures 3C, 3E, 5A, and

5C). Disorder is essential for protein translocation; slight alter-

ations enhance or block secretion (Figures 5 and 6). (2) The early

mature domain conformational ‘‘rheostat’’ modulates the global

disordered preprotein ensemble (Figure 4). (3) The rheostat is

also the ‘‘configurational linker’’ between the preprotein ele-

ments. This ensures cooperative occupancy of the 2-site SecA

receptor. Disrupted (e.g., trans addition of signal peptide and

mature domain) (Figure 1B) (Gouridis et al., 2009) or altered (Fig-

ures 1C–1E) communication between the preprotein elements

affects all downstream steps (Figures 7DIV–VI). (4) Via their cova-

lent connection to it, signal peptides control the flexible rheostat

and thereby exert long-range conformational effects on the

targeting-competent preprotein. Fine-tuning of the rheostat’s or-

der-disorder switching (Figures 4 and 5) promotes (elevated dis-

order) (Figures 5D and 6D) or blocks (reduced disorder) (Figures

5E and 6D) secretion. This astonishing role of signal peptides is

taken to extremes in preproteins with fast folding mature do-

mains, e.g., maltose-binding protein. These, completely depend

on signal peptides and chaperones to maintain disordered,

export-competent states (Beena et al., 2004; Park et al., 1988).

(5) Negatively cooperative binding secures a modest gain in

DG and affinity, but the preprotein-SecA association still remains
dynamic and loose. This is essential for the preprotein release/

rebinding cycles that follow during translocation (Figure 7DVI).

No, or positive, cooperativity are incompatible with this goal.

(6) Finally, cooperativity proof reads and ejects illicit binders,

e.g., TAT proteins (Figures 2C and 2B).

Mutations in the preprotein early mature domain can be dele-

terious for translocation (Kuhn et al., 1990; Li et al., 1988; Yama-

naka and Okamoto, 1996). Such effects may now be rationalized

by rheostat disorder alterations (e.g., proPhoA/M1). We antici-

pate that early mature domain linkers are widespread in the se-

cretome. Post-secretion, when no longer needed, rheostats may

become stabilized in native states (e.g., in the PhoA dimer). Since

N-terminal segments are first out of the ribosome, rheostats

might have wider ramifications as generic controllers of protein

folding, even in cytoplasmic folders (Buhr et al., 2016; Dumoulin

et al., 1998; Pastor et al., 2016).

Disordered protein ensembles in solution occupy energetically

similar states with different conformations and therefore high

configurational entropy (Flock et al., 2014; Whitty, 2008). Config-

urational cooperative binding to SecA limits the repertoire of the

preprotein’s possible conformations and, thus, incurs anentropic

penalty. Microcalorimetric measurements indicated that pro-

PhoA binding to soluble SecA is entropically driven, in contrast

to that of the individual, unconnected moieties that is enthalpi-

cally driven (Gouridis et al., 2009). The entropic penalty could

bemitigatedbymultivalency, e.g., using signal peptides andmul-

tiple MTSs. These could bind to multiple SecA sites with three

effects (Flock et al., 2014): (1) high local enthalpic gain from

hydrogen bonding, (2) entropic gain from hydrophobic interac-

tions that expel water, and (3) limiting the entropic cost due to

their linkers remaining highly flexible even after binding and

through multiple MTS allowing maximization of alternative bind-

ing possibilities. Tinkering with these multiple features allows

evolution to accommodate the complexity of all the secretome.

Manipulating the signal peptide-mature domain conforma-

tional crosstalk and secretion by signal peptides or rheostat

point mutations proved unexpectedly trivial. And, yet, evolution

has neither selected high-level secretion (e.g., Amy1), nor maxi-

mized cooperativity (Figure 2A) for all the secretome. Several

reasons could explain this: (1) even highly disordered prepro-

teins might acquire sub-structures (Figure 3E) that require tight

cooperative binding to become productively engaged, resolved,

and translocated, whereas others less so. (2) The proteostatic

demand for various exported proteins is different. Some have

synergy factors that correlate with their intracellular concentra-

tion, e.g., Lpp and Amy1 (Tsirigotaki et al., 2017a). (3) Affinities

alone do not provide detailed thermodynamic insight, e.g.,

unaltered Kd values may conceal significant enthalpic/entropic

compensation. (4) Finally, maximized cooperativity is translated

to secretion benefit only to an extent. Thus, a 3- to 4-fold

increase in Fsyn values (Figures 2C and 6B) leads to only a

�2- to 3-fold secretion gain (Figures 2B and 6D). This implies

that additional rate-limiting downstream steps exist.

