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ABSTRACT: Translocation of bacterial toxins or effectors
into host cells using the type III secretion (T3S) system is a
conserved mechanism shared by many Gram-negative
pathogens. Pseudomonas aeruginosa injects different proteins
across the plasma membrane of target cells, altering the normal
metabolism of the host. Protein translocation presumably
occurs through a proteinaceous transmembrane pore formed
by two T3S secreted protein translocators, PopB and PopD.
Unfolded translocators are secreted through the T3S needle
prior to insertion into the target membrane. Purified PopB and
PopD form pores in model membranes. However, their
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tendency to form heterogeneous aggregates in solution had hampered the analysis of how these proteins undergo the transition
from a denatured state to a membrane-inserted state. Translocators were purified as stable complexes with the cognate chaperone
PcrH and isolated from the chaperone using 6 M urea. We report here the assembly of stable transmembrane pores by dilution of
urea-denatured translocators in the presence of membranes. PopB and PopD spontaneously bound liposomes containing anionic
phospholipids and cholesterol in a pH-dependent manner as observed by two independent assays, time-resolved Féorster
resonance energy transfer and sucrose-step gradient ultracentrifugation. Using Bodipy-labeled proteins, we found that PopB
interacts with PopD on the membrane surface as determined by excitation energy migration and fluorescence quenching. Stable
transmembrane pores are more efficiently assembled at pH <5.0, suggesting that acidic residues might be involved in the initial
membrane binding and/or insertion. Altogether, the experimental setup described here represents an efficient method for the

reconstitution and analysis of membrane-inserted translocators.

T ransport of proteins across membranes is essential at many
stages of pathogen infection and colonization of human
cells. This process is important for discharging the proteins
outside the pathogenic organism (secretion) and for introduc-
tion of these secreted toxins and effectors into the cytosol of the
target cell (translocation). Many pathogens, including Shigella,
Salmonella, Yersinia, and Pseudomonas species, exploit a
sophisticated and efficient mechanism of toxin secretion and
translocation known as the type III secretion (T3S) system.'™>
It is well-known that Pseudomonas aeruginosa pathogenesis
depends on a vast arsenal of virulence factors, including the T3S
system, which is a key factor for acute infections.** The T3S
system is a syringelike macromolecular secretion system formed
by more than 20 different proteins organized into three major
structures to span (i) the inner bacterial membrane, the
periplasmic space, and the outer bacterial membrane (secreton);
(i) the extracellular space (needle); and (iii) the host cellular
membrane (translocon). Great progress has been made in the
structural characterization of the secreton and the needle in

v ACS Publications  © 2011 American Chemical Society

7117

related organisms.® However, virtually nothing is known about
how T3S-secreted proteins are translocated across the plasma
membrane of the target cell.” Some genetic and biochemical
evidence suggests that effector proteins are translocated across
the host plasma membrane through a proteinaceous pore or
translocon formed by two bacterially secreted proteins (the
translocon hypothesis).”

The translocon hypothesis states that the P. aeruginosa T3S
translocators, PopB and PopD, insert into the target membrane,
engage with the tip of the T3S needle (formed by PcrV'®), and
assist in the translocation of effector proteins into the host cell.
The hypothesis is based on the following experimental
observations. (i) PcrV, PopB, and PopD are not required for
effector secretion but are essential for translocation of the
effector into the target cell.''™** (i) Only PopB and PopD are
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found inserted into the target membrane after pathogen—host
contact.”® (iii) PcrV, PopB, and PopD are necessary for the
observation of T3S-dependent cell lysis.""'*'* (iv) PopB and
PopD can form pores in model membranes either individually
or in combination.'¥'¢

Current models for the P. aeruginosa translocon complex are
quite rudimentary, and they are based on the following
observations. (i) Translocon proteins PopB and PopD are
found associated with cell membranes after the interaction of
P. aeruginosa with red blood cells."® (ii) PopB co-immuno-
precipitates with PopD after Triton X-100 solubilization of
membrane-associated proteins.13 (i) Ringlike structures are
observed using electron microscopy when the translocon
proteins are incubated with model membranes."> The topology
of the translocon proteins is based only on the bioinformatic
analysis of the primary structure for these proteins, which
suggests that PopB possesses two potential transmembrane
(TM) segments and PopD only one,” but no experimental data
are available to corroborate such predictions. The nonpolar
character of the T3S translocators and their tendency to
aggregate in solution have made the structural and functional
characterization of these proteins very difficult.'”'®

We have purified and characterized the P. aeruginosa trans-
locators individually as homogeneous complexes with the
cognate chaperone PcrH. After isolation, PopB and PopD were
quantitatively separated from PcrH by combining immobilized
metal ion affinity chromatography (IMAC) and elution with
the chaotropic agent urea. The spectroscopic characterization
of the urea-isolated PopD showed little secondary structure
content and the fact that the two Trp residues were exposed to
a polar environment. In contrast, the urea-isolated PopB
exhibited greater a-helical content than PopD, and its single
Trp residue was located in a nonpolar environment. The pore
forming activity of the urea-isolated translocators was very
similar to the activity of the translocators separated from the
chaperone by acidification."® Assembly and maximal pore
formation occurred at pH <S, indicating that protonation of
acidic residues was critical for membrane insertion. Under these
conditions, PopD, PopB, and their mixtures formed discrete and
stable pores in lipid vesicles. Cryo-electron microscopy (EM)
and dynamic light scattering (DLS) revealed that no aggregation
or disruption of the integrity of the vesicles occurred after
assembly of the transmembrane pores. Single Cys residues were
introduced at specific locations in PopD and PopB, and these
derivatives purified and labeled with the fluorescent probe
Bodipy. Using both Bodipy excitation energy migration and
self-quenching, we unambiguously showed that PopB interacts
with PopD on lipid membranes. We have therefore established
an eflicient procedure for purifying, specifically labeling, and
assembling the P. aeruginosa translocators and their derivatives
into model membranes.

B EXPERIMENTAL PROCEDURES

Expression and Purification of Proteins. The expres-
sion and purification of hisPcrH, the hisPcrH—PopD complex,
the hisPccH—PopB complex, and their derivatives were
conducted as described in the Supporting Information. The
protein concentration was estimated using molar absorptivities
of 18910 M™! ecm™! for hisPcrH, 13980 M™! cm™! for PopD,
and 6990 M~! cm™! for PopB," and assuming 1:1 chaperone—
translocator complexes.
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Isolation of PopB and PopD Using 6 M Urea. Purified
hisPcrH-PopD [or hisPcrH-PopB (2—4 mg)] was loaded onto
spinTrap IMAC columns (GE Healthcare) packed with 300 L
each of Quelating Sepharose Fast Flow (GE Healthcare) resin
slurry, previously loaded with Co*" and equilibrated with buffer
A [20 mM 2-amino-2-(hydroxymethyl)propane-1,3-diol (Tris-
HCI) (pH 8.0) and 100 mM NaCl]. Dissociation of PopB or
PopD from hisPcrH was achieved when the columns were spun
dry for 30 s at 2000g; 450 uL of buffer B [20 mM Tris-HCl
(pH 8.0)] supplemented with 6 M urea and 20 mM Gly
was added, and the columns were incubated for 30 min at 4 °C
on a rocking platform. Dissociated PopD (or PopB) was eluted
when the columns were spun for 30 s at 2000g. Samples were
fractionated, frozen in liquid N, and stored at —80 °C until
they were used.

Mass Spectrometry. Purified PopB and PopD were
analyzed using an Esquire Mass spectrometer (Bruker Daltonics,
Billerica, MA) equipped with an electrospray ionization source
and ion-trap mass detector; 0.1 mg of protein was dialyzed
extensively against pure water at 4 °C. Then, protein was diluted
to 50% (v/v) methanol and 3% acetic acid and sprayed intro the
ionization source at a rate of 120 yL/h. Mass/charge data were
collected and averaged, and the protein molecular mass was
calculated from deconvolution of the average mass spectra.

