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SUMMARY

Calcium-binding RTX proteins are equipped with
C-terminal secretion signals and translocate from
the Ca2+-depleted cytosol of Gram-negative bacteria
directly into the Ca2+-rich external milieu, passing
through the ‘‘channel-tunnel’’ ducts of type I secre-
tion systems (T1SSs). Using Bordetella pertussis
adenylate cyclase toxin, we solved the structure
of an essential C-terminal assembly that caps
the RTX domains of RTX family leukotoxins. This
is shown to scaffold directional Ca2+-dependent
folding of the carboxy-proximal RTX repeat blocks
into b-rolls. The resulting intramolecular Brownian
ratchets then prevent backsliding of translocating
RTXproteins in the T1SS conduits and thereby accel-
erate excretion of very large RTX leukotoxins from
bacterial cells by a vectorial ‘‘push-ratchet’’ mecha-
nism. Successive Ca2+-dependent and cosecretional
acquisition of a functional RTX toxin structure in the
course of T1SS-mediated translocation, through
RTX domain folding from the C-terminal cap toward
the N terminus, sets a paradigm that opens for
design of virulence inhibitors of major pathogens.

INTRODUCTION

Secretion of proteins is central to bacterial interactions with the

environment, and protein transport across the Gram-negative

bacterial cell wall represents a particular challenge. Six dedi-

cated pathways are employed by bacteria to excrete proteins

across the sandwich of two biological membranes that enclose

the peptidoglycan meshwork of bacterial sacculus (Costa

et al., 2015). Of these type I (T1SS) to type VI (T6SS) secretion

systems, the T2SS and T5SS operate by a two-step mechanism

that involves periplasmic intermediates. The other four systems

mediate a single-step translocation of exoproteins from cytosol
of bacteria directly into the external milieu and even across a

third membrane of a target cell (e.g., T3SS or T4SS).

T1SS is the least complex of these systems and is dedicated

to excretion of the so-called repeats-in-toxin (RTX) family of exo-

proteins (Linhartová et al., 2010). These exhibit a broad array of

biological activities and sizes (up to >8,000 residues) and share

the presence of characteristic carboxy-proximal tandem repeti-

tions of the Ca2+-binding RTX nonapeptides of a consensual

sequenceGGxGxDxxx (Welch, 1991). The RTX repeats are orga-

nized into blocks that fold into a calcium-loaded structure known

as the parallel b-roll (Baumann et al., 1993). The number of RTX

repeat blocks per protein varies, and particularly vast RTX

domains are found in the family of large T1SS-excreted RTX leu-

kotoxins that play a major role in virulence of numerous Gram-

negative pathogens (Linhartová et al., 2010; Satchell, 2011).

Pore-forming or multiple-activities-exhibiting RTX cytotoxins

(MARTX) subvert host immunity by manipulation of phagocyte,

lymphocyte, or epithelial cell functions. Among the best-studied

RTX leukotoxins is the bifunctional adenylate cyclase toxin-

hemolysin (CyaA, ACT, or AC-Hly) that plays a crucial role in

host colonization by the human whooping cough agent Borde-

tella pertussis (Sebo et al., 2014; Vojtova et al., 2006). The RTX

domain of CyaA consists of five RTX repeat blocks that bind

extracellular calcium ions and fold into a structure that mediates

toxin binding to the complement receptor 3 (CR3, known as

Mac-1 or the aMb2 integrin CD11b/CD18) on host phagocytes

(Guermonprez et al., 2001). Upon binding to CR3, CyaA pene-

trates across the cytoplasmic membrane of phagocytes and

translocates directly into their cytosol an adenylyl cyclase (AC)

enzyme domain that binds intracellular calmodulin. This yields

an extremely active AC enzyme that paralyzes cellular signaling

and nearly instantaneously ablates the bactericidal functions of

host phagocytes through unregulated conversion of cytosolic

ATP into the key cellular signaling molecule cAMP. (Confer and

Eaton, 1982; Eby et al., 2014; Kamanova et al., 2008).

The T1SSassemblies consist of three components, comprising

an ABC (ATP-binding cassette) transporter incorporated as a

polytopic protein into the inner bacterial membrane, a membrane

fusion protein (MFP) extending from the inner membrane into

periplasm, and a protein of the TolC family (OMP) that spans
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Figure 1. Assembly of a C-Terminal Capping Structure Triggers Ca2+-Dependent Folding of the RTX Repeat Domain of CyaA

(A) CyaA consists of a cell-invasive AC enzyme that is fused to a C-terminal pore-forming RTX hemolysin moiety. The latter is covalently fatty acylated on Lys860
and Lys983 residues by CyaC, bears the C-terminal T1SS secretion signal, and comprises five RTX repeat blocks (I–V) formed by calcium-binding tandem repeats

(GGxGxDxxx), respectively. Deletions within the CyaA1529-1681 segment are indicated in the zoom out.

(B) Binding and cytotoxic activities of different CyaA constructs on mouse J774A.1 cells at 2 mM (left panel) or 10 mM Ca2+ concentrations (right panel). CyaA

binding was assessed on J774A.1 cells exposed to 6 nM CyaA for 30 min at 4�C. AC domain delivery was assessed as accumulation of intracellular cAMP

following incubation of cells with CyaA for 30 min at 37�C, as described in detail in Supplemental Experimental Procedures. The results represent average values

of percent activity from four independent experiments. The error bars represent ± SD of the mean from at least three independent experiments performed in

duplicates.

(legend continued on next page)
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into periplasm from the outer membrane (Thomas et al., 2014b).

The MFP hexamer connects the exit opening of the trimeric ABC

transporter to the entry opening of the trimeric OMP conduit and

seals the gated T1SS ‘‘channel-tunnel’’ assembly (Du et al.,

2014), shielding the translocated polypeptides from periplasmic

proteases. By difference to other protein translocation systems

that recognize N-terminal secretion signals, the RTX protein sub-

strates are targeted into and are led through the T1SS ducts by

noncleavable C-terminal sequences (Lenders et al., 2015). Their

interaction with the nucleotide binding domain (NBD) of the ABC

transporter of T1SS triggers hydrolysis of ATP and provokes

power strokes that enable insertion of the secreted protein into

the T1SS conduit (Koronakis et al., 2000; Létoffé et al., 1996; Tha-

nabaluet al., 1998).Bothprotonmotive forceacross the inner bac-

terial membrane and the ATPase activity of the ABC transporter

thenappear toenergize theearly stagesofT1SStranslocationpro-

cess (Koronakis et al., 1991). Themechanismunderlying thedirec-

tional translocation of the often very large RTX proteins (>>1,000

residues) through the T1SS duct remains, however, unclear.

We analyzed here themechanism of T1SS-mediated secretion

of CyaA from B. pertussis by assessing the structure and secre-

tion kinetics of mutated CyaA. Postulating a paradigm of T1SS

operation, we show that initiation of vectorial Ca2+-driven folding

of RTX repeats at their C terminus enables directional ratcheting

of RTX protein translocation through T1SS ducts. This acceler-

ates excretion and enables cosecretional folding of large RTX

leukotoxins.

RESULTS

A Carboxy-Proximal Capping Assembly Is Essential for
Ca2+-Dependent Stacking of RTXRepeats into the b-Roll
Structure and Acquisition of Leukotoxic Activity of CyaA
Previouswork revealed that theC-terminal segment ofCyaA (Fig-

ure 1A) is required for calcium-dependent folding of the last RTX

repeat block and for cytototoxic activity of the T1SS-secreted

CyaA toxin (Bauche et al., 2006; Bejerano et al., 1999; Chenal

et al., 2010; Iwaki et al., 1995). Upon translocation through the

T1SS conduit, this segment emerges on bacterial surface imme-

diately after the C-terminal signal structure (Lenders et al., 2015),

and its foldingwould provide theC-terminal entropic stabilization

for folding of the last RTX repeat block of CyaA (Blenner et al.,

2010). We hypothesized that folding of the C-terminal segment

triggers calcium-dependent folding of the entire RTX domain of
(C) Far-UV CD spectra of CyaA-RTX (left panel) and CyaA-RTXD1636-1642 (right p

(D) X-ray structure of CyaA1529-1681. The N-terminal consecutive nonapeptide t

parallel b strands (b-roll). The first six residues of the RTXmotif (GGxGxD) constitu

residues (xxx) form a short b strand. Calcium ions are numbered for clarity, and th

induced folding of the RTX domain are colored in magenta.