SecA recognizes both elements in hundreds of preproteins

with varying configurational characteristics, through PDB

breathing or rigid body rotation (Figure 7C). Such motions steri-

cally co-ordinate signal peptide andmature domain binding sites

(Figure 7DII–IV) to accommodate unfolded preproteins in the

predominant PBD Open, or larger ones in the Wide Open states
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(Figure 7C) (Gelis et al., 2007). The groove between the Open

PBD and IRA2 directs them to the mouth of SecY (Erlandson

et al., 2008). At later steps, PBDmoving to the Closed state could

clamp trapped chains tighter to prevent back liding or mediate

forward pushing, together with the C-domain IRA1 switch (Kara-

manou et al., 1999; Zimmer et al., 2008). Later in translocation,

extreme PBD motions toward the Closed or Wide Open states

might release preproteins, as suggested by the challenged

binding of small preproteins to the LC or LWO translocases

(Figure 7C).

We reveal a novel mechanism that lies at the core of preprotein

docking, engagement, and translocation and involves intricate

preprotein and SecA conformational dynamics. Thermodynamic

and structural understanding of these interactions, and how they

are translated to net transport work, are amajor future challenge.

Understanding signal peptide/mature domain crosstalk will be

key in secretory production of biopharmaceuticals. It will revolu-

tionize current empirical practices of using three to four ‘‘good’’

signal peptides, which, however, being conformationally un-

matched with their fused mature domains, do not always work.
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Rabbit polyclonal a-proPhoA (Gouridis et al., 2009) N/A

Rabbit polyclonal a-SecA (Karamanou et al., 2008) N/A

a-His (IgG1, clone AD1.1.10) Serotec Cat#MCA1396; RRID: AB_323592

a-Rabbit Jacksons ImmunoResearch

Europe Ltd

Cat#111-035-003; RRID: AB_2313567

a-Mouse Jacksons ImmunoResearch

Europe Ltd

Cat#115-035-1460; RRID: AB_2307392

Bacterial and Virus Strains

BL21.19(DE3) (secA13 (Am) supF (Ts) trp (Am) zch::Tn10

recA::cat clpA::kan)

(Mitchell and Oliver, 1993) N/A

BL31(DE3); A BL21.19 spontaneous mutant that can

grow at 37�C
(Chatzi et al., 2017) N/A

JM109 (endA1 glnV44 thi-1 relA1 gyrA96 recA1

mcrB+ D(lac-proAB) e14- [F’ traD36 proAB+ lacIq

lacZDM15] hsdR17(rK
-mK

+))

Promega Cat#P9751

DH5alpha (fhuA2 lac(del)U169 phoA glnV44 F80’

lacZ(del)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17)

Invitrogen Cat#18258012

Chemicals, Peptides, and Recombinant Proteins

For chemically synthesized signal peptides see Table S5. This study N/A

Isopropylb-D-1-thiogalactopyranoside (IPTG) FischerScientific Cat#BP1755

[35S]-methionine easy-tag Perkin-Elmer Cat#NEG709A001MC

Dithiothreitol (DTT) ApplichemPanreac Cat#A1101

Ethylenediaminetetraaceticacid, diNa salt, 2aq (EDTA) ChemLab Cat#CL00.0503

Tris base Sigma Cat#T1378

HEPES Fisher Cat#BP310

Urea ApplichemPanreac Cat#A1360

Phenylmethylsulfonylfluoride (PMSF) Roth Cat#6367

Magnesium Chloride (MgCl2) Roth Cat#2189

D2O (99.9% D) Euriso-Top Cat#D214F

Urea-d4 (98% D) Sigma Cat#176087

Acetonitrile (Optima LC-MS grade) Fisher Cat#A955

Formic acid (Ultra-pure) Merck Cat#1.11670

MOPS Sigma Cat#M1254

Critical Commercial Assays

TNT Quick coupled Transcription/Translation system Promega Cat#L1170

Oligonucleotides

For synthetic gene fragments used in this study see Table S7. This study N/A

For primers used in this study see Table S9. This study N/A

Recombinant DNA

For vectors used in this study see Table S6. This study N/A

For genetics constructs used in this study see Table S8. This study N/A

Software and Algorithms

ImageJ 1.48v (Schneider et al., 2012) https://imagej.nih.gov/ij/

Prism 5.0c GraphPad https://www.graphpad.com/scientific-

software/prism/

(Continued on next page)

e1 Structure 25, 1056–1067.e1–e6, July 5, 2017

https://imagej.nih.gov/ij/
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ProteinLynx Global Server (PLGS; v3.0.1) Waters http://www.waters.com