Fluorescent Protein Labeling. PopB*®*¢ (introduced
mutations are indicated using a superscript in which the
substituted amino acid and the introduced amino acid are given
to the left and right of the number, respectively) and PopDF?23¢
were labeled using N-[(4,4-difluoro-S,7-dimethyl-4-bora-3a,4a-
diaza-s-indacen-3-yl)methylJiodoacetamide (Bodipy FL C;-IA
or Bodipy, Invitrogen) as follows. Two milligrams of PopBS164¢
or PopDF?%¢ complexed with hisPcrH were first incubated in
buffer A supplemented with S mM DTT for 1 h and then run
through a Sephadex G-25 column (1.5 cm inside diameter X
20 cm) pre-equilibrated with buffer C [SO mM Hepes (pH 8.0)
and 100 mM NaCl]. Given the relatively low water solubility of
Bodipy, dye dissolved in dimethyl sulfoxide was added in four
consecutive steps to the protein solution with a 5:1 dye:protein
ratio. The first two additions were followed by incubation for
1 h at 20—23 °C in the dark with gentle shaking, while the last
two additions were followed by a 30 min incubation under the
same conditions. Then, any precipitated dye and protein were
cleared out by centrifugation, and excess soluble fluorophore was
removed by SEC using Sephadex G-2S resin pre-equilibrated with
20 mM Tris (pH 7.5) and 100 mM NaCl. PopBS1##C—Bodiy and
PopDF2C—Bodby yere isolated from hisPcrH using 6 M urea as
described for wild-type translocators. The nonlytic, prepore
former Perfringolysin O derivative (PEQF!7C/FISIA/FIISA/CASA
or PFO) was labeled with Bodipy as indicated above for the
translocators. Labeling efficiencies were calculated to be 96%
for PopDF223¢—Bodby - 6804 for PopBS!6#C—Bodby and 100% for
PFOP°FY ysing the molar absorptivities at 280 nm for PopB and
PopD (see above), PFO,”® and Bodipy (55000 cm™ M™! at
502 nm in 6 M urea). The absorbance of Bodipy at 280 nm was
~4% of the absorbance at 502 nm.

Liposome Preparation. All non-sterol lipids were ob-
tained from Avanti Polar Lipids (Alabaster, AL). Cholesterol
was obtained from Steraloids (Newport, RI). Liposomes were
generated using an Avanti (Alabaster, AL) Mini-Extruder and
polycarbonate filters with a 0.1 ym pore size (Whatman) as
described previously.”" Briefly, a mixture of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), cholesterol, and
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1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS) (in a
molar ratio of 65:20:15) in chloroform was dried at 20—23 °C
under N, and then kept under vacuum for at least 3 h. Lipids
were hydrated via addition of buffer C to a final concentra-
tion of total lipids of 10—30 mM and incubated for 30 min at
20—23 °C with vortexing at S min intervals. The suspended
phospholipid/sterol mixture was frozen in liquid N, and
thawed at 37 °C a total of three cycles to reduce the number of
multilamellar liposomes and to enhance the trapped volumes of
the vesicles. Hydrated lipids were extruded 21 times through a
0.1 pm pore size polycarbonate filter. All liposome preparations
were analyzed as monodisperse with an average particle
diameter of ~100 + S5 nm using DLS. The resultant liposomes
were stored at 4 °C and used within 2 weeks of production.
Liposomes used in Forster resonance energy transfer (FRET)
experiments were prepared similarly, except that 0.5 mol %
total lipid was replaced with rhodamine B 1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine (Rh-PE), triethylammonium
salt (Invitrogen). The pore forming activity of translocators
was measured using liposomes containing Tb(DPA);%~. The
liposomes loaded with Tb(DPA);>~ were prepared as described
previously by us.*?

Liposome Flotation—Membrane Binding Assay. Bind-
ing reaction mixtures (75 uL) containing liposomes (2 mM
total lipids) and Bodipy-labeled PopB or PopD (400 nM total
protein) were established in ultracentrifuge tubes and incubated
at 20—23 °C for 1 h. Binding reaction buffer was a mixture of
30 mM sodium acetate and 30 mM 2-(N-morpholino)-
ethanesulfonic acid regulated at pH 4.0 or 6.0. Liposomes
were equilibrated with the buffer prior to the addition of
protein. Liposome-bound and unbound proteins were sepa-
rated by flotation of proteoliposomes through a sucrose
gradient as follows. A 225 uL aliquot of 67% sucrose was
thoroughly mixed with each binding reaction mixture, and the
samples were overlaid with 360 uL of 40% sucrose, followed by
240 uL of 4% sucrose. Samples were centrifuged for 50 min at
90000g and 4 °C.** Three 300 uL fractions (upper fraction
containing proteoliposomes, middle fraction empty, and
bottom fraction containing free protein) were collected from
the gradient. After trichloroacetic acid precipitation and
resuspension in SDS denaturalization buffer, samples were
analyzed by SDS—PAGE followed by a fluorescence scan using
a FLA-500 phosphorimager (Fujifilm Corp.). Protein bands
corresponding to liposome-bound protein were quantified by
gel densitometry using Genetools version 4.01 (Syngene).

Dynamic Light Scattering. Unless otherwise indicated,
the average size of the liposomes was determined at 20—23 °C
using a PDDLS Coolbatch/PD2000DLS instrument (Precision
Detectors, Inc.,, Franklin, MA) employing a 30 mW He—Ne
laser source (658 nm) and a photodiode detector at an angle
of 90°. Average autocorrelation functions were fit using the
cumulant method and hydrodynamic radius derived from the
obtained decay rates.**

Cryo-EM. Samples were prepared for cryo-EM via
application of 3 uL of the liposome/protein mixture to freshly
glow-discharged holey carbon films (C-Flat, Protochips Inc.)
and plunge-frozen in liquid ethane using a FEI Vitrobot.
Specimens were observed on an FEI Tecnai F20 transmission
electron microscope operating at 200 kV. Images were acquired
under low-dose and zero-loss imaging conditions on a Gatan
Ultrascan 1000 CCD camera attached to the end of a Gatan
Tridiem postcolumn energy filter.
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Pore Formation Assay. Liposomes were suspended at a
final total lipid concentration of 0.15—0.30 mM in 300 uL of
buffer D [SO mM sodium acetate (pH 4.0) and 5 mM EDTA].
The net initial emission intensity (Fy) was determined after
equilibration of the sample at 25 °C for S min. Aliquots of
PopB or PopD were added to the liposome suspension at
concentrations of 30—60 nM, and samples were incubated for
1S min at ~23 °C. After re-equilibration to 25 °C, the final net
emission intensity (Fr) of the sample was determined (i.e., after
blank subtraction and dilution correction) and the fraction of
Tb(DPA);3~ quenched was estimated using (Fo — Fr)/Fo.””
For the analysis of the pore forming activity at different pH
values, an equimolar mixture of 30 mM sodium acetate and
30 mM 2-(N-morpholino)ethanesulfonic acid was used.

Analysis of Formed Pores. The presence of discrete size
membrane pores formed by PopB, PopD, or an additive
equimolar mixture of both was assessed by measuring the
ability of biocytin (~1.5 nm size) or biotin-f-amylase (~4 nm
size) to diffuse through the pores formed by the translocators.
Liposomes encapsulating streptavidin®°4P were treated with
the translocator(s), and diffusion of the biotin markers through
the pores was detected as an increase in streptavidin >4 fluo-
rescence as follows. Liposomes loaded with streptavidinBody
(100 uM total lipids) were suspended in SO mM sodium
acetate buffer (pH 4.3) and 0.5 mM DTT containing 1 uM
biocytin or 100 nM biotin-#-amylase. The net initial emission
intensity (Fy) was determined after equilibration of the sample
at 25 °C for 5 min. Translocators were added individually or
together at a final concentration of 100 nM each, and samples
were incubated at 20—23 °C for 15 min (protein:lipid ratio of
1:1000 for individual proteins and 1:500 when both proteins
were added together). After re-equilibration at 25 °C, the final
net emission intensity (F) of the sample was determined (i.e.,
after blank subtraction and dilution correction) and the
enhancement of streptavidin®°®® fluorescence emission was
estimated using F/Fy, which is proportional to the amount of
biotinylated marker that can diffuse through membrane pores
and bind to streptavidinB"dipy. As a control, samples containing
biotin-f-amylase were treated with Triton X-100 after F had
been recorded to disrupt membranes and corroborate the
binding activity between biotin--amylase and streptavidin®°4Y
(not shown).