(E) Close-up view of calcium-binding sites within the C-terminal segment of Cya

regularly coordinated by the side chains of Asp residues in position 6 (Asp1588 an

motif, respectively. Ca2+(8) is more exposed to the solvent and is coordinated by s

Arg1652 and two water molecules (data not shown). The carbon and oxygen atom

(F) Detailed view of the C-terminal capping structure of the CyaA1529-1681 segm

Trp1645 is positioned perpendicularly to the benzene ring of Tyr1646, which itself int

interaction.

(G) CR3-binding and cell-invasive activity of CyaA constructs with glycine substit

mean from at least three independent experiments performed in duplicates.
CyaA. We thus examined the capacity of the RTX domains of a

set of C-terminally truncated toxins to adopt a functional fold.

The proteins were purified under denaturing conditions in buffers

containing 8 M urea, so as to mimic unfolding of the CyaA

molecule during translocation through the T1SS conduit. The

truncated RTX domains were then assessed for the capacity to

fold in the presence of Ca2+ ions into a functional structure that

would mediate CyaA binding to the CR3 and enable AC toxin

penetration into macrophages (El-Azami-El-Idrissi et al., 2003).

At physiological Ca2+ concentration (2mM), these toxin activities

were progressively lost with removal of the last 27, 40, 53, or 75

residues of CyaA (Figure 1B). However, the cell-binding activities

of CyaADC40 and CyaADC53, devoid of 40 or 53 C-terminal

residues, were almost intact at 10 mM Ca2+. Functional folding

of the RTX domain could, hence, be enforced at 10 mM Ca2+

even when the 53 C-terminal residues were missing. In contrast,

CyaADC75, or CyaAD1636-1642 lacking the TDDALTV heptapeptide

(residues �63 to �71) recovered little or no activity in 10 mM

Ca2+. Folding capacity of the RTX domain of CyaAD1636-1642

was thus examinedby circular dichroism (CD) spectroscopy (Fig-

ure 1C). A prominent negative peak at 217 nm, corresponding to

formation of the b-roll structures (Chenal et al., 2010), was indeed

observed for the complete purified CyaA-RTX domain (residues

1,009 to 1,681 of CyaA), which underwent a characteristic

Ca2+-induced transition from the intrinsically disordered to the

folded state already at 2 mM Ca2+. In contrast, no formation of

b roll in CyaA-RTXD1636-1642 was detected even at 10 mM Ca2+.

The C-terminal residues �53 and �75, hence, comprise at least

part of the segment that is essential for Ca2+-dependent folding

of the RTX domain.

To gain more insight, we solved the X-ray structure of the

CyaA1529-1681 fragment comprising the last RTX repeat block

(block V) and the segment required for Ca2+-dependent folding.

Diffracting crystals were obtained in orthorhombic (I222) and

tetragonal (P41212) space groups, with one or two monomer

subunits per asymmetric unit (Figure S1, available online),

yielding near identical independent structures at 1.25 Å (I222)

and 1.45 Å (P41212) resolution (Tables 1 and S1).

CyaA1529-1681 adopts a ‘‘hatchet head’’-like structure with an

N-terminal ‘‘blade’’-like b-roll that progressively broadens into a

‘‘hammerhead’’ capping structure formed by the C-terminal res-

idues (Figure 1D). The b-roll within residues 1,529–1,613 com-

prises nine GGxGxDxxx motif-like nonapeptides arranged regu-

larly within a right-handed parallel b helix. Seven out of the eight
anel) in the absence (blue line) and in the presence of 10 mM CaCl2 (red line).

andem repeats (GGxGxDxxx) are arranged in a regular right-handed helix of

te a turn with bound calcium ion (yellow ball), while the last three nonconserved

e residues 1,636–1,642 of the TDDALTV segment involved in initiation of Ca2+-

A1529-1681. Ca
2+(6) and Ca2+(7) are completely buried within the turns and are

d Asp1609) and backbone carbonyl groups of Gly residues of the GGxGxDxxx

ide chains of Asp1609 and Glu1654 along with backbone carbonyls of Gly1606 and

s are represented in gray and red color, respectively.

ent. The TDDALTV heptapeptide is highlighted in magenta. The indole ring of

eracts with the positively charged guanidinium group of Arg1624 in a cation-p-p

utions of the Trp1645 and Tyr1646 residues. The error bars represent ± SD of the
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Table 1. X-Ray Data Collection and Refinement Statistics

CyaA1529-1681

(5CVW)

CyaA1529-1681

(5CXL)

Data Collection

Space group Orthorhombic

I222 (23)

Tetragonal

P41212 (92)

Wavelength (Å) 0.9181 0.9181

Cell dimensions

a, b, c (Å) 62.8, 62.9, 77.6 52.2, 52.2, 195.9

a, b, g (�) 90, 90, 90 90, 90, 90

Resolution (Å) 29.24–1.23 (1.30–

1.23)

50–1.45 (1.54–

1.45)

Rsym or Rmerge 4.3% (54.5%) 5.2% (74.1%)

I / s(I) 19.78 (2.48) 22.11 (2.55)

Completeness (%) 93.6 (72.3) 99.9 (99.8)

Redundancy 4.48 8.59

Refinement

Resolution (Å) 29.24–1.25 (1.28–

1.25)

32.15–1.45 (1.49–

1.45)

Number of reflections 39,012 (2,217) 46,709 (3,344)

Rwork 0.147 (0.206) 0.152 (0.188)

Rfree 0.180 (0.272) 0.208 (0.270)

Number of atoms 1,263 2,417

Protein 1,107 2,172

Ligand/ion 32 24

Water 124 221

b factors (overall) 16.0 22.6

Protein 14.5 21.6

Ligand/ion 21.6 20.8

Water 29.5 32.8

Rmsds

Bond lengths (Å) 0.017 0.019

Bond angles (�) 1.95 1.92

Ramachandran plota

Favored regions (%) 97.3 95.21

Additionally allowed (%) 2.7 4.47

Outliers (%) 0 0.32
aCalculated with MolProbity (Chen et al., 2010).
predicted Ca2+-binding sites within the b-roll turns, on both sides

of the b-roll, contain completely buried Ca2+ ions. These are peri-

odically coordinated by carboxyl groups of the side chains of

aspartic acids at position 6 and by carbonyl groups of the poly-

peptide backbone at positions 1–5 of the GGxGxDxxx motif. An

exception is the carboxy-proximal Ca2+(7), where the backbone

carbonyl group at position 1 of the nonapeptide motif is replaced

by the side chain of Glu1603 residue (Figure 1E). By difference to

the seven Ca2+ ions buried within the b-roll, the Ca2+(8) ion is

more accessible to solvent and uses two water molecules as

ligands. It is coordinated by the side chain carboxyls of Asp1609

and Glu1654 and the backbone carbonyls of Gly1606 (from the

last turn of the b-roll) andArg1652. This explainswhy theCyaADC53

protein exhibits only a residual (�10%) receptor-binding capacity
50 Molecular Cell 62, 47–62, April 7, 2016
of the RTX domain at 2 mM Ca2+ (cf. Figure 1B), as absence of

Glu1654 would reduce the affinity of the Ca2+(8) binding site. Its

loading would, hence, occur and provide stabilization of the

fold only at supraphysiological Ca2+ concentration (e.g., 10 mM).