DynamX software v3.0 Waters http://www.waters.com

Rstudio v 0.99.902 RStudio Team (2015) http://www.rstudio.com/

PyMOL Molecular Graphics System, v1.5.0.4 Schrödinger http://www.pymol.com

Swiss PDB viewer (Guex and Peitsch, 1997) http://www.expasy.org/spdbv/

ClustalW (Larkin et al., 2007) http://www.ebi.ac.uk/Tools/msa/clustalw2/

Spectra Manager v.2 Jasco http://www.jascoinc.com/spectroscopy/

spectroscopy-software

IUPRED server (Dosztanyi et al., 2005) http://iupred.enzim.hu

Expasy Protparam server (Gasteiger et al., 2005) http://web.expasy.org/protparam/

RSCB, Protein Data Bank (Berman et al., 2000) http://www.rcsb.org/

Other

Ni+2-NTA Agarose resin Qiagen Cat#30250

Hi-Load Superdex 200 26/60 gel filtration column GE, Healthcare Cat#28989336

Amicon ultrafiltration devices (Ultra -15; 3K) Millipore Cat#UFC900396

Immobilized pepsin on agarose beads Thermo Pierce Cat#20343

Guard cartridge (2 mm x 2 cm) Idex Cat#C-135B

VanGuard C18 pre-column, (ACQUITY UPLC R BEH;

130 Å, 1.7 mm, 2.1 x 5 mm)

Waters Cat#186003975

C18 analytical column (ACQUITY UPLC R BEH; 130 Å,

1.7 mm, 1 x 100 mm)

Waters Cat#186002346

CD quartz cuvettes (1 mm; 100-QS) Hellma Cat#100-1-40
CONTACT FOR REAGENT AND RESOURCE SHARING

Additional information or requests for resources and reagents should be directed to the Lead Contact, Anastassios Economou

(tassos.economou@kuleuven.be).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

For protein purification, E.coli BL21.19 cells transformed with an AmpR plasmid carrying secA or phoA (pET5 and pET22b respec-

tively) or their derivatives were plated on LB/Amp agar plates. Selected colonies were grown (300 mL; 100 mg/mL ampicillin; 16 h;

30�C). The pre-cultures were back-diluted (1:100 dilution; 15 L LB; 100 mg/mL ampicillin; New Brunswick Scientific, Innova 43;

180 rpm) and grown at 30�C. For preparation of Inverted inner Membrane Vesicles, E.coli BL31 cells transformed with a pET610

plasmid bearing His-secY/secE/secG operon and grown overnight (37�C; 500 mL LB; 100 mg/mL ampicillin) were used to inoculate

a fermentor (30 L LB; 100 mg/mL ampicillin; agitation; 37�C). In either case, recombinant gene expression was induced (OD600=0.6;

0.2 mM IPTG, 3 h) prior to cell harvesting (5,000 x g; 4�C; 15 min; Beckman Coulter Avanti J-26S XPI; JLA 8.1000).

METHOD DETAILS

For the list of buffers used, gene cloning and mutagenesis see Supplemental Information.

Purification of SecA, SecA Derivatives and Preproteins under Native Conditions
Cells, resuspended in buffer A,were lysed in a Frenchpress (8,000psi; 3–5passes; Thermo). Insolublematerial was removed by centri-

fugation (100,000 x g; 30min; 4�C; Beckman Coulter Optima XPN-80; 45Ti). His-tagged proteins were purified using Ni+2 Immobilized

Metal Affinity Chromatography (IMAC). The cell lysate supernatant passed through a Ni+2-NTA Agarose (Qiagen) column, pre-equili-

brated with 10 x volumes of buffer A, under gravity flow (1 mL/min). The column was washed with 10 x volumes of buffer A and 15 vol-

umes of buffer B. Proteins were eluted in buffer C, incubated with EDTA (10mM; 30min, ice), dialyzed (12-14,000DaMolecularWeight

Cut Off, Medicell Membranes Ltd) in buffer D (2 h; 4�C; stirring) then buffer E (overnight; 4�C; stirring) and stored in aliquots at -800C.