Circular Dichroism (CD) Spectroscopy. Measurements
were taken at 25 °C on a Jasco J-715 spectropolarimeter (Jasco
Corp.) equipped with a Peltier effect device for temperature
control. The scan speed was set to 20 nm/min with a 1 s
response time, a 0.5 nm data pitch, and a 1 nm bandwidth.
Far-UV spectra were recorded using 0.2 cm cells and protein
concentrations of 2—3 uM in buffer E [10 mM sodium
phosphate (pH 7.5)]. Six spectra were recorded and averaged
for each sample.

Steady-State Fluorescence Spectroscopy. Steady-state
fluorescence measurements were taken using a Fluorolog-3
photon-counting spectrofluorimeter equipped with a double
monochromator in the excitation light path, a single emission
monochromator, cooled photomultiplier tube housing, a 450 W
xenon lamp, and a temperature-controlled sample holder.*
For pore formation activity assays employing Tb(DPA);3~
liposomes, excitation and emission wavelengths were set to 278
and 544 nm, respectively, and a 385 nm long pass filter was
placed in the emission channel to block second-order harmonic
light from passing through the emission monochromator. The
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bandpass was typically 2 nm for excitation and 4 nm for emis-
sion. For experiments using streptavidinB"dipy, samples were
excited at 492 nm and the emission intensity was measured at
510 nm. Emission scans of intrinsic protein fluorescence were
taken at 1 nm intervals between 285 and 405 nm, with an
excitation wavelength of 278 nm. Emission scans for FRET
experiments were conducted at 1 nm intervals between 490 and
560 nm, with an excitation wavelength of 485 nm.

Time-Resolved Fluorescence Spectroscopy. Time-
resolved fluorescence measurements were taken in a Chronos
multifrequency cross-correlation phase and modulation fluor-
ometer equipped with a three-chamber cuvette holder for
background subtraction from ISS (Champaign, IL). Samples
were excited with a 470 nm laser diode (HBW 4 nm) filtered
through a 472 nm interference filter (transmittance % HBW 10
nm) to eliminate spurious light. Emitted light was collected
through a Melles Griot GG 495 sharp cutoff glass filter to
eliminate scattered light and a Melles Griot 03SWP608 dielectric
short-pass filter at 550 nm to minimize the contribution of direct
excitation of Rh-PE. To avoid any polarization artifacts,
measurements were taken under magic angle conditions using
Glan-Thompson Prism Polarizers (10 mm X 10 mm aperture for
excitation and 14 mm X 14 mm aperture for emission, set at 0°
and S$5° relative to the lab vertical axis, respectively).
Fluorescence lifetimes were calculated by measuring the phase
delay and modulation ratio spectra of samples in the 10—200
MHz frequency modulation range selecting 25 frequencies
(25 °C). Blank subtraction was conducted using an equivalent
sample without the ﬂuoro;)hore and using the algorithm
described by Reinhart et al.>> incorporated into the acquisition
software. A solution of Fl (Invitrogen) in 0.1 M NaOH was used
as a reference lifetime with a value of 4.05 ns,**® and a total
intensity similar to that of the measured sample (+10%).>” One
single-exponential lifetime of 4.05 + 0.1 ns was obtained for this
reference sample when measured against rhodamine B in
methanol (lifetime of 2.5 ns*®). The lifetime data were analyzed
assuming different models, including monoexponential, multi-
exponential, or continuous lifetime distribution®” decay models.
The goodness of fit was determined by using the reduced x>
values. Uncertainties in the phase and modulation values were
0.2 and 0.004, respectively.

Membrane Binding FRET Measurements. The binding
of PopBS164C—Bodipy o popDF223C—Bodipy to membranes under
equilibrium conditions was measured by FRET between a
Bodipy-labeled translocator (donor or D) and Rh-PE as the
acceptor (A), randomly distributed at the lipid bilayer. Four
biochemically equivalent samples were prepared in parallel.
Sample D, (D only) contained 120 nM total translocator (an
equimolar mixture of Bodipy-labeled translocator mutant and
wild-type translocator was used to minimize Bodipy self-
quenching) and POPC/POPS/cholesterol membranes
(65:15:20 molar ratio) lacking Rh-PE. Sample DA (D plus
A) contained the same protein mixture as in D, and
membranes containing Rh-PE (0.5% of the total lipids).
Sample A, (A only) contained 120 nM wild-type translocator
and vesicles containing Rh-PE. The blank (B) sample contained
120 nM wild-type translocator and vesicles lacking Rh-PE. In all
four samples, the total lipid concentration of the membranes
was 0.3 mM. All samples were incubated at 25 °C for 30 min to
permit complete insertion of translocator derivatives into the
model membranes before spectral measurements were taken
at 25 °C. FRET efficiency (E) was calculated as describe by

7120

Wu and Brand™®
_ <TDA>a
(TD)a

where 7pa and 7p are the average amplitude-weighted lifetimes
of D in the presence and absence of A, respectively. 7pa and 7p
for DA and D, samples were determined as described in Time-
Resolved Fluorescence Spectroscopy using the A, and B
samples for blank subtraction, respectively. Phase delay and
modulation ratio data best fit to two-exponential component
models.

E=1

B RESULTS

Purification of Homogeneous Chaperone—Translocator
Complexes Containing Native PopB and PopD. Coex-
pression of hisPcrH with native PopD (or PopB) was achieved
by using the pETDuet-1 system (Merk4Biosciences) as
described in Experimental Procedures. The translocators were
therefore purified in their native state, without modifications
(ie, no affinity tags or amino acid additions or deletions
resulting from cloning into the expression vector). The absence
of poly-His tags or fusion proteins (e.g., GST) is critical when
electrostatic interactions and oligomerization of proteins are
involved in the mechanism being investigated. Water-soluble
hisPcrH—PopD and hisPccH—PopB complexes were purified
using IMAC and AEC. The IMAC step rendered a mixture of
free hisPcrH together with hisPcrH—PopD (or hisPcrH—
PopB) complexes (not shown). The AEC step separated the
free hisPcrH chaperone and other minor contaminants from
the hisPcrH—PopD (or hisPcrH—PopB) complex (Figure 1A,B).
A major peak containing the hisPcrH—PopD complex eluted
when the concentration of NaCl was 021 M. The free hisPcrH
chaperone eluted later when the concentration of NaCl was
0.35 M (Figure 1A).