The structure formed by residues 1,614–1,676 caps the b-roll

by an assembly of antiparallel b strands (two and three extending

the b-roll on each side) with a short amphipatic a helix at the tip

(Figure 1F). The highly hydrophobic interior of the capping struc-

ture communicates with the hydrophobic interior of the b-roll,

and the entire capping assembly would form a scaffold on which

the b-roll stack of RTX block V can assemble upon exit from the

T1SS duct. The 1639ALTV1642 segment of the TDDALTV hepta-

peptide forms a short b strand parallel to the adjacent b strand

of the RTX b-roll. The contiguity of the b-roll with the antiparallel

b strand assembly makes the two surfaces of the CyaA1529-1681

structure, consisting of five parallel and two or three antiparallel

b sheets, respectively. Despite little sequence conservation,

similar structures are conserved also in the C-terminal portions

of T1SS-secreted RTX lipases and proteases (Figure S1).

The Asp1637 and Asp1638 residues of the TDDALTV segment

and the Asp1644, Asp1648, and Asp1650 residues are not involved

in binding of calcium ions. Their alanine or valine substitutions

had, indeed, little impact on functional folding of the CyaA-RTX

domain (data not shown). Within this highly negatively charged

segment, however, there are two aromatic Trp1645 and Tyr1646
residues that are conserved in the C-terminal segments of RTX

leukotoxins (see Figure 4). The indole ring of Trp1645 is inserted

deep into the hydrophobic core of the C-terminal capping struc-

ture and is positioned perpendicularly to the benzene ring of

Tyr1646 (Figure 1F), lying parallel to the side chain of Arg1624
from an antiparallel b strand of the capping structure. The spatial

arrangement and distances (3.4 Å and 3.6 Å) would enable a

cation-p-p interaction between the positively charged guani-

dinium group of Arg1624 and the aromatic benzene and indole

rings of Tyr1646 and Trp1645 (Figure 1F). This appears to play a

central role in formation of the hydrophobic core and folding of

the capping structure upon exposure toCa2+ (Figure 1G). Glycine

substitutions of Tyr1646 (W1645G) or Trp1645 (Y1646G) provoked,

indeed, a partial loss of RTX domain function (cell binding)

at 2 mM Ca2+. The W1645G + Y1646G combination then had a

highly synergic effect, decreasing �10-fold the capacity of

CyaAW1645G+Y1646G tobind theCR3 receptor at 2mMCa2+. Func-

tional folding of the RTX domain of CyaAW1645G+Y1646G could,

however, still be enforced at 10 mM Ca2+ (Figure 1G; see also

Ca2+ titration in Figure 2). This suggests that positioning of side

chain carboxyls of Asp1609 and Glu1654 and of backbone car-

bonyls ofGly1606 andArg1652would enable formation and loading

of theCa2+(8) ion binding site. The ensuing structural stabilization

would then enable a cation-p-p interaction of side chains of the

Trp1645, Tyr1646, and Arg1624 residues. Due to reduction of folding

space, the entire capping structure would next fold.

Calcium-Dependent Folding of the T1SS-Excreted
Leukotoxin CyaA Is Initiated at a Carboxy-Proximal
b-Roll Capping Structure and Proceeds Sequentially
toward the N Terminus of the RTX Domain
To analyze the Ca2+-dependent folding pathway of the C-termi-

nal b-roll domain, titration of the CyaA1529-1681 fragment with



Ca2+ was followed by far-UV CD spectroscopy. Transition of

CyaA1529-1681 from an intrinsically disordered state into the

folded b-roll occurred as a two-stage process, triggered at

0.2 mM Ca2+ and completed at <2 mM Ca2+ (Figure 2A). Similar

Ca2+ dependence of folding was observed also for the homolo-

gous HlyA733-975 segment of E. coli a-hemolysin (HlyA), showing

that Ca2+-driven folding of RTX leukotoxins involves a two-stage

mechanism (Figure S2).

To decipher the folding pathway in a residue-specific

manner, Ca2+-induced conformational changes of 15N-labeled

CyaA1529-1681 were followed by NMR spectroscopy. In

the absence of Ca2+, the 1H-15N HSQC spectrum of the

CyaA1529-1681 yielded a characteristic narrow dispersion of

amide resonances of a disordered protein that lacks regular

conformation (Figure 2B). Upon exposure to Ca2+, these HSQC

crosspeaks were replaced by distinct and well-dispersed

resonances characteristic of folded proteins. Individual 1H-15N

crosspeaks were unambiguously assigned to backbone amides

at coverage of 89% for the calcium-free and 71% for the cal-

cium-loadedCyaA1529-1681 polypeptide, respectively (Figure S3).

Analysis of chemical shifts revealed that in the absence of Ca2+,

the secondary structure formation propensities of individual

residues were very low, revealing absence of regular structural

elements in the apo form. In contrast, the secondary structure

propensities in the Ca2+-loaded CyaA1529-1681 revealed a series

of short b strands and a C-terminal a helix (Figure S3; cf. X-ray

structure in Figure 1D).

As CyaA1529-1681 protein concentrations in the NMR experi-

ments (�1 mM) were in the range of Kd for Ca
2+ (0.4–1.5 mM), a

quantitative equilibrium titration of CyaA1529-1681 at distinct

Ca2+-to-protein ratios (CPRs) was performed. The increase in

relative intensity of the peaks was then used to monitor the

Ca2+-dependent folding pathways of individual residues. The

C-terminal part of the CyaA1529-1681 began to fold at a CPR of 2

to 3, as exemplified by the green-colored crosspeaks in the

zoomed-out sections of the HSQC spectra (Figure 2C), and by

the corresponding green titration curves of Gly1597 and Asp1638

(Figure2D).Asdocumentedby the full HSQCspectra and titration

curves of the well-resolved crosspeaks (Figure S4), the residues

involved in formation of the C-terminal capping structure were

reaching the final folded position already at CPR of 2 to 4. The

Nε-Hε group of the indole ring of Trp1645 reached its final position

at CPR of 3 to 4 (Figure 2D), indicating an early completion of as-

sembly of the capping structure. Formation of the b-roll assembly

proceeded in a cooperative manner, and binding of each addi-

tional Ca2+ ion enhanced the ‘‘cooperativeness’’ of Ca2+ loading

and folding, increasing gradually from the C toward the N termi-

nus (Figures 2D and S4). The residues of the central portion of

the b-roll (orange peaks and curves) started to fold at CPR of 3

to 5, and the N-terminal portion (red residue peaks and curves)

remained unfolded until a CPR of 4 to 6, at which Ca2+ binding

triggered folding of the Gly1557 and Ser1555 backbone amides

(Figure 2D). A ratio of eight to nine Ca2+ ions per proteinmolecule

was required for full loading and folding of CyaA1529-1681. This

goes well with the number of eight Ca2+ ions resolved in the

X-ray structure of CyaA1529-1681 (cf. Figure 1D).

ThedoublesubstitutionofTrp1645andTyr1646byglycines impor-

tantly affected the Ca2+-dependent folding of CyaA1529-1681 (Fig-
ure 2A). CyaA1529-1681/W1645G+Y1649G started to fold at higher

than1mMCa2+oraCPRratioof4,withcomplete foldingoccurring

only at 10 mM Ca2+ (Figures 2E, 2F, and S5). The highly coopera-

tive CPR-folding function reflected a single-stage process trig-

gered at about 10-fold higher Ca2+ concentrations than folding

of intact CyaA1529-1681 (cf. Figure 2A), documenting the essential

role of Trp1645 and Tyr1646 in the nucleation of capping structure

assembly.

X-ray crystallography data and NMR titrations allowed delin-

eation of the folding pathway of the C-terminal part of CyaA as

a highly cooperative process that proceeded in a strictly sequen-

tial manner from the C terminus toward the N terminus (Fig-

ure 2G). Formation of the first calcium binding site [Ca2+(8)]

appears to be accompanied by assembly of a bundle of three

antiparallel b strands between residues Leu1620 and Val1643.

Hydrophobic interactions with the b strands on the opposite

face of the b barrel (residues 1,655–1,658 and 1,609–1,613)

would then lead to formation of a hydrophobic core of the

capping structure (green) and sequential stacking of RTX b

strands into the b-roll of a regular right-handed parallel b helix

(orange and red). Structural similarity within the C-terminal parts

of other RTX domains suggests that this would represent a

general folding pathway of the b-roll domains of RTX proteins

(cf. Figure S1).