Purification of SecA Mutants with Intraprotomeric Disulfide Bonds
SecA(LO) and SecA(LWO) oxidized spontaneously to >95% of the total protein and were not purified further. However, SecA(LC)

required additional fractionation. SecA(LC) eluate from Ni-NTA chromatography was concentrated and loaded on a preparative,
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pre-equilibrated with buffer F, Hi-Load Superdex 200 26/60 (GE, Healthcare), under a flow rate of 1 mL/min at 4�C, to remove SecAs

that had not formed intraprotomeric disulphides. Collected fractions (2 mL) were analyzed by SDS-PAGE. Those containing intrapro-

tomerically oxidized SecAs were pooled together, dialyzed (12–14,000 DaMolecular Weight Cut Off, Medicell Membranes Ltd) first in

buffer D supplemented with 2 mM EDTA and then in buffer E, aliquoted and stored at -80�C.

Purification of Preproteins from Inclusion Bodies, under Denaturing Conditions
Preproteins and their derivatives were purified from inclusion bodies, under denaturing conditions (unless otherwise stated). Cells,

resuspended in buffer H, were lysed in a French press (8,000 psi; 3-5 passes) and centrifuged (4,000 x g; 10 min; 4�C; Sigma

3-16KL; 11180) to remove unbroken cells. Inclusion bodies, collected in the pellet together with membrane fragments following

centrifugation (100,000 x g; 30 min; 4�C; Beckman Coulter Optima XPN-80; 45Ti), were solubilized in buffer I using a Dounce-ho-

mogenizer. The insoluble membrane fragments were removed following new centrifugation (100,000 x g; 30 min; 4�C; Beckman

Coulter Optima XPN-80; 45Ti). The urea solubilized supernatant was diluted, to reduce urea concentration to 6M and passed through

a Ni+2-NTA column, pre-equilibrated with 10 x volumes buffer J, with gravity flow (1 mL/min). The column was washed with 10 x vol-

umes buffer J and 15 x volumes buffer K. Preproteins were eluted using buffer L, incubated with EDTA (10mM; 30min; 4�C), dialyzed
(12–14,000 Da Molecular Weight Cut Off, Medicell Membranes Ltd.) in buffer M, overnight at 4�C and finally aliquoted and stored

at �80�C.

Concentration of Protein Samples
Whenever necessary, proteins were concentrated using Amicon ultrafiltration devices (Ultra �15; 3000 Da cut-off; Millipore) using

centrifugation (3,000 x g, 4�C; Sigma 3-16KL Benchtop Centrifuge; 1180).

Determination of Protein Concentration
Protein concentration was determined spectroscopically, either by using the Nanodrop instrument (Thermo 2000 series) within its

linear range (0.5–-5 mg/ml; 280 nm) or/and by the Bradford protein assay (Bio-Rad) using BSA to generate a linear control standard

curve (0.5-20 mg). Molecular extinction coefficients and molecular weights for A280 analysis were determined using the Expasy

server.

Preparation of Inverted Membrane Vesicles (IMVs)
Cells, resuspended in equal volume of buffer N, were lysed using a French press (8,000 psi; 3-5 passes) and centrifuged (4,000 x g;

10 min; Sigma 3-16KL; 1180) to remove unbroken cells. The supernatant was further centrifuged (100,000 x g; 90 min; 4�C; Beckman

Coulter Optima XPN-80; 45Ti). The membrane pellet, was resuspended in buffer O using a Dounce-homogenizer, was loaded (every

2 mL) on top of a 5-step sucrose gradient (1.9; 1.7; 1.5; 1.3; 1.1 M; 6 mL each layer) and centrifuged (100,000 x g; 16 h; equilibrium

centrifugation; 4�C; Beckman Coulter Optima XPN-80; SW 32Ti). The Inverted Inner Membrane Vesicles (IMVs) were collected from

fraction 2 and 3, in which they appear as a translucent brownish band (Nikaido, 1994; Tsolis and Economou, 2017), resuspended in

buffer R and centrifuged (100,000 x g; 90 min; 4�C; Beckman Coulter Optima XPN-80; 45Ti) to remove sucrose. The pellet was ho-

mogenized in 6 MUrea; 50 mM Tris-HCl pH=8.0 and incubated on ice, for 35 min. Samples were loaded on top of an equal volume of

buffer P and centrifuged (100,000 x g; 90min; 4�C; Beckman Coulter Optima XPN-80; SW 32Ti). IMVs (Chang et al., 1978) were finally

homogenized in buffer Q, through an Avestin LiposoFast-Basic 100 nm pore size filter (15-20 times) and stored in aliquots at -80�C
(Tsolis and Economou, 2017).