Size exclusion chromatography (SEC) analysis of the purified
hisPccH—PopD complex revealed a single symmetric peak
(Figure S1 of the Supporting Information). When compared to
the molecular mass standards, the hisPcrH—PopD complex
eluted with an apparent molecular mass of 111 + 1 kDa
(expected value of 50.8 kDa), which suggested that the
hisPcrH—PopD species may form 2:2 complexes. Similar SEC
results have been described for Shigella flexneri®' and Aeromonas
hydrophila® translocators; however, analysis of these complexes
has shown they adopt a 1:1 stoichiometry. Therefore, it seems
that the purified hisPcrH—PopD complex forms an elongated
1:1 complex, as described for the P. aeruginosa CHA
translocator and other related T3S proteins.">>"*

In contrast to the hisPccH—PopD complex, the hisPcrH—
PopB complex eluted in two peaks during the AEC step (Figure
1B). The first peak eluted at 0.19 M NaCl, and a second peak
eluted at 0.25 M NaCl. A third peak corresponding to the free
hisPcrH chaperone eluted at a higher NaCl concentration
(~0.30 M). SEC analysis of isolated fractions from the peaks
revealed that the first peak corresponded mainly to a 1:1
hisPcrH—PopB complex (eluted at 13.9 mL), while the second
peak contained a larger proportion of aggregates (Figure 1C).
Interestingly, we noticed that the amount of the hisPcrH—
PopB complex appearing as aggregates was affected by the
concentration of the proteins (Figure S2B of the Supporting
Information). The higher the protein concentration of the
sample, the larger the amount of nonspecific hisPcrH—PopB
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Figure 1. Purification of the hisPcrH—translocator complexes. (A) The fractions containing the hisPcrH—PopD complex isolated after the first
IMAC purification step were dialyzed and loaded into a Q-Sepharose AEC column and eluted using a linear NaCl gradient. The peaks containing
hisPcrH and the hisPcrH—PopD complex are indicated. (B) The hisPcrH—PopB complex was purified as described for the hisPcrH—PopD complex.
The first two large peaks that eluted from the AEC column contained the hisPcrH—PopB complexes, and the shoulder that eluted around 400 mL
contained hisPcrH. (C) SEC analysis of aliquots corresponding to the 1st peak and the 2nd peak illustrated in panel B. (D) SDS—PAGE analysis of
purified proteins: lane 1, molecular mass markers; lane 2, hisPcrH—PopB complex; lane 3, hisPcrH—PopD complex; lanes 4 and S, urea-isolated

PopB and PopD, respectively.

aggregates observed, confirming the intrinsic tendency of the
complex to aggregate in aqueous solution.'>**

The hisPcrH—PopB peak corresponding to the 1:1 complex
was isolated and reanalyzed by SEC. A main symmetric peak
eluted in the second SEC run (Figure S1 of the Supporting
Information), indicating that the hisPcrH—PopB complex was
stable in solution and ran with a hydrodynamic radius
equivalent to that of a 95 + 3 kDa globular protein. Because
the expected molecular mass of a 1:1 complex is 59.6 kDa, this
result suggested that the hisPcrH—PopB complex adopted an
elongated conformation rather than a globular shape, as shown
previously for the homologue protein AopB.*

We have therefore optimized the procedures to obtain both
hisPccH—PopD and hisPcrH—PopB complexes purified to
apparent homogeneity (Figure 1D, lanes 2 and 3, and Figure S1
of the Supporting Information).

Spectroscopic and Functional Characterization of the
Purified Chaperone-Associated Proteins. The far-UV CD
spectrum of the purified chaperone hisPcrH revealed a typical
all-a protein, with double minima around 222 and 209 nm
(Figure 2A). These data correlated well with the recently
determined three-dimensional structure of the PcrHj;_i40
fragment, which consists of a-helical tetratricopeptide re-
peats.>>>* The far-UV CD spectrum of the hisPcrH—PopD
complex suggested that PopD also contains a high a-helical
structure content (Figure 2A and ref 33). The band with a
minimum at 208 nm had a larger intensity than that at 222 nm,
suggesting the presence of other secondary structural elements
in this complex.>® The far-UV CD spectrum of the hisPcrH—
PopB complex was similar to that of the hisPccH—PopD
complex, but the intensity of the bands was lower, suggesting
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Figure 2. Characterization of purified translocators. (A) Far-UV
CD spectra of the SEC-isolated hisPcrH, hisPcrH—PopD complex,
and hisPcrH—PopB complex recorded in buffer E, at a total protein
concentration of 3.0 uM. (B) Normalized fluorescence emission
spectra of hisPcrH, the hisPcrH—PopD complex, and the hisPcrH—
PopB complex recorded in buffer E. The excitation wavelength
was 278 nm, and the total protein concentration was 2.4 uM.
(C) Far-UV CD spectra of purified PopD and PopB recorded in
20 mM phosphate buffer (pH 7.5) supplemented with 6 M urea,
with a protein concentration of 2.4 uM. (D) Normalized
fluorescence emission spectra of PopD and PopB in 20 mM
phosphate buffer (pH 7.5) supplemented with 6 M urea. The
excitation wavelength was 278 nm, and the total protein
concentration was 2.4 M.
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that PopB is less a-helical than PopD when bound to the PcrH
chaperone.

Additionally, we evaluated the local environment around the
aromatic residues of the P. aeruginosa PAO1 purified proteins.
The hisPcrH chaperone contains one Trp and nine Tyr
residues, while PopD contains two Tyr and two Trp residues;
PopB contains one Tyr and one Trp. The emission fluore-
scence spectra of hisPcrH showed a peak with a maximum at
349 nm (Figure 2B), indicating that the Trp residue was
located in a polar environment, in agreement with the position
observed in the structure determined via X-rays.>* The shoulder
around 303 nm corresponded to the emission of multiple Tyr
residues. The hisPctH—PopD complex presented an emission
fluorescence spectrum similar to that of hisPcrH, with a
maximum at 351 nm. This red-shifted maximum suggested that
both the central and C-terminal Trp residues of PopD reside in
a polar environment. In contrast, the emission fluorescence
spectrum of the hisPcrH—PopB complex showed a maximum
at 337 nm, suggesting that the Trp residue of PopB was located
in a nonpolar environment (Figure 2B).

The pore formation activity for both purified proteins was
analyzed using the fluorescence assay previously described by
us.”” In this assay, a fluorescent marker was encapsulated into
liposomes and a quencher was added to the external buffer
solution. A high-fluorescence intensity signal indicated that the
membrane was intact and the quencher could not contact the
fluorophore. If a transmembrane pore is formed upon addition
of protein, the fluorophore becomes accessible to the quencher
and the magnitude of the fluorescent signal decreases. Both
PopB and PopD dissociate from PcrH in vitro when the
solution pH decreases to 5.3, forming heterogeneous protein
aggregates.'®> These dissociated protein aggregates form pores
in model membrane systems;16 however, the translocators are
presumably secreted as monomers in vivo and in the proximity
of the target membrane. Under these circumstances, binding to
the membrane can precede any protein—protein association.
We therefore reasoned that the dissociation of the translocators
from the chaperone in the presence of liposomes would more
accurately represent in vivo conditions.

When separated from PcrH when the pH decreased from 8.0
to 5.1 in the presence of lipid membranes, PopB, PopD, and
the equimolar mixture of these proteins were able to form pores
(Figure S3A of the Supporting Information). Interestingly, in
contrast with the results observed when protein aggregates were
used, no synergy was observed between PopB and PopD.'® It is
therefore clear that the history (ie., aggregation) of the proteins
may affect the mechanism by which the translocators form a
pore. Because the sequence of the events that leads to the
assembly of a membrane-inserted translocon is far from under-
stood, an experimental procedure that replicates the in vivo
scenario encountered by the proteins after being secreted
through the T3S needle is desirable.

An Efficient Procedure for Isolating PopB and PopD
Derivatives. Insights into the mechanism of insertion of
protein into lipid bilayers and the interaction of proteins with
membranes can be obtained by fluorescence spectroscopy and
site-directed fluorescence labeling.36 A Cys residue is
introduced by site-directed mutagenesis at a single site in the
protein, and the unique Cys is specifically labeled with the
fluorophore of choice. Protein—membrane association and
protein—protein interactions can therefore be studied using
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FRET, excitation energy migration (homo-FRET), or fluo-
rescence quenching.37_ 4

P. aeruginosa PAO1 translocators do not contain Cys
residues, and therefore, they are optimal substrates for site-
directed fluorescence labeling. However, the labeling of isolated
translocators in solution is hampered by their intrinsic tendency
to aggregate. Introduced Cys residues can be alternatively
labeled while the translocator is still bound to the chaperone
PcrH. We noticed that in the recently determined X-ray
structure of PcrH the three Cys residues are not exposed to the
solvent,>* and therefore, we reasoned that the specific labeling
of the translocators may be possible even in the presence of
the chaperone. However, our initial labeling reactions
demonstrated that the chaperone was also efficiently labeled
with thiol-specific probes (not shown).