Low-resolution structure of the entire CyaA-RTX domain

(CyaA1009-1681) by small-angle X-ray scattering (SAXS) in solution

revealed that the entire folded RTX domain of CyaA is an elon-

gated molecule that consists of five tightly packed segments

(Figure 3; Table S2). Superimposition of the solved 3D structure

of CyaA1529-1681 (cf. Figure 1D) onto the low-resolution model

of the RTX domain built from the SAXS data revealed that the

size and shape of CyaA1529-1681 corresponds to a distinct b-roll

segment at the tip of the RTX domain. It is plausible to assume

that each of the five discernible segments in the SAXS structure

corresponds to a single RTX repeat block folded into a b-roll

structure, in good agreement with the recently proposed RTX

domain models (O’Brien et al., 2015).

Similar C-Terminal Folding-Nucleating Capping
Structures Are Required for Calcium-Dependent
Folding and Biological Activities of Other RTX
Leukotoxins
We next examined the C-terminal segments of several other RTX

leukotoxins for the presence of structures homologous to the

capping structure of CyaA. Multiple sequence alignment re-

vealed that such segments were located between the conserved

RTX motifs (GGxGxDxxx) and the secretion signals of E. coli

HlyA, LtxA leukotoxin of A. actinomycetemcomitans, and ApxIA

hemolysin ofA. pleuropneumoniae (Figure 4A). These sequences

exhibited a consensus motif *T*+XWF (Figure 4B), forming the

central part of the CyaA1636-1650 sequence, where * stands for

an aliphatic amino acid, and + represents a positively charged

residue. Deletion of homologous segments in the other leuko-

toxins yieldedHlyAD905-919, ApxIAD902-916, and LtxAD892-906 pro-

teins that were unable to lyze sheep erythrocytes or Jurkat

T cells, respectively (Figures 4C–4E, upper panels). As further

determined by CD spectroscopy, the loss of biological activity

correlated with the loss of capacity of the respective purified
Molecular Cell 62, 47–62, April 7, 2016 51
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HlyA-RTXD905-919, ApxIA-RTXD902-916, and LtxA-RTXD892-906

domains to undergo Ca2+-dependent folding into the parallel

b-roll structures (Figures 4C–4E, lowerpanels). SimilarC-terminal

capping structures as that found in CyaA, hence, play a central

role in Ca2+-dependent folding of several RTX leukotoxins.

Biological Activity of CyaA in B. pertussis Infections
Depends on the Integrity of the C-Terminal b-Roll
Capping Structure
To relate the in vitro data to folding requirements during in vivo

secretion of CyaA, we introduced the mutations disrupting the

b-roll capping structure into the cyaA gene on B. pertussis chro-

mosome and examined the virulence of the mutant strains in

mice. Intranasal administration of 1.53 108 CFU (colony-forming

units) of wild-type B. pertussis provoked death of all inoculated

mice within 2 days (Figure 5). However, up to 60% of mice sur-

vived the challenge for 4 days with a 10-fold increased dose of

1.5 3 109 CFU of the mutant producing CyaAW1645G+Y1646G,

which exhibits a residual (�10%) binding and toxin activity at

2 mM Ca2+ (physiological) and folds only at 10 mM Ca2+ (cf. Fig-

ure 1G). No lethality was then observed even at a 100-fold

increased inoculum dose of themutant secreting CyaAD1636-1642

that is unable to fold even at 10 mM Ca2+ and is inactive as toxin

(cf. Figures 1B and 1C). The LD50 values were then approxi-

mately ten times higher for the CyaAW1645G+Y1646G-secreting

mutant (1.5 3 109 CFU) than for the wild-type bacteria (1 3 108

CFU). This goes well with the �10-fold reduced in vitro specific

toxin activity of the purified CyaAW1645G+Y1646G. The capacity

of the RTX domain to fold in the presence of Ca2+ and mediate

phagocyte binding of CyaA was thus crucial for B. pertussis

virulence.

Ca2+-Binding-Promoted Cosecretional Folding of the
RTX b-Rolls Generates Brownian Molecular Ratchets
that Accelerate Protein Excretion through T1SS
Translocation of RTX proteins through T1SS conduits is led by

the C-terminal signal segments (Lenders et al., 2015). Therefore,

we tested the hypothesis that protein secretion through T1SS

is facilitated by vectorial Ca2+-dependent folding of the RTX

repeats, as they emerge from the opening of the T1SS conduits.

Efficacy of secretion of CyaA and of its folding-deficient

CyaAD1636-1642 variant was compared in culture media contain-
Figure 2. Vectorial Ca2+-Dependent Folding Starts at the C Terminus a

of CyaA

(A) Ca2+-dependent folding of the C-terminal RTX block V and capping structu

(100 mg/ml) were titrated with Ca2+, and molar ellipticity change at 217 nm [�D(Q

independent experiments.

(B) Overlay of the 1H-15N HSQC spectra of 1 mM 15N-labeled CyaA1529-1681 in th
15N-labeled CyaA1529-1681/W1645G+Y1646G at 10 mM Ca2+ (orange).

(C and E) Close-up views of two selected sections of well-resolved 1H-15N HSQ

Ca2+. The peaks from within each spectrum were separated and colored differe

sequence of appearance of crosspeaks of individual backbone amides at their fin

green, folding at CPR = 2; orange, folding at CPR = 4; red, folding at CPR = 10,

(D and F) Ca2+-dependent folding pathways of backbone amides of selected resid

spectra of Ca2+-titrated CyaA1529-1681 and CyaA1529-1681/W1645G+Y1646G at indicat

(G) The model of Ca2+-induced sequential folding of CyaA1529-1681. In the absence

three Ca2+ ions, the C-terminal capping structure (green) is formed (the ALTV b stra

into the b-roll fold (orange and red). See (C) for color codes of residue folding int
ing 0.1mMor 2mMCa2+ concentrations that prevent or promote

folding of the RTX domain of CyaA, respectively (cf. Figure 1). At

both Ca2+ concentrations, the two B. pertussis strains grew with

the same rate (Figure S6). Advantage was further taken of the

very high specific AC enzyme activity of CyaA complexes with

calmodulin. This enabled reliable quantitation of CyaA distribu-

tion between culture supernatant, cell-associated, and intracel-

lular fractions (Sebo and Ladant, 1993) thanks to the capacity of

the AC enzyme domain to refold independently of the rest of the

CyaA molecule, with the AC enzyme quantitatively recovering its

activity when diluted out from 8 or 4 M urea extracts into the AC

assay buffer containing calmodulin (Karst et al., 2010).

B. pertussis is typically grown in vitro in liquid media with Ca2+

concentrations as low as 0.1 mM (Stainer and Scholte, 1970).

Under such conditions, the majority of excreted CyaA molecules

remains adsorbed to the outer surface of B. pertussis cells (Zar-

etzky et al., 2002). Such presumably unfolded CyaA molecules

can, however, be quantitatively desorbed from the surface of un-

broken cells into 4 M urea solution (Hewlett et al., 1989). We thus

determined the total amount of secreted CyaA (ACout) as the sum

of the surface-associated AC enzyme desorbed into 4 M urea

plus the amount of AC enzyme recovered in culture superna-

tants. The intracellular CyaA was then quantitated as the AC ac-

tivity (ACin) recovered in extracts of cells solubilized in 8 M urea

once the surface-associated CyaA has been stripped off with

4 M urea, thus allowing quantitation of CyaA in supernatants

and subcellular fractions (Sebo and Ladant, 1993).

At 0.1 mM Ca2+, at which the RTX domain does not fold, the

wild-type (Bp) and mutant (Bp-CyaAD1636-1642) strains produced

comparable total amounts of CyaA (Figure 6B, upper panel).

Both proteins were, hence, secreted with an equal background

efficacy (ACout/ACin �1), where �50% of the produced toxin

molecules remained intracellular (Figure 6B, lower panel, red

bar) and �50% reached cell surface and/or were released into

the medium (Figure 6B; sum of red, green, and black bars from

the lower panel plotted as a black bar in the central panel).