[35S]-Labeling of Proteins
Proteins were labeled with [35S]-methionine (1000 Ci/mMole; Perkin-Elmer) using the TNT Quick coupled Transcription/Translation

system (Promega; following the manufacturer’s instructions). Unincorporated [35S]-Methionine was removed using centrifugal gel

filtration (using 1 mL home-made G-50 columns; packed in an insulin syringe; pre-equilibrated with buffer S; 2,000 x g; 2 min;

4�C; Sigma 3-16KL; 11180). 1 mM DTT was further added to labeled proteins.

Preprotein Binding to the Translocase (Equilibrium Dissociation Constants; Kd)
SecA derivatives (0.4 mM) and wild type SecYEG-IMVs (0.4 mMSecY), were preincubated on ice (10 min; 20 mL buffer Q). Preproteins

and their derivatives were diluted into these reactions (0.05-10 mM; final Urea concentration <0.2 M). [35S]-preproteins and deriva-

tives were added as a tracer (2 mL) to all reactions. Samples were incubated on ice, for 20 min, overlaid on an equal volume of a su-

crose cushion (0.2M sucrose in buffer Q) and ultra-centrifuged (436,000 x g; 20min; 4�C; Beckman Coulter OptimaMax-XP; TL-100).

The membrane-bound material, was resuspended in buffer Q and immobilized on a nitrocellulose membrane using a vacuum

manifold (Bio-Rad). [35S]-signals were visualized on a phosphorimager (Typhoon FLA 9500, GE), quantified using ImageJ 1.48v

(Schneider et al., 2012) and then extrapolated to the amount of preprotein derivative bound to the translocase taking into account

that, each signal represented X concentration of non-labeled preprotein (0.05-10 mM) ([5S]-preprotein/sample was negligible). For

the ImageJ quantification, protein dots were selected using the Rectangular tool. Their profile was plotted and the area under the

curve was quantified using the measure tool. The density of the empty areas was set as background and was subtracted from
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each protein dot measurement. Bound preprotein to the translocase was plotted (y axis) against preprotein concentration used in

the reaction (x axis). Hyperbolae were fitted by nonlinear regression, for one binding site; Kd was determined using Prism 5.0c for

Mac OS X (GraphPad).

Determination of Kcat ATP Hydrolysis
Basal: SecA and derivatives (0.4 mM) were added in buffer Q supplemented with 1 mg/mL BSA, 1 mM DTT. Membrane: SecYEG-

containing IMVs were thawed on ice, diluted with buffer Q and sonicated in a benchtop sonicator bath (Branson 5510), for 3 x 15

sec, at 4�C. The amount of IMVs added further to basal reactions was such that the added SecY was equimolar to SecA

(0.4 mM). Translocation: Preproteins, further added tomembrane reactions, were always added in excess (10 mM), to satisfy the lower

affinity of some of them for the translocase (final urea concentration < 0.2 M).

ATP was added (1 mM) and samples were incubated at 37�C (or as indicated), for 12 min. ATP hydrolysis was terminated by trans-

ferring the reactions on ice. Samples were incubated for 5 min, at room temperature with Malachite Green Reagent (0.34% w/v

Malachite Green; 10.5% w/v Ammonium Molybdate; 1 N HCl; 0.1% v/v Triton-X) (Gouridis et al., 2010). Following addition of 37%

w/v Citric Acid (100 mL in 850 mL reactions), samples were further incubated for 40 min, at room temperature. Released Pi was deter-

mined by measuring absorbance at OD660 and correlating to it a reference curve, made of 8 different sequential dilutions of a

commercially available Phosphorus standard solution (Sigma).

Determination of Activation Energy (Ea)
Calculation of the activation energy (Ea) of SecA was done essentially as described (Gouridis et al., 2009, 2013) by measuring Kcat

values (moles hydrolyzed Pi/moles SecA protomer/min) (as indicated) over a range of temperatures (30-42�C) and analyzing the

data with Arrhenius plots. For this analysis, the natural logarithm of the Kcat values is plotted against the inverse temperature values

(1/T, oK). The slope of the linear part of the curve determines the activation energy (Gouridis et al., 2009). As the PhoAmature domain

binds on the translocase with higher affinity than the SPPhoA alone, comparing the preprotein tomature domain binding is sufficient to

show whether the signal peptide had any contribution to preprotein binding.