Analysis of the solvent exposure for the native hisPcrH Cys
revealed that on average, 2.20 + 0.03 Cys residues reacted with
Ellman’s reagent (DTNB). Interestingly, incubation of hisPcrH
with 6 M guanidinium chloride at 37 °C for 1 h did not
increase the reactivity of the hisPcrH Cys residues to DTNB,
suggesting that a portion of those residues were forming intra-
or intermolecular disulfide bonds. SEC analysis of purified
hisPcrH samples revealed a first small peak eluted at 14.3 mL
and a large second peak eluted at 15.3 mL (Figure S4A of the
Supporting Information). Nonreducing SDS—PAGE analysis of
the two peaks revealed that hisPcrH formed intermolecular
disulfide bonds in solution (Figure S4B of the Supporting
Information). Hence, it is clear from these data that the
structure of PcrH in solution is dynamic, and the side chains of
the amino acids surrounding the Cys residues move and expose
the sulthydryl groups to the solvent (see below).

Any attempts to replace all three Cys residues in PcrH with
nonreactive residues (Ala or Ser) rendered a chaperone that
can no longer bind PopD (not shown). Therefore, the inter-
pretation of the fluorescence signal and observed spectral
changes derived from the single fluorescently labeled trans-
locators would be veiled by the presence of a labeled chaperone.
The spectroscopic characterization of the translocon assembly
mechanism, therefore, requires an efficient separation of the
labeled translocators from the labeled hisPcrH chaperone prior
to the analysis.

We took advantage of the poly-His tag located at the
N-terminus of the chaperone to isolate labeled translocators.
After being labeled, the translocators were separated from
hisPcrH by binding of the hisPcrH—PopD (or hisPcrH—PopB)
complex to an IMAC column and a subsequent elution of
PopD (or PopB) with buffer containing 6 M urea. Urea did
dissociate PopD or PopB from their cognate chaperone without
affecting the interaction of hisPcrH with the IMAC column
(Figure 1D, lanes 4 and S). Therefore, the single-Cys trans-
locator mutants can be labeled while still bound to hisPcrH and
separated from the chaperone in a subsequent step. This is a
simple and efficient procedure for obtaining the translocator
derivatives required for the structural and functional character-
ization of the T3S translocon (e.g, single fluorescently labeled
translocators).

Spectroscopic and Functional Characterization of
Urea-Isolated PopB and PopD. We analyzed the structural
and functional properties of the urea-isolated translocators
using mass spectrometry, far-UV CD, intrinsic protein fluore-
scence, and pore formation assays using model membranes.
The molecular mass of urea-isolated PopB and PopD was
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determined using ESI-ion trap mass spectrometry as detailed in
Experimental Procedures. Only one species was detected for
each protein sample with a molecular mass of 40058 Da for
PopB (expected value of 40061 Da) and 31308 Da for PopD
(expected value of 31309 Da).

The polarity around the Trp residues for the urea-isolated
PopD and PopB was similar to the polarity observed for the
proteins complexed with the hisPcrH chaperone (Figure 2D).
PopD and PopB in urea presented fluorescence emission
maxima at 358 and 334 nm, respectively. The far-UV CD
negative band at 222 nm observed for PopB in 6 M urea
suggested that PopB conserved a high proportion of its a-helical
structure even in the presence of the chaotropic agent (Figure
2C). However, the far-UV CD spectrum of PopD in 6 M urea
revealed that a sizable portion of the secondary structure of this
translocator was lost in the presence of the chaotropic agent.

Despite the differences observed in their secondary structure,
both urea-isolated PopB and PopD conserved their pore
forming abilities at a mildly acidic pH (Figure S3B of the
Supporting Information). The pore formation activity profiles of
urea-isolated translocators were very similar to those observed
when the translocators were directly dissociated from the
chaperone by reducing the pH of the medium (Figure S3 of the
Supporting Information). Altogether, our data indicated that the
purification procedure described above constitutes a simple and
efficient alternative for obtaining highly pure and active PopD,
PopB, and their mutant derivatives.

Optimization of a Model System for Analyzing the
Membrane-Inserted State of the Translocators. Unam-
biguous interpretation of structural data requires that the com-
ponents under investigation adopt a uniform conformational
state. For the structural analysis of assembled T3S translocons,
it is essential that the measured fluorescent signal come from
probes located in the same conformation (i.e, membrane-
inserted translocons). We therefore optimized our model system
to maximize the assembly and insertion of the T3S translocators.
Three factors affect the assembly of active transmembrane pores
in our experimental system: (i) the pH of the medium, (ii) the
presence of negatively charged phospholipids, and (iii) the
concentration of cholesterol in the target membrane.

In membranes containing a mixture of the lipids commonly
present in mammalian plasma membranes (i.e, POPC, POPE,
POPS, and sphingomyelin) and 15 mol % cholesterol, the
maximal activity for PopB (~60%) was observed at pH <5.1
(Figure 3A). For PopD, the maximal activity (~90%) was
observed at pH <S. Interestingly, the activity of PopD was
lower than the activity of PopB at pH >5.1, but it surpassed that
observed for PopB at pH <4.8, suggesting that the insertion of
PopD into membranes is more dependent on acidic residue
protonation than the insertion of PopB.

When a constant POPC:POPE:POPS:sphingomyelin molar
ratio was maintained in the absence or presence of a high level
of cholesterol (45 mol %), the pore forming activity of the
translocators was less effective than that observed with 15 mol
% cholesterol (not shown). Because the activities of PopD and
PopB plateau below pH 4.5 at intermediate cholesterol con-
centrations, we selected pH 4.0—4.3 and 20 mol % cholesterol
for our assays to maximize the formation of uniform
membrane-inserted translocons.

Negatively charged phospholipids affect the degree of insertion
of T3S translocators.">'® We therefore analyzed the effect of
POPS on the activity of urea-isolated PopB and PopD in
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Figure 3. Effect of pH and lipid composition on the pore forming
activity of the urea-isolated translocators. Pore formation was
determined as the percentage of the encapsulated Tb(DPA);3~ that
was quenched by EDTA as detailed in Experimental Procedures. (A)
Urea-isolated PopB or PopD was directly diluted into a solution of 50
mM sodium acetate buffered at the indicated pH, containing
membranes. The pore forming activity of the urea-isolated trans-
locators increased at acidic pH. The total lipid concentration was
0.1 mM, and the liposomes consisted of 35 mol % POPC, 15 mol %
POPS, 20 mol % POPE, 15 mol % SM, and 15 mol % cholesterol. The
protein:lipid ratio was 1:1000. (B) Effect of POPS on the pore
formation activity of urea-isolated translocators. The activity was
measured as described for panel A; the pH was buffered at 4.3, and the
lipid mixture consisted of POPC, 20 mol % cholesterol, and the
indicated concentration of POPS.

membranes containing POPC and a fixed amount of cholesterol
(20 mol %). Addition of 15 mol % POPS increased 2-fold the
activity of PopB and >3-fold the activity of PopD (Figure 3B).
Doubling the amount of POPS to 30 mol % was not as effective
as the addition of only 15 mol % POPS. Thus, to maximize the
conformational homogeneity of membrane-inserted translocators
and to minimize any effect caused by the variability of the lipid
composition of the system, we chose the simplest membrane
model system that maximized the formation of transmembrane
pores, a 65:15:20 POPC:POPS:cholesterol molar ratio.

The pore forming activity of urea-isolated PopD, PopB, and a
1:1 mixture of the translocators was studied using this model
system. Maximal activity for PopB and PopD was observed
below pH 4.8 and 4.3, respectively (Figure 4A). Interestingly,
no additive or synergic effect was detected at higher pH, where
the individual proteins exhibited intermediate pore forming
activity. Maximal pore formation using these experimental condi-
tions was observed when the protein:lipid ratio was ~1:3000
(Figure 4B).