Hence, the capacity of the C-terminal secretion signal to engage

the T1SS apparatus and direct translocation across the cell en-

velope was not compromised in CyaAD1636-1642. An important

difference in secretion efficacy of the two proteins was, however,

observed when the bacteria were grown in media containing

2 mM Ca2+, promoting RTX domain folding. The total produced
nd Proceeds Sequentially toward the N Terminus of the RTX Block V

re segments of CyaA1529-1681 and CyaA1529-1681/W1645G+Y1646G. The proteins

217 nm)] was measured. The error bars represent ± SD of the mean from three

e presence (red) or absence (blue) of 10 mM Ca2+ and of the spectra of 1 mM

C spectra from titration of CyaA1529-1681 and CyaA1529-1681/W1645G+Y1646G with

ntly according to their order of appearance in the titration, so as to reflect the

al positions in the fold, in function of the CPR: blue, unfolded state at CPR = 0;

respectively.

ues. Relative intensities of selected residue crosspeaks from 2-D 1H-15NHSQC

ed CPRs. Maximal intensity of each individual crosspeak was set to 1.

of Ca2+, CyaA1529-1681 remains unfolded (blue). Upon binding of the first two to

nd is in magenta) and serves as folding scaffold for stacking of the RTX repeats

o final position.
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Figure 3. The Low-Resolution 3D Model of the Folded RTX Domain

of CyaA

(A) SAXS plots of CyaA1529-1681 (left panel) and CyaA-RTX (right panel) in the

presence of 10 mM Ca2+. Experimental curves are shown as blue dots with

error bars, and the theoretical scattering intensities derived from the ab initio

models are given as continuous red lines. The intensity is displayed as a

function of momentum transfer q.

(B) Superposition of the X-ray structure of CyaA1529-1681 (PDB ID 5CVW) with

the surface envelope obtained from the SAXS data (left panel), overlaid on the

ab initio model of the entire RTX domain of CyaA (CyaA-RTX, meshed enve-

lope). The putative location of individual RTX block of CyaA (I–V) is indicated by

black double-sided arrows.
amounts of the two proteins did not change (Figure 6B, upper

panel), but only �5% of the folding-competent CyaA remained

intracellular (Figure 6B, lower panel, red bar), �95% of the pro-

duced CyaA was secreted at 2 mM Ca2+ (Figure 6B, central

panel), and �90% of total produced CyaA was released from

cell surface into culture supernatant (Figure 6B, lower panel,

black bar). Presence of 2 mM Ca2+ thus resulted in a strong

(>20-fold) increase of the efficacy of CyaA secretion, yielding

an ACout/ACin ratio of �24. In contrast, secretion of the folding-

deficient CyaAD1636-1642 was less enhanced in the presence of

2 mM Ca2+, with >20% of the CyaAD1636-1642 molecules remain-

ing intracellular and the amount of secreted protein being

enhanced by a factor of only �1.3, raising the ACout/ACin ratio

to �4, with �40% of the translocated CyaAD1636-1642 molecules

remaining attached to cell surface (Figure 6B, lower panel, green
54 Molecular Cell 62, 47–62, April 7, 2016
bar). In line with that, the rate of secretion of CyaAD1636-1642 in

media with 2 mM Ca2+ was 1.8 ± 1.0 pmol.min�1, while a two-

times-higher secretion rate of 3.6 ± 1.4 pmol.min�1 was found

for intact CyaA (Figure 6C). Hence, the Ca2+-dependent folding

of RTX repeats accelerated the translocation of CyaA molecules

through the T1SS conduits and prevented adsorption and accu-

mulation of unfolded secreted CyaA on bacterial surface.

Intriguingly, �50% of CyaA molecules still accomplished

translocation to bacterial surface through T1SS even when

external Ca2+ concentration was too low to promote RTX folding.

Hence, upon engagement of the inner membrane ATPase, the

translocation through the T1SS duct proceeded, and it was

accelerated, but not driven, by Ca2+-driven folding of the exiting

RTX domain. To examine if the multiple RTX repeat blocks play a

folding-independent role in CyaA secretion, we assessed the

secretion efficacy of CyaADRTX_I-IV protein that has the first

four RTX repeat blocks (I–IV) deleted (Figure 6A), while having

the RTX block V with the capping structure and secretion signal

intact. Despite comparable mRNA transcript levels (Figure S6),

CyaADRTX_I-IV was produced in substantially lower amounts

than intact CyaA (Figure 6B, upper panel), indicating degradation

of nonsecreted CyaADRTX_I-IV inside cells. CyaADRTX_I-IV secre-

tion was, indeed, inefficient (ACout/ACin % 0.15) even at 2 mM

Ca2+, and >85% of the CyaADRTX_I-IV molecules remained intra-

cellular (Figure 6B, lower panel). Efficient translocation of the

1,008 residue-long N-terminal portion of CyaA through the

T1SS duct, hence, required more than the presence and folding

of RTX block V.

The number of RTX repeats contained in the RTX domains of

the annotated RTX proteins correlates to some extent with the

size of the non-RTX portions of the respective T1SS-translo-

cated protein (Figure S7). We thus hypothesized that the overall

negative charge of the RTX domain might facilitate its electro-

phoretic extrusion from bacterial cytosol through the T1SS

conduit, along the gradient of negative potential on the inner

bacterial membrane. To test this, the net negative charge of

the C-terminal RTX block V of CyaA was reduced by 11

charge-reversing lysine and arginine substitutions, replacing

the negatively charged residues that are not directly involved in

binding of Ca2+ ions. This increased the theoretical isoelectric

point of RTX block V from pI (isoelectric point) of 3.7 to pI 6.6

and resulted in a reduced efficacy of the T1SS-mediated secre-

tion of CyaA9D2E/9K2R (Figure 6B). Over 60%of the CyaA9D2E/9K2R

molecules remained cytosolic, and the efficacy of CyaA9D2E/9K2R

secretion was not enhanced in the presence of 2 mM Ca2+ (Fig-

ure 6B, central panel). Apart from potentially decreasing the

electrophoretic mobility of the RTX block V in the T1SS duct,

the charge-reversing substations thus likely interfered also with

Ca2+-dependent folding of block V, affecting binding of Ca2+

ions by the rest of the RTX domain.

Successive Ca2+-driven folding of RTX blocks at the exit of the

T1SS conduit would yield Brownian ratchets and restrict back-

sliding of the polypeptide chain, while accelerating its forward

movement in the T1SS duct. To test this hypothesis, CyaA-

specific 3D1 and 9D4 mAb were added to 100 mg/ml into culture

media instead of Ca2+. These mAbs recognize different seg-

ments of CyaA, the 9D4 recognizing epitopes at the interface

of the RTX blocks II and III (data not shown) and the 3D1 binding



Figure 4. The C-Terminal RTX Folding-Nucleating Capping Structure Scaffold Is Conserved in the RTX Leukotoxin Family

(A) ClustalW2 alignment of the C-terminal sequences of HlyA of E. coli, ApxIA of A. pleuropneumoniae, LtxA of A. actinomycetemcomitans, and CyaA of

B. pertussis. The degree of conservation is represented by blue color intensity. Residues involved in initiation of Ca2+-induced folding of the RTX domains are

indicated by orange and red boxes, respectively.

(B) WebLogo sequence conservation of the motif involved in folding of the C-terminal capping structure of eight RTX leukotoxins (HlyA, ApxIA, ApxII, ApxIII,

ApxIVA, LtxA, CyaA, and LktA). The positions are numbered 1 to 15 according to the multisequence alignment provided in (A).

(C) Hemolytic activity of secreted HlyA and HlyAD905-919 on blood agar plates.

(D) Hemolytic activity of purified A. pleuropneumoniae ApxIA and ApxIAD902-916 on erythrocytes. The error bars represent ± SD of the mean from at least three

independent experiments performed in duplicates.