In Vitro Translocation
Translocation reactions were performed in a final volume of 100 mL buffer Q supplemented with 1mg/mL BSA, 1mMDTT, 5mMATP;

SecA or derivatives (0.4 mM), SecYEG IMVs (1 mM SecY) and preproteins (10 mM; or as indicated). When Locked SecA derivatives

were tested, the buffer did not contain any reducing agent. Reactions were incubated at 37�C for 12min. Translocation of preproteins

into the lumen of IMVs was terminated by transferring the reactions on ice. Non-translocated preprotein molecules were digested by

addition of proteinase K (1 mg/mL, 20 min; 4�C). Proteins were precipitated with trichloroacetic acid (TCA; 15% w/v), analyzed by

SDS–PAGE (12% or as indicated) and visualized by immunostaining with a-proPhoA antisera (or as indicated). Chemiluminescent

signals were visualized on a CCD-camera (LAS-4000; Fujifilm) and quantified with ImageJ 1.48v (Schneider et al., 2012). Control

protein samples with known amount of protein concentration were used for the final quantification, performed as described above

(section ‘‘Preprotein binding to the translocase’’).

In Vivo Secretion of SPx-PhoA Fusions
E. coli Bl21.19 cells were transformed with pET22b(+) plasmids carrying the SPx-PhoA genes. Cells were grown in LB until OD600

0.2-0.3 and the secretion of PhoA or PhoA derivatives was estimated by the indirect measurement of the alkaline phosphatase (phoA)

enzymatic activity in the periplasm as it is described in (Gouridis et al., 2009). As the expression of the T7 promoter regulated genes

was ‘‘leaky’’ there was no need to add any inducer. Secretion of a given protein X was normalized to the amount of synthesized

protein X following SDS-PAGE analysis, immunodetection and quantification of signals as described above (section ‘‘In vitro

translocation’’).

In Vitro Alkaline Phosphatase Activity Assay
The enzymatic activity of native (isolated in the absence of chaotrope) and targeting-competent PhoA (purified from inclusion bodies)

was determined by para-nitrophenyl phosphate (pNPP) hydrolysis assays essentially as described (Gouridis et al., 2010). Protein

samples, initially diluted with buffer F (final urea concentration of targeting-competent PhoA <0.2 M), were additionally diluted into

1M Tris-HCl pH=8.0, 5mMMgCl2, 5mMZnCl2 to a range of concentrations; 40 – 240 ng for the native PhoA and 3 – 20 mg for target-

ing-competent PhoA. Sampleswere incubated at 37�C for 3minwith 2.5mM pNPP. Reactions (300 mL) were quenched by addition of

100 mL stop solution (0.1 M EDTA, 2 M K2HPO4). Phosphate release was measured on 96-well plates (250 mL sample loaded) at

420 nm using an Infinite F200 spectrophotometer (TECAN). Turnover rates (kcat, s-1) were determined as (mmole pNPP/ mmole

PhoA/ s), using the molecular mass of the native dimeric PhoA (96 kDa).

Local Pulsed Hydrogen/Deuterium Exchange Mass Spectrometry (HDX-MS)
PhoA, proPhoA and their derivatives, purified from inclusion bodies, were dialyzed in buffer T (twice; 3 h total; 4�C), to remove glyc-

erol. To adjust the pH to the Hydrogen/Deuterium Exchange conditions, samples were additionally dialyzed in buffer U (4�C; 16 h).

Protein aliquots (18 mM) were incubated with 130 mM DTT and 5 mM EDTA for 10 min, on ice. Urea was removed by exchanging it

with buffer V, in two steps, using centrifugal filters (Amicon Ultra 15 Ultracell-3K, Millipore, Germany) at 4�C. DTT was maintained at
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10 mM during the buffer exchange and was refreshed twice. Following buffer exchange the urea concentration was 13 mM and the

protein concentration 18 mM. At 8 h of urea dilution, protein samples were ultra-centrifuged (20,000 x g; 15min; 4�C). The supernatant
was incubated on ice for 40 min prior to isotope labeling. DTT was added to the protein samples to a final concentration of 10 mM,

10 min before the H/D exchange reaction. H/D exchange was performed after 9 h of Urea dilution.