High Translocator:Lipid Ratios Produced Liposome
Aggregation. Our initial attempts to visualize the membrane-
inserted PopD using transmission electron microscopy and
2% uranyl acetate as a contrast agent revealed that even when
used at a 1:1000 protein:lipid ratio, PopD disrupted the
liposomes forming tubular membrane structures (not shown).

dx.doi.org/10.1021/bi200905x | Biochemistry 2011, 50, 7117-7131
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We therefore analyzed the aggregated state of the liposomes
using DLS. Isolated liposomes, incubated at pH 4.0, showed a
single-particle size distribution with an average of 78 nm
[expected value of ~100 nm (see Figure S7 of the Supporting
Information)]. However, the incubation of the same liposomes
with PopD, PopB, or an equimolar mixture of both trans-
locators, using a 1:1000 protein:lipid molar ratio, shifted the
average size distribution to 264, 342, or 164 nm, respectively.
These data suggested that at this protein:lipid ratio the
translocators caused aggregation of the vesicles, especially
when added individually. Little or no aggregation was observed
when lower protein:lipid ratios were used (Figure S7 of the
Supporting Information). Therefore, when structural studies are
performed in model systems, it is important to confirm that the
size of the vesicles is not altered by the addition of the proteins.
If aggregation occurs, the structure adopted by the proteins
when bound to membranes may differ from the structure
adopted upon formation of discrete transmembrane pores.

We used cryo-EM to directly visualize the liposomes before
and after incubation with the translocators and to determine
the optimal protein:lipid ratio to be used in our studies.
Surprisingly, extruded liposomes prepared with a 65:15:20
POPC:POPS:cholesterol molar ratio were mostly multilamellar
(Figure 4C). Using different protein:lipid ratios, we found that
addition of an equimolar mixture of both proteins at a protein:lipid
ratio at or below 1:3300 did not alter the liposomal structure
(Figure 4C and Figure S7 of the Supporting Information). Higher
protein concentrations (e.g., 1:330) caused liposome aggregation
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(Figure 4D and Figure S7 of the Supporting Information), but no
tubular structures were observed by cryo-EM.

PopB and PopD Form Discrete and Stable Membrane
Pores. We analyzed the ability of the urea-isolated translocators
to form discrete and stable pores in liposomes encapsulating
the streptavidin®® fluorescent marker (~5 nm diameter). In
contrast to those of fluorescein (Fl) and Fl derivatives (e.g,
calcein and Oregon green), the fluorescent properties of the
Bodipy dye are stable at acidic pH.* Binding of biocytin (biotin
moiety covalently attached to the amino acid Lys, ~1 nm in
diameter) or biotin attached to the protein f-amylase (~4 nm in
diameter) or to streptavidin®® (~3 nm in diameter for the
monomer) produces a 2- or 3-fold enhancement, respectively, in
the fluorescence intensity of the streptavidin®°“®’ marker (not
shown and refs 41 and 42). When the biotin-labeled molecules
were externally added to the sample containing intact liposomes,
no fluorescence change was detected on the encapsulated
streptavidin®°¥®, Neither biocytin nor proteins like 3-amylase or
streptavidin®*¥® can pass through the membrane unless a pore
is formed. The size of the pore will dictate which molecules can
cross the membrane. Addition of the translocators produced a
fluorescence intensity increase only for the samples containing
biocytin, and not for the ones containing biotin-f-amylase. These
results indicated that the transmembrane pores formed by PopB
and PopD were >1 nm in diameter, but not large enough to
allow the passage of the f-amylase protein or the encapsulated
streptavidin®*®Y (Figure SA).

dx.doi.org/10.1021/bi200905x | Biochemistry 2011, 50, 7117—-7131
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Figure 5. PopD and PopB form discrete and stable pores in model
membranes. (A) The passage of biocytin (~10 A diameter), biotin-
labeled f-amylase (~50 A diameter), or streptavidin®*#y (~50 A
diameter) through the pores formed by PopD, PopB, or an equimolar
mixture of the translocators was measured as detailed in Experimental
Procedures. The total lipid concentration was 100 yM, and the protein
concentration of the proteins was 100 nM (protein:lipid ratio of
1:1000 for individual proteins and 1:500 when added together). The
fluorescence intensity of encapsulated streptavidin® %Y was measured
before (Fy) or after the incubation for 60 min at 25 °C with the
translocators (F). Only biocytin was able to diffuse through the
formed pores. (B) The stability of the formed pores was examined by
measuring the increase in the fluorescence intensity of encapsulated
streptavidin®4¥ when biocytin was present in the external buffer
solution before the addition of the translocators, or added after
incubation for 1 h with the translocators. The discrete pores formed by
PopB, PopD, and an equimolar mixture of the proteins remained open
after incubation for 1 h.

The stability of the formed pores was determined by adding
the enhancer (biocytin) before or after the addition of the
translocators. If the pores are stable, the enhancement of the
fluorescence intensity of streptavidin®%¥ will be observed
when biocytin is added before or after the incubation with the
translocators. In contrast, if the formed pores are not stable and
close, the fluorescence will increase only when biocytin is
present before the addition of the translocators, and not when
added after the incubation. Because the fluorescence intensity
increased in both cases (Figure SB), it is clear that the formed
pores remained stably open for at least 1 h in this model
system. Control experiments without translocators did not
show significant fluorescence change.

PopB and PopD Binding to Membranes Also
Required Acidic pH. To precisely assess the binding of the
translocators to the target membrane, we introduced single
Cys residues into PopB at a location close to a predicted TM
segment (S164), and in PopD at a location that was found to
be exposed to the aqueous solvent in the membrane-bound
complex [F223 (M. Buckner, unpublished results)]. The Cys
residues were labeled with Bodipy. As mentioned above, the
emission properties of Bodipy are not sensitive to the polarity
of the environment and are not affected by pH in the range
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used in this work.** Bodipy-labeled translocators were isolated
from the hisPcrH chaperone by elution with 6 M urea as
described for the wild-type proteins (Figure 1). The pore
forming activity of the Bodipy-labeled translocators was similar
to the activity of the wild-type proteins.

We first analyzed the binding of the translocators by using
FRET. FRET is an effective method for identifying protein—
membrane binding under equilibrium conditions (e.g., refs 37
and 43—46). A typical FRET membrane binding experiment
requires two fluorescent dyes, a donor (D) located at a specific
site in the protein and an acceptor (A) distributed on the
surface of the membrane. The Bodipy dye covalently attached
to PopBS!4¢ (or PopDF?*¢) was used as the D dye in our
FRET experiments, while Rh-PE incorporated into the
membrane was the A dye. After excitation by the absorption
of a photon, Bodipy can transfer its excited-state energy to
Rh-PE. The efficiency of this transfer depends on, among other
things, the extent of overlap of the D emission and the A
absorption spectra, the relative orientation of the transition
dipoles of D and A, and, more importantly, the distance
between the D and A dyes. The distance at which the efficiency
of FRET from D to A is 50% is designated Ry (the Ry is ~52 A
for the Bodipy/Rh-PE pair**). Because the FRET efficiency is
strongly dependent upon the actual distance separating D and
A, FRET will be detected if the dyes are within 95 A of each
other, and it will be maximal when the dyes are separated by
less than 24 A. While considerable FRET efficiency is expected
for Bodipy dyes close to the membrane surface (i.e., membrane-
bound translocators), no significant FRET is expected for
unbound proteins because they will reside more than 100 A
from the membrane surface. FRET efficiency was estimated
using the amplitude-weighted average lifetime of D in the
presence ({Tpa),) or absence ({zp),) of A. The use of lifetime
determinations over steady-state measurements is advantageous
because it minimizes the problems associated with the
quantification of D in the presence and absence of A.** Two
exponential components were used to fit the lifetime data
(Figure S8 and Table S1 of the Supporting Information). The
use of additional exponential components or lifetime
distributions in the analysis did not improve the fit of the
data. Binding of the translocators was strongly dependent on
the pH of the medium (F. B. Romano et al., manuscript in
preparation). We report here the FRET efficiency at binding
saturation (pH 4) and at a point of weak binding (pH 6). The
PopB FRET efficiency was 40% lower at pH 6.0 than at pH 4.0,
while the PopD FRET efliciency was more than 80% lower at
pH 6.0 than at pH 4.0 (Figure 6).