(E) Cytotoxic activities of recombinantA. actinomycetemcomitans LtxA and LtxAD892-906 on Jurkat T cells. The error bars represent ± SD of themean from at least

three independent experiments performed in duplicates. Lower panels in (C), (D), and (E): far-UV CD spectra of HlyA-RTX and HlyA-RTX/D905-919 (C), ApxIA-RTX

and ApxIA-RTX/D902-916 (D), and LtxA-RTX and LtxA-RTX/D892-906 (E) in the absence (blue) or presence of 10 mM Ca2+ (red lines).
the N-terminal AC segment between residues 373 and 400 (Lee

et al., 1999). While the presence of 3D1mAb had no effect on the

basal level of CyaA secretion at 0.1mMCa2+, the presence of the

RTX-binding 9D4 mAb increased to �80% the fraction of CyaA

molecules that were secreted to cell surface and beyond,

causing an �5-fold enhancement of the ACout/ACin secretion
efficacy ratio (Figure 6D, central panel). The increase of the

total translocated CyaA amount was also accompanied by a

strong enhancement of the release of CyaA into culture superna-

tants in the presence of 9D4 (Figure 6D, lower panel). Impor-

tantly, the 9D4 mAb comparably enhanced also the efficacy of

secretion and release of the nonfolding CyaAD1636-1642 protein
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Figure 5. Integrity of the C-Terminal Capping Structure Is

Required for Folding and Biological Activity of CyaA Secreted by
B. pertussis during In Vivo Respiratory Infection

Survival of mice after intranasal challenge with wild-type (WT) (Bp),

Bp-CyaAD1636-1642, and Bp-CyaAW1645G+Y1646G strains. Animals received

1.5 3 108 CFU of the WT strain and 1.5 3 109 CFU of the Bp-CyaAD1636-1642

and Bp-CyaAW1645G+Y1646G strains, respectively. The results are means from

at least two independent experiments.
(Figure 6D, middle panel). Hence, sequestering of the emerging

RTX domain polypeptide into a complex with the 9D4 antibody

could in part mimic the Ca2+-dependent Brownian ratcheting

and facilitation of forward movement of the CyaA polypeptide

through the T1SS duct brought about by folding of the extruded

RTX repeats.

DISCUSSION

These data suggest that RTX leukotoxins are equipped with

C-terminal capping structures that upon emerging from the

T1SS duct undergo Ca2+-triggered folding. The capping struc-

tures then scaffold Ca2+-driven folding of the consecutively

extruded C-terminal RTX repeat blocks into b-roll assemblies,

which act as intramolecular Brownian ratchets that accelerate

vectorial translocation of the large RTX polypeptides through

the T1SS conduits.

C-terminal RTX repeats are the hallmark of T1SS substrates.

Structure similarity search revealed homologs of the overall

structure of CyaA1529-1681 segment in the solved structures of

T1SS-secreted RTX lipases and proteases (cf. Figure S1). This

applied not only to the RTX b-rolls but also to their capping struc-

tures. Despite low sequence identity (�10%), these capping

segments all exhibit a three-stranded antiparallel b sheet struc-
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ture, where the distal b strands of the antiparallel b sheet assem-

blies are positioned parallel to the sequentially penultimate b

strands of the b-rolls (cf. Figure S1). Mutagenesis of the capping

structures of HlyA, LtxA, and ApxAI then yielded unfolded and

inactive toxins (cf. Figure 3).

Determination of structure and analysis of Ca2+-triggered

folding dynamics then enabled drawing of the following scenario

for the structuring of the C-terminal segment of CyaA upon its

extrusion from the T1SS duct. Positioning of carboxyls of

Asp1609 and Glu1654 and of backbone carbonyls of Gly1606 and

Arg1652 would yield formation and loading of the Ca2+(8) binding

site. This would yield positioning of the segments of the capping

structure and enable a cation-p-p interaction of the side chains

of Trp1645, Tyr1646, and Arg1624 residues. This would nucleate the

assembly of the hydrophobic core and yield positioning of the

antiparallel b strand hairpin formed by residues 1,621 and

1,633. Ensuing hydrogen bonding of the antiparallel b strand

stack would then enable folding of the entire capping structure

and provide C-terminal entropic stabilization for folding of block

V into the RTX b-roll (Blenner et al., 2010).

Residues of potentially analogous function as Trp1645, Tyr1646,

and Arg1624 of CyaA are, indeed, found in the homologous C-ter-

minal sequence motifs of other RTX leukotoxins (cf. Figure 5).

Folding of the capping structures of these leukotoxins thus likely

involves analogous cation-p-p interactions, involving the aro-

matic rings of conserved Trp + Tyr or Trp + Phe residue pairs

with the guanidinium groups of conserved Arg residues (e.g.,

Trp914-Phe915 in HlyA, Trp911-Phe912 of ApxIA, or Trp901-Phe902
of LtxA, likely interacting with Arg885 of HlyA, Arg880 of ApxIA,

and Arg881 of LtxA, respectively). Indeed, the Trp914 residue of

HlyA was previously observed to play a role in Ca2+-dependent

folding of HlyA (Thomas et al., 2014a), and the activity of

HlyAW914A required higher Ca2+ concentrations (Sánchez-Ma-

graner et al., 2010), like the activity of CyaAW1645G (cf. Figure 1G).

Remarkably, disruption of the capping structure interfered not

only with the Ca2+-driven vectorial folding of the last repeat block

of CyaA (150 residues). It impaired also folding of the entire RTX

domain. This indicates that the b strand stacking and folding

signal propagates from the C-terminal capping structure

throughout the five adjacent RTX repeat blocks of the RTX

domain. This can now be understood thanks to the SAXS-

derived model of RTX domain structure (cf. Figure 3) and with

the use of the X-ray structure of block IV–V segment (unpub-

lished data). Both structures indicate that the b-rolls of adjacent

RTX blocks are connected by rather rigid b stranded segments

that would mediate communication of their hydrophobic cores

with the highly hydrophobic core of the C-terminal capping

structure. This would yield formation of a contiguous highly hy-

drophobic interior throughout the entire folded RTX domain.

Therefore, once the capping structure has formed and folding

of the RTX domain has been triggered by binding of the first

Ca2+ ion(s), the subsequent binding of further �35–40 Ca2+

ions and the folding of the five consecutive b-rolls of the RTX

domain would proceed with high cooperativeness. Indeed,

Ca2+ titration of the CyaA-RTX domain proceeded as a highly

cooperative two-stage process (cf. Figure 2).

The observed vectorial folding of the last RTX repeat block and

enhancement of CyaA secretion rate at 2mMCa2+ allows adding



Figure 6. Ca2+-Triggered Folding of RTX Repeat b-Rolls Accelerates CyaA Substrate Translocation through the T1SS Apparatus

(A) CyaA constructs used in secretion experiments. CyaA9D2E/9K2R carries 11 charge-reversing substitutions in the RTX block V, which increases its theoretical

isoelectric point (pI) from pI 3.7 to pI 6.6. Location of the 3D1 and 9D4 epitopes is indicated.

(B) T1SS-dependent secretion of intact CyaA and of its RTX domain folding-deficient variants in exponential cultures of B. pertussis in media with 0.1 or 2 mM

Ca2+. AC enzyme activity was determined in (1) culture supernatants upon addition of urea to a 4 M final concentration, in (2) 4 M urea washes of bacterial cell

surface (surface-associated AC), and (3) in 8M urea extracts of bacterial cells (intracellular AC) prepared once the surface-associated CyaA has been stripped off

with 4 M urea. The results are mean ± SD from at least three independent experiments (see Supplemental Information on free Ca2+ in SS media).

(C) Secretion kinetics of CyaA (red) and CyaAD1636-1642 (blue) proteins at 2 mM Ca2+ in two points of exponential growth curve (dotted line). The increase of

amount of CyaA secreted per time unit (ACout/Dt) was 3.6 ± 1.4 pmol.min�1 for CyaA and 1.8 ± 1.0 pmol.min�1 of CyaAD1636-1642.

(D) B. pertussis cells were grown at 37�C to OD600nm = 1.0 in SS medium with 0.1 mMCa2+ in the absence or presence of the 9D4 or 3D1 antibodies (100 mg/mL).