The isotope labeling was as described in (Tsirigotaki et al., 2017b); lyophilized buffer W; pD(corrected):7.05 was dissolved in D2O

(99.9% D, Euriso-Top). Fresh DTT and EDTA were added to a final concentration of 10 mM DTT; 5 mM EDTA. The isotope-labeling

buffer was pre-chilled on ice for 40 min. For the H/D exchange, 94 mL of the labeling buffer was added to protein aliquots of 6 mL

(108 pmol. of protein) resulting in 94% D (v/v) content. The exchange reaction was quenched in 10 sec with pre-chilled solution

containing formic acid and 8 M urea-d4 (98% D, Sigma) [final pD(corrected):2.5; final urea concentration 1.5 M] and instant freezing

in liquid nitrogen. Frozen samples were stored at -80�C and analyzed within 2 days of preparation. The H/D exchange reactions were

performed in triplicates. Additionally, the whole procedure, starting from purification till the H/D exchange was repeated for each

protein to account for both biological and technical variation. For the natively folded form of PhoA, purified in the absence of

urea, DTT and EDTA were excluded from the dilution and isotope-labeling buffers. Dimeric native PhoA was labeled at 5 mM. A com-

plete denaturation-deuteration control (Fully Deuterated) for the specific labeling conditions was performed by incubating 2 ml of

protein aliquot (54 mM protein concentration) with 31.6 mL of isotope-labeling buffer containing 6 M urea-d4; 10 mM DTT; 5 mM

EDTA in D2O for 1.5 h at 30�C. The reaction was quenched with 100.4 ml of formic acid solution, for a final urea concentration of

1.5 M and pD(corrected):2.5.

Samples were analyzed in a SYNAPTG2 ESI-Q-TOF coupled to a nanoACQUITYUPLCSystemwith HDX technology (Waters, UK).

Proteins were digested online with immobilized pepsin, packed in a guard cartridge (2 mm x 2 cm, Idex), at 20�C. The resulting pep-

tides were loaded and desalted on a VanGuard C18 Pre-column, (130 Å, 1.7 mm, 2.1 x 5 mm, Waters) at 100 mL/min for 3 min using

0.23% (v/v) formic acid. Peptides were subsequently separated on a C18 analytical column (130 Å, 1.7 mm, 1 x 100 mm, Waters) at

40 mL/min using solvent A (0.23% v/v formic acid) and solvent B (0.23% v/v formic acid in acetonitrile). A linear gradient from 5% to

50% solvent B in 12 min was applied. At the end, solvent B was raised to 90% in 1 min. Peptide trapping-desalting and separation

were performed at 0.2�C. The MS parameters were as follows: capillary voltage 3.0 kV, sampling cone voltage 20 V, extraction cone

voltage 3.6 V, source temperature 80�C, desolvation gas flow 650 L/h at 250�C.
For the identification of peptides, 120 pmol. of proPhoA diluted in protiated buffer W at pH 2.5 were online digested as described

above and analyzed in MSE acquisition mode over the m/z range 100-2,000 Da. The collision energy was ramped from 15 to 35 V.

Peptide identification was performed using ProteinLynx Global Server (PLGS v3.0.1, Waters, UK).

Choice of Substitutions Designed in This Study
The choice of substitutions in the early mature domain of PhoA (M1-M3) and in the SPAmy1 (M4) in order to promote order or disorder

was based on the corresponding amino acid scale, proposed by (Campen et al., 2008).

Thermodynamic Considerations to Analyze Preprotein Binding to SecYEG-bound SecA
Equilibrium dissociation constants (Kd; determined as described above: see ‘‘Preprotein binding to the translocase’’) were converted

to free energies using the equation: DG= -RTlnK [1] where R: the gas constant; T: temperature; K: equilibrium association constant.