The pH-dependent binding of the translocators was
independently assessed by separation of the bound and
unbound protein fractions using a sucrose step gradient and
ultracentrifugation as described in Experimental Proce-
dures.">***” Given the different densities of proteoliposomes
and unbound proteins, proteoliposomes containing the bound
protein float to the top of the sucrose cushion while unbound
protein remains at the bottom.>* Bodipy-labeled translocators
were individually incubated with membranes at the pH of
maximal pore formation activity [pH 4.0 (see Figure 4)] and at
pH 6.0, where the pore forming activity for PopB was signifi-
cantly lower, and almost null for PopD. The amount of protein
isolated in the top fraction (i.e., membrane-bound translocator)
was quantified using SDS—PAGE followed by fluorescence
scanning with a phosphorimager and reported as the fraction of
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Figure 6. Acidic pH enhances translocator—membrane binding. (A)
PopBS164c—Bodipy membrane binding was measured using the liposome
flotation assay described in Experimental Procedures. PopBS!64C—Bodipy
(0.4 uM) was incubated with membranes (2 mM total lipids) for 1 h
at 20—23 °C. Typical SDS—PAGE analysis was conducted showing the
amount of total protein added, and the amount of bound protein
isolated after incubation with membranes at the indicated pH. The
protein:lipid ratio was 1:5000. Gels were scanned for Bodipy
fluorescence using a phosphoimager. (B) Quantification of
PopBS164c—Bodipy binding measured by the liposome flotation assay
(fraction bound, black bars). Data were normalized against the total
amount of protein used in the binding reaction. Each bar represents
the average and range of at least two independent experiments. FRET
efficiency (gray bars) for PopBS!¢4C~Bod®y binding determined by
time-resolved FRET as described in Experimental Procedures.
PopBS164C—Bodiey (120 nM) was incubated with membranes (total
lipid concentration of 0.3 mM) as described for panel A (protein:lipid
ratio of 1:2500). Each bar represents the average and range of two
independent experiments. (C and D) Analysis of PopDF223¢~Bodipy
binding as described for panels A and B, respectively, for
PopBS164C—Bedry  The POPC:cholesterol:POPS molar ratio was
65:20:1S in all panels.

the total protein bound to membranes (Figure 6). At pH 4.0,
more than 70% of the added PopBS!#4C~BodiPY and more than
90% of the added PopDF23¢~Bedy yere jsolated in the
fraction containing the membranes. In contrast, the level of
membrane binding at pH 6.0 was only 40 and 25% for PopB
and PopD, respectively. These data were consistent with the
amount of protein binding observed by FRET. Therefore, we
concluded from these complementary and independent
approaches that the binding of PopB and PopD to the
membrane was stronger at the pH of maximal activity and
decreased when the pH was closer to neutral.

PopB Interacts with PopD on Model Membranes. We
have shown that PopD and PopB have different optimal pH
and lipid composition requirements to form pores in
membranes (Figures 3 and 4). Surprisingly, the pore forming
properties of the translocators when added together were
similar to those observed for PopB alone. No synergic effect
between PopB and PopD was observed under our experimental
conditions (see Discussion). Do the translocators interact with
each other at all? We took advantage of the fluorescence
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properties of Bodipy to assess PopB—PopD association on
membranes.

The fluorescence properties of Bodipy dyes change
significantly when they are brought into the proximity of one
another. At distances of orbital—orbital contact, the emission
intensity and lifetime of the sample decrease significantly,
presumably because of the formation of nonfluorescent Bodipy
dimers.** The proximity of Bodipy dyes at longer distances (i.e.,
between ~20 and 85 A) is detected by the decrease in the
anisotropy of the sample (depolarization) caused by energy
migration.**** Protein—protein association can be determined
in principle by changes in the fluorescence properties of the
sample mentioned above when Bodipy-labeled proteins are
employed.”® We used a Bodipy-labeled PFO derivative (see the
Supporting Information) as a control for how protein—protein
association on membranes affects the fluorescence properties of
Bodipy. PFO is well-characterized cholesterol-dependent
cytolysin that forms oligomeric complexes on lipid mem-
branes.”’ These complexes are formed by association of up to
50 monomers in a circular ringlike oligomer on the membrane
surface. The rings are ~300 A in diameter.>>>> We compared
a membrane-assembled sample containing 100% labeled PFO,
where the effects on the fluorescence properties will be maximal,
with a sample containing only 10 mol % labeled protein (i.e.,
only 5 of 50 monomers will be labeled on average in each
oligomeric complex). The diluted sample exhibited a 4.5-fold
increase in emission intensity and a >2-fold increase in the
amplitude-averaged fluorescence lifetime (Table 1), showing
that addition of unlabeled PFO separated the PFOBody
molecules, increasing the distance between probes.48 The increase
in the distance between probes, caused by the intercalation of
unlabeled proteins, also weakened the depolarization of the
sample emission caused by Bodipy—Bodipy energy migration
[i.e, the anisotropy increased (Table 1 and ref 54)].

We assessed the interaction between PopB and PopD using
PopD®d¥Y and analyzed the changes in the fluorescence
properties of the sample when the labeled translocator was
mixed with unlabeled PopB (and vice versa). As expected for
the formation of mixed protein complexes containing both
PopB and PopD in the membrane, dilution of PopDB"dipy with
unlabeled PopB increased the emission intensity and the
amplitude-averaged fluorescence lifetime of Bodipy (Table 1).
Upon comparison to the data obtained for the PFO oligomer, it
is clear that unlabeled PopB intercalated between labeled PopD
proteins when bound to the membrane. The significant but
relatively smaller increase in the anisotropy for Bodipy-labeled
translocators suggested that PopD and PopB formed
heteromeric complexes smaller in size than the large ~300 A
diameter rings formed by PFO, as Bodipy—Bodipy energy
migration occurs only at distances of <100 A. Similar changes
were detected when PopBB°¥®Y was diluted with unlabeled PopD.
The smaller changes in the fluorescence parameters observed for
PopBBodPY reflected the lower percentage of labeling of this
derivative (68% vs 96% for PopDPB°Y). Thus, we conclude that
when added together, PopB associated with PopD to assemble
pore-forming complexes on model membranes.

B DISCUSSION

Structural and functional characterization of the T3S trans-
locators is inherently difficult given the nonpolar nature of the
proteins and their tendency to aggregate in solution.
Coexpression of T3S recombinant translocators in the presence
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Table 1. Bodipy Detected Protein—Protein Interaction in Intact Membranes®

fraction of protein added

PFRQBodipy PFO I (relative units)
1 - 1.84 + 0.09

) 9 827 + 0.07
pOPDBodipy PopB

. - 65 +02

) 9 144 + 02
pOPBBDdipy PopD

1 — 4.32 + 0.04

. 9 7.1 02

I10/I100 (relative units) r (7)o" (ns)
0.050 + 0.005 1.55 £ 0.01

4.5 + 0.2 0.123 + 0.005 4.75 + 0.01

0.161 + 0.004 2.56 + 0.03

222 + 0.08 0.186 + 0.009 3.90 + 0.03
0.185 + 0.003 3.24 + 0.02

1.63 + 0.02 0.226 + 0.003 4.93 + 0.04

“Relative fractions of proteins added are indicated. Labeled and unlabeled proteins were mixed in buffer B supplemented with 6 M urea and
20 mM Gly solution prior to dilution in buffer D in the presence of membranes. The final fluorescence parameters measured for the different
samples are indicated: I, fluorescence emission intensity; Ijo/Ij00, ratio of the fluorescence emissions of diluted to undiluted labeled protein
samples; (7),, amplitude-weighted average fluorescence lifetime. The fluorescence lifetime of Bodipy in SO mM sodium acetate (pH 4.0) was
5.85 ns. The fluorescence lifetime of monomeric PFOP% in buffer C was 5.51 ns. Labeling efliciencies were 100, 96, and 68% for PFQPBodipy
PopDF223C—Bodipy - and PopBSI*C—Bedby  respectively. The average and range of at least two determinations are shown. Protein:lipid ratios
were 1:2500 for fluorescence lifetimes and 1:10000 for steady-state determinations. bTime-resolved fluorescence data for 10% labeled PFO
best fit to a single-exponential component. The remaining data best fit to a two-exponential component (see Table S1 of the Supporting