The results represent mean ± SD from at least three independent experiments.
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Figure 7. Calcium-Driven Formation of Intramolecular Brownian Ratchets Directs Translocation of RTX Substrates through the T1SS

Conduit

Upon engagement of the C-terminal secretion signal by the ATPase component of the T1SS translocator at the cytosolic face of the inner bacterial membrane, a

conduit spanning across the entire Gram-negative bacterial cell envelope assembles. The C-terminal end of the unfolded secreted RTX polypeptide interacts with

the ABC transporter component of the T1SS assembly and enters the conduit due to action of the ABC ATPase. The proton-motive force represents the negative

membrane potential (negative inside/positive outside) that would promote electrophoretic extrusion of the negatively charged RTX polypeptide across the inner

membrane portion of T1SS. In the periplasmic section of the conduit, formed by the outer membrane TolC-like homotrimer, the translocating chain may tumble

back and forth by Brownian motion. The C-terminal ‘‘folding scaffold’’ is expelled from the outer mouth of the T1SS conduit by electrostatic repulsion from the

negatively charged lipid A and KDO-associated phosphate groups and the inner core layer carboxyls of the outer LPS layer.

Outside the conduit, the C-terminal segment of CyaA interacts with Ca2+, and the C-terminal capping structure would then form and enable Ca2+-dependent

stacking of the consecutive RTX repeats into a b-roll structure. The thus-formed intramolecular ratchet prevents backsliding of the polypeptide in the T1SS

conduit. Folding of successively emerging repeat blocks then increases themagnitude of Brownian fluctuation toward extrusion of the polypeptide from the T1SS

opening, thus enhancing efficacy of the ratcheting mechanism and enabling directional extrusion of the very large RTX proteins through T1SS conduits.

(legend continued on next page)
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of a push-ratchet mechanism to the current model of T1SS oper-

ation (Figure 7). RTX protein translocation through the T1SS duct

starts by interaction of the C-terminal secretion signal with the

cytoplasmic domain(s) of the ABC transporter (Lecher et al.,

2012). A series of events then leads to conformational changes

within its transmembrane domain and is followed by reorganiza-

tion of the periplasmic domain of the MFP component, yielding

recruitment of the trimeric OMP component of the T1SS translo-

cator. Assembly of a transenvelope channel-tunnel conduit then

induces binding of ATP into the Walker A site of the ABC trans-

porter, yielding opening of the transport pathway entrance of

the T1SS channel for insertion of the C-terminal secretion signal

of the unstructured RTX substrate. Hydrolysis of ATP provides

mechanical energy for conformational changes, generating po-

wer strokes that facilitate progressive inserting of the C-terminal

RTX repeats into the T1SS conduit. Electrophoretic movement of

the negatively charged RTX polypeptide along the gradient of

negativemembrane potential on the inner (cytoplasmic) bacterial

membrane may then facilitate extrusion of the RTX protein from

bacterial cytosol across the T1SS duct and may direct it for

vectorial movement toward the outer surface opening (Figure 7).

Based on reconstructed cryo-electron microscopy map of the

homologous TolC/AcrA/B RND efflux complex (Du et al., 2014)

and the X-ray structure of TolC (Koronakis et al., 2000), the

typical T1SS duct would be�32 nm in length and would accom-

modate an unfolded polypeptide of�100 residues in length. This

would translocate through a TolC trimer conduit with an inner

cavity of �16–34 Å in diameter, exiting through a narrow outer

opening of only�10 Å (cf. Figure 7). Ca2+ binding then promotes

folding of a capping structure that scaffolds the Ca2+-dependent

folding of RTX repeats into a b-roll, generating an intramolecular

Brownian ratchet that restricts backsliding and accelerates

directional extrusion of the polypeptide from the conduit. Cose-

cretional vectorial folding of consecutively emerging RTX repeat

blocks then yields formation of successive Brownian ratchets

that accelerate directional movement by restricting back-and-

forth tumbling of the RTX substrate in the T1SS duct. This would

plausibly be expected to enhance the rate and efficacy of direc-

tional movement of particularly large RTX leukotoxins and

MARTX polypeptides through the T1SS duct (cf. Figures 6B

and 6C).

While ratcheting mechanisms are used also by other protein

translocation systems (Matlack et al., 1999; Neupert and Brun-

ner, 2002), the RTX ratchets exhibit several features that

make them appear superior. RTX ratchets are formed by an inte-

gral part of the translocated polypeptide and thus operate as

intramolecular ratchets capable to facilitate secretion without

the need for complex chaperone proteins in the extracellular
The T1SS components were drawn to scale using the reconstructed cryo-electron

EMD-5915; Du et al., 2014) and the X-ray structures of TolC (orange, PDB: 1EK9;

the human mitochondrial ABCB10 ABC transporter (blue, PDB: 4AYT; Shintre e

Lecher et al., 2012). The translocating (linearized) CyaA polypeptides in the lower

residue-long segment is �35 nm in length and would span across the entire T1S

decorated by signs indicating its high negative charge (pI 3.8) prior to binding of C

be one of the energy sources involved in electrophoretic RTX domain transloca

phosphate groups in the lipid A and inner core of LPS (green balls) would provi

directional electrophoretic movement through the outer portion of the T1SS con
milieu. Further, RTX b barrel ratchets cannot form inside the

calcium-depleted bacterial cytosol but form readily outside of

the bacterial cell at Ca2+ concentrations occurring in plant and

animal body fluids.

The experiments at physiological Ca2+ concentrations indicate

that passive but ratcheted translocation plays an important role

in CyaA secretion. Passive transport per se is, however, unlikely

to ensure efficient translocation of the often very long RTX poly-

peptides through the T1SS assemblies. In general, the ABC

transporters convert chemical energy of ATP into mechanical

energy, controlling early stages of substrate translocation (Da-

vidson et al., 2008), and the action of the ABC transporter

component is unlikely to be enough for efficient translocation

of larger RTX polypeptides through the T1SS assemblies.

Indeed, removal of the four internal blocks of RTX repeats of

CyaA (CyaADRTX_I-IV) importantly affected secretion of the

1,225-residue-long polypeptide led by a single RTX block,

despite an intact capping structure and secretion signal. Hence,

the ATPase activity of the T1SS as such and the possible Ca2+-

driven folding of the block V outside of the cells were insufficient

for translocation of the 1,008-residue-long N-proximal non-RTX

portion of CyaA.

Previous work indicated that only the early steps of T1SS-

dependent RTX protein secretion would be driven by the electri-

cal potential on the inner bacterial membrane and by the energy

derived from ATP hydrolysis by the ABC transporter (Létoffé

et al., 1996; Thanabalu et al., 1998). These steps would comprise

assembly of the T1SS apparatus, insertion of the C terminus of

the RTX substrate into the translocation pathway, and the initial

movement of the transported polypeptide within the conduit.

Here we show that �50% of the produced CyaA molecules

were still secreted to bacterial surface and beyond it also at

low calcium concentrations, at which RTX domain folding

outside of bacterial cells did not occur. The ATPase activity of

the ABC transporter may thus play a role and operate until the

translocation process of large RTX substrates is brought to a

point where most of the RTX domain has been extruded from

bacterial cytosol. The poor efficacy of CyaADRTX_I-IV secretion

would, however, raise the possibility that translocation of RTX

substratesmaybe importantly facilitated by a parallel electropho-

retic mechanism, possibly independent of ATP hydrolysis by the

ABC subunit of T1SS. Indeed, the removal of a large portion of

the highly negatively charged RTX domain importantly impacted

the efficacy of CyaA secretion also at low concentrations of

Ca2+, where formation of b-roll ratchets did not play a role. The

intrinsically disordered RTX domain substrates of T1SS would

typically bear a strong negative charge (pI �4) inside the Ca2+-

depleted bacterial cytosol. This may enable electrophoretic
microscopymap of the homologous TolC/AcrA/B RND efflux complex (EMDB:

Koronakis et al., 2000), AcrA (green, PDB: 2F1M; Mikolosko et al., 2006), and of

t al., 2013), using the NMR structure of C39-like domain of HlyB (PDB: 3ZUA;

portion of the figure are also drawn to scale, considering that an unfolded 100-

S assembly conduit of a length of �32 nm. The RTX domain portion of CyaA is

a2+. The negative electrochemical potential (DJ) on the inner membrane would

tion across the inner membrane (Koronakis et al., 1991). Negative charges of

de electrostatic repulsion of negatively charged RTX chain, contributing to its

duit.
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movement of the RTX polypeptide chain within the T1SS

conduit along the negative electrochemical potential across

the inner bacterial membrane. It has previously been reported

that the total proton motive force was particularly required at

an early, but not a late, stage of T1SS-mediated secretion of

HlyA (Koronakis et al., 1991). This would go well with our find-

ings that the CyaA9D2E/9K2R construct with much reduced net

negative charge of its C-terminal RTX block V was impaired

in translocation through the T1SS. Moreover, the efficacy of

CyaA9D2E/9K2R secretion was not enhanced in the presence

of 2 mM Ca2+ (cf. Figure 6C). It thus appears that the

charge-decreasing substitutions in CyaA9D2E/9K2R impacted

efficacy of an early step of secretion, such as the engagement

of the C-terminal segment of CyaA9D2E/9K2R into the transloca-

tion apparatus, or its electrophoretic extrusion across the

cytoplasmic membrane. It is plausible to propose that secre-

tion of large RTX polypeptides, such as RTX leukotoxins,

may thus be energized at least in part by electrophoretic

movement of their extensive and highly negatively charged

RTX domains through the inner membrane portions of the

T1SS assemblies.

EXPERIMENTAL PROCEDURES

Mouse Infection

All animal experiments were approved by the AnimalWelfare Committee of the

Institute of Microbiology of the ASCR, v.v.i. Handling of the animals was per-

formed according to the Guide for the Care and Use of Laboratory Animals

(National Research Council, 2011); the Act of the Czech National Assembly,

Collection of Laws No. 149/2004, inclusive of the amendments on the Protec-

tion of Animals against Cruelty; and the Public Notice of theMinistry of Agricul-

ture of the Czech Republic, Collection of Laws No. 207/2004, on the care and

use of experimental animals.

Molecular Biology

Substitutions in B. pertussis CyaA, E.coli HlyA, A. pleuropneumoniae ApxIA,

and A. actinomycetemcomitans LtxA were generated in the respective coding

sequences by overlap PCR mutagenesis, and all constructs were verified by

DNA sequencing.

Protein Production and Purification

Recombinant CyaA and ApxIA proteins were produced as described (Masin

et al., 2013). RTX domains of CyaA (CyaA-RTX), ApxIA (ApxIA-RTX), and

HlyA (HlyA-RTX) were produced as soluble GST fusions and purified on

Ni-NTA beads following TEV processing.

AC Enzyme and CyaA Toxin Activity Determination

Cell binding of CyaA, cAMP accumulation, AC enzyme activity, and hemolysis

were determined as described (Bumba et al., 2010; Masin et al., 2013).

Construction of CyaA Mutants in B. pertussis

Mutated cyaA genes were introduced into B. pertussis chromosome by allelic

exchange (Inatsuka et al., 2010).

Secretion of CyaA by B. pertussis

Total CyaA in B. pertussis culture fractions was quantified as AC enzyme

activity. The efficacy of CyaA secretion (ACout/ACin) was determined as the

ratio between the sum (ACout) of the AC activity in the supernatant desorbed

with 4 M urea solution from bacterial surface and the intracellular AC activity

extracted from the 4 M urea-washed cells with 8 M urea (ACin). All fractions

were adjusted to 4 M urea concentration prior to AC enzyme activity assay,

and the relative distribution of the AC activities in the three fractions was

expressed as percent of total AC activity.
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Protein Crystallization and Structure Refinement

Screening of crystallization conditions was performed using a sitting drop

vapor diffusion setup using a Gryphon crystallization robot (Art Robbins),

together with JCSG core suite I–IV screens (QIAGEN). Diffraction quality

CyaA1529-1681 crystals were grown in hanging droplets from a 1:1 mixture of

the 9 mg/mL protein solution (5 mM Tris-HCl, 150 mM NaCl, 10 mM CaCl2
[pH 7.4]) and the reservoir solution (0.2 M MgSO4, 20% v/v PEG 3350) at

291 K. Diffraction data were collected from a single crystal at 90 K using syn-

chrotron radiation at the MX-14.1 beamline (BESSYII Helmholtz-Zentrum;

0.918 Å) equipped with a Rayonix M-225 CCD camera detector. The structure

of CyaA1529-1681 was solved bymolecular replacement using PHASER (McCoy

et al., 2007).

Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectra were recorded at 30�C on

600 MHz and 850 MHz Bruker Avance spectrometers equipped with the tri-

ple-resonance 1H/13C/15N TCI cryoprobe (Bruker), processed by NMRPIPE

(Delaglio et al., 1995), and analyzed by using SPARKY. The sequential assign-

ment of the resonances was obtained using a standard set of triple resonance

experiments. The Ca2+-dependent folding of selected backbone amides

was expressed as the relative intensities of the specific crosspeak in the

HSQC spectra during calcium titration, where the maximal intensity of the

peak was arbitrarily set to 1.

SAXS

The SAXS data were collected using a PILATUS 2M pixel detector (DECTRIS)

at the P12 beamline of EMBL (DESY) at a sample-detector distance of 3.1 m

and a wavelength of 1.24 Å. Low-resolution ab initio models were calculated

using DAMMIF (Franke and Svergun, 2009).

ACCESSION NUMBERS

Structure coordinates have been deposited in the Protein Data Bank under ID

codes PDB: 5CVW and 5CXL (http://www.rcsb.org). The assigned backbone

resonances (1H, 15N, 13C’, 13Ca, and 13Cb) for CyaA1529-1681 have been depos-

ited in the Biological Magnetic Resonance Bank under ID code BMRB: 25863

(http://www.bmrb.wisc.edu). The SAXS models of CyaA1008-1681 (RTX domain

blocks I to V) and CyaA1529-1681 (RTX block V) have been deposited in the Small

Angle Scattering Biological Data Bank under ID codes SASDB74 and

SASDB84, respectively (http://www.sasbdb.org).
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Vachette, P., Ghomi, M., Chamot-Rooke, J., Ladant, D., Brier, S., and Chenal,

A. (2015). Structural models of intrinsically disordered and calcium-bound

folded states of a protein adapted for secretion. Sci. Rep. 5, 14223.
Molecular Cell 62, 47–62, April 7, 2016 61

http://refhub.elsevier.com/S1097-2765(16)30001-6/sref1
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref1
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref1
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref1
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref2
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref2
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref2
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref2
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref3
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref3
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref3
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref4
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref4
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref4
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref5
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref5
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref5
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref5
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref6
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref6
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref6
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref6
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref7
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref7
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref7
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref7
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref8
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref8
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref9
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref9
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref9
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref9
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref10
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref10
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref10
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref11
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref11
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref11
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref12
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref12
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref12
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref13
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref13
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref13
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref14
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref14
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref14
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref14
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref15
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref15
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref16
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref16
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref16
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref16
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref17
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref17
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref17
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref18
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref18
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref18
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref19
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref19
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref19
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref20
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref20
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref20
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref20
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref21
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref21
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref21
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref21
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref22
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref22
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref22
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref23
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref23
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref23
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref24
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref24
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref24
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref25
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref25
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref25
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref26
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref26
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref26
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref27
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref27
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref27
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref27
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref28
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref28
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref28
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref28
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref28
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref28
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref29
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref29
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref29
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref29
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref29
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref30
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref30
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref30
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref31
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref31
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref31
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref32
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref32
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref33
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref33
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref34
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref34
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref34
http://refhub.elsevier.com/S1097-2765(16)30001-6/sref34


Sánchez-Magraner, L., Cortajarena, A.L., Garcı́a-Pacios, M., Arrondo, J.L.,
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