The free energy of any binding event can be described by the Gibbs equation: DG=DH-TDS [2] where H: enthalpy; T: temper-

ature; S: entropy. If cooperativity is ignored, and assuming that two ligands (A, B) bind to one receptor completely independently

of the other, without any losses in translational and rotational entropy, the total free energies of the binding can be added together

DGAB=DGA +DGB [3]. In the case of a preprotein, DGpreprotein= DGsignal peptide + DGmature domain [4]. When DG in [4] is

substituted with the values from equation [1] the contributions of binding constants are multiplied: Kd, preprotein = Kd,signal peptide x

Kd,mature domain. [5]

Analysis of Protein Structures
Protein structures were modeled using Swiss PDB viewer and PyMol software. Structures with PDB codes were downloaded from

the Protein Data Bank (http://www.rcsb.org/). For visualization of the SecA PBD motions, the Thermotoga maritima SecA-SecYEG

translocase (RSCBPDB accession number 3DIN) was used as a template to derive an Escherichia colimodel and for the PDBClosed

state. For the Open and Wide open states the Escherichia coli SecA (RSCB PDB accession number 2VDA) and the Bacillus subtilis

SecA (RSCB PDB accession number 1M6N) were used respectively, as described (Sardis and Economou, 2010). Models were

generated with maximum quality, anti-alias set at 2, ray trace mode 1 and ray-traced at 1500, 1500. Adobe Photoshop was used

to add structural elements for visualization purposes. FASTA protein sequences were downloaded from (http://www.ncbi.nlm.nih.

gov/protein). ClustalW (Larkin et al., 2007) was used for sequence alignments. Structural alignment of proteins was performed

with Swiss PDB viewer (Guex and Peitsch, 1997).

Circular Dichroism Analysis
Experiments were carried on a Jasco J-1500 spectrometer equipped with a Peltier-cooled, six-position cuvette holder (7 mMprotein;

20�C; 5 mM MOPS pH 7.5, 5 mM NaCl buffer solution; data pitch: 1 nm; slit: 1 nm; signal averaging time: 1 s; 1 mm (Hellma) quartz

cuvettes). Natively purified proteins were dialyzed in 5 mMMOPS pH 7.5, 5 mMNaCl (5 L; 15 hrs; 4�C). Proteins purified in urea were

concentrated, incubated with 50mM DTT and 5mM EDTA, 20 min on ice before diluted into the dialysis buffer described above, to
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record spectra. Sampleswere centrifuged (20,000 x g; 20min; 4�C) before determining protein concentration. Spectra were recorded

(190-260nm), in 5mMMOPS pH 7.5, 5mMNaCl; n=5. Data analysis was performed using the Spectra Manager v.2 software (Jasco).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis
Statistical analysis of in vitro or in vivo biochemical and biophysical assay data from replicates (as indicated) was performed using

Prism 5.0c for Mac OS X (GraphPad). Error bars represent standard error of means (SEM), unless otherwise indicated.

Deuterium Uptake Determination
Deuterium uptake values for each peptide and standard deviations from replicates, as indicated for each PhoA derivative, were deter-

mined using the DynamX software (version 3.0, Waters, UK).

Identification of Statistically Significant Differences in Comparative HDX-MS
Comparative HDX-MS analysis of PhoA, proPhoA and their derivatives was performed on sets of protein pairs as presented in Table

S3 (each sheet represents one comparative set). In each comparative set, protein pairs were prepared, isotope labeled and analyzed

under identical conditions. To avoid artifacts of incontrollable variability (e.g. change in reducing agent efficiency), direct comparison

of protein states is valid only within one comparative set. To ensure that any observed difference is not prone to biological variability,

two biological repeats and at least three technical repeats were included in each comparative set. Statistical analysis within each

comparative set was performed as described (Tsirigotaki et al., 2017b) and represent a modified version of the process described

in (Bennett et al., 2010). Briefly, three criteria were used for the identification of statistically significant differences. i) A two-tail paired

t-test was performed for each peptide using R language (Rstudio; v 0.99.902), comparing the mean deuterium uptake values of the

two protein states under investigation. The significance threshold of the t-test was set to 95% confidence (p-value <0.05, 1-p>0.95;

Table S3G, x axis). ii) An additional cut-off of ±4SD of average pooled standard deviations of both protein states was imposed (Table

S3G, ±4SD). iii) To account for false positive differences due to SD outliers that are averaged out in the ±4SD cut-off, an additional

criterion was included: the deuterium uptake difference for a given peptide between two protein states must exceed twice the sum of

SDs of the two states for the given peptide (Table S3G, grey dots: statistically insignificant difference). We consider as statistically

significant differences those that fulfill all three criteria (Table S3G; black dots above the 1-p and 4SD thresholds). For visualization of

the statistical significance of differences, volcano plots (Table S3G) were constructed with R language (Rstudio, v 0.99.902).
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