Information).

of their cognate chaperone renders soluble protein complexes
and allows their purification in large quantities.">>' ™3
However, the analysis of individual T3S translocators requires
their separation from the chaperone prior to their assembly into
membranes. These separations have been achieved by reducing
the pH of the medium'?*' or by the inclusion of mild
detergents.”" Unfortunately, upon dissociation from the PcrH
chaperone, both PopB and PopD form large and nonuniform
protein aggregates' that make it difficult to characterize the
protein—membrane and protein—protein association processes.
Furthermore, we observed that during the acidification of the
medium to separate the translocators from the chaperone, PcrH
precipitates, carrying considerable amounts of the purified
translocators (Figure SS of the Supporting Information). Thus,
the precise characterization of the assembly of the T3S
translocon into membranes required a more eflicient
experimental approach for isolation of active translocators.

We have found in these studies that PopB (as well as PopD)
can be purified as a homogeneous complex with the cognate
chaperone hisPcrH and be effectively dissociated and isolated
from hisPcrH using urea. In contrast to PopD, which lost most
of its secondary structure, PopB retained a high proportion of
its secondary structure after solubilization in 6 M urea. The
blue-shifted intrinsic fluorescence spectra of urea-solubilized
PopB suggested that the Trp located at the N-terminus of a
predicted TM segment (residues 169—187) remained located
in a nonpolar environment even in its denatured state. As
expected for proteins that are proposed to travel in an unfolded
state through the T3S needle and to be released in the
proximity of the target membrane, both urea-isolated trans-
locators formed discrete and stable TM pores upon dilution in
the presence of lipid bilayers. The pore forming properties of
urea-isolated PopB and PopD were consistent with those
described previously for translocators isolated using low pH.'®
Interestingly, quantitative assessment of binding of PopB and
PopD to membranes showed that acidic pH was required not
only for membrane insertion but also for a stable protein—
membrane interaction. In summary, we have established an
efficient experimental procedure for isolating native and
modified forms of PopB and PopD and for specifically labeling
the translocators with fluorescent or other types of probes (e.g,
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cross-linkers). Isolated translocators were assembled on model
membranes where they form discrete and stable pores.
Moreover, our spectroscopic examination of Bodipy-labeled
translocators showed that when added together, PopB
intercalates with PopD on membrane-assembled complexes.

Purification of isolated recombinant translocators has proven
to be a difficult task. PopD cloned in pET-based vector systems
produced large amounts of protein, but mostly as inclusion
bodies. The yield of water-soluble PopD can be improved by
expression at a low temperature (ie, ~18 °C), but water-
soluble PopD forms aggregates (ref 15 and data not shown).
PopB is toxic for Escherichia coli cells and cannot be stably
produced (data not shown). Schoehn et al.'* elegantly solved
these problems by coexpressing the translocators with their
cognate chaperone, PcrH. The water-soluble 1:1 PcrH—PopD
complex was obtained in large amounts, and the structural
characterization of PopD showed it adopts a molten globular
conformation.> Less is known about the structure of PopB,
given that only minor amounts of a homogeneous PcrH—PopB
complex were obtained using this procedure.'>>*

We found that the purified hisPcrH—PopB complex can
remain soluble and nonaggregated in aqueous solutions at
relatively low concentrations (Figure 1 and Figure S1 of the
Supporting Information). The structure of the purified
hisPccH—PopB complex was analyzed using a combination of
CD and fluorescence spectroscopy (Figure 2). Far-UV CD
analysis revealed that PopB had less a-helical content than
PopD when bound to hisPcrH. However, in contrast to the
low secondary structure content observed in urea-isolated
PopD, urea-isolated PopB retained a considerable amount of
secondary structure. Furthermore, the only Trp of PopB was
located in a nonpolar environment when bound to the
chaperone or when denatured in urea. These data suggested
that PopB adopts a conformation more compact than that
observed for molten globular PopD.>

PopB and PopD remain stably bound to PcrH in the
bacterial cytoplasm in the absence of secretion, most likely to
avoid protein aggregation and to maintain a secretion-
competent conformation.”” After the bacterium has contacted
the target cell, PopB and PopD dissociate from PcrH and are
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presumably secreted through a narrow channel formed by the
T3S needle (2—2.5 nm in diameter). Unfolded translocators
are proposed to emerge from the tip of the T3S needle (formed
by PcrV), in the proximity of the target membrane. PcrV is
required to engage the membrane-inserted translocon with the
T3S needle;'>>>%% however, PcrV is not involved in the
formation of the TM pore."® Therefore, the use of urea-isolated
translocators to reconstitute membrane-inserted protein
complexes is reasonable because the dilution of urea-isolated
PopB and PopD in the presence of membranes likely resembles
the in vivo translocon assembly process.

While negatively charged phospholipids are crucial for the
binding of translocators to membranes and formation of TM
pores in model membranes, cholesterol seems not to play a
central role in vitro.'® We tested how different lipids affected
the pore formation properties of PopB and PopD in our
experimental system. The presence of cholesterol and POPS
in the liposomal membranes facilitated the insertion of the
urea-isolated PopB and PopD (Figure 3). Other lipids like
sphingomyelin and PE did not significantly alter the pore
formation efficiency observed with POPC/POPS/cholesterol
liposomes [65:15:20 molar ratio (data not shown)]. Therefore,
we chose this composition as a simple and efficient model
membrane system to study the assembly of PopB and PopD
into lipid bilayers. Urea-isolated translocators formed discrete
and stable pores in model membranes (Figures 4 and S). Taken
together, our data showed that the treatment with 6 M urea did
not significantly alter the pore formation properties of the
translocators.

We found that urea-isolated PopB, PopD, or an equimolar
mixture of both translocators formed pores very similar to the
pores formed when the translocators are dissociated from PcrH
at acidic pH in the presence of membranes (Figure S3 of the
Supporting Information). Interestingly, the comparison of both
experimental systems suggested that acidic pH was required
not only to dissociate the translocators from the chaperone
(Figure SS of the Supporting Information) but also to promote
binding and insertion of translocators into membranes (Figures
4 and 6). We employed two independent experimental
approaches, time-resolved FRET and sucrose-step gradient
ultracentrifugation, to analyze the binding of the translocators
to membranes at different pH values (Figure 6). Both assays
clearly showed that binding at pH 4 was more efficient than at
pH 6. Only a small fraction of the proteins was found associated
with the membranes at pH 6. These results differ from those
reported for the case in which heterogeneous aggregates of
PopB and PopD were used.'® The kinetic parameters used as a
measure of membrane binding may represent the behavior of a
small fraction of protein in the experimental system, and not
necessarily the average behavior of all the protein in the sample
(ie, unbound protein does not generate a signal). Our data
suggested that the decrease in the activity of the translocators at
higher pH was, at least in part, caused by the inability of the
proteins to bind to the lipid membrane.

A homogeneous sample is essential for the unambiguous
interpretation of the spectroscopic signal obtained durin% the
analysis of protein complexes assembled into membranes.> For
this purpose, negatively charged phospholipids and low pH
have been extensively used in the spectroscopic studies of pore-
forming proteins like colicins, diphtheria toxin, Bcl-x,, etc.>’ 7!
The requirement of acidic pH for the insertion of protein into
membranes has been associated with the presence of acidic
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molten globular states.”> While this pH-dependent conforma-
tional change may be relevant to the more compact PopB
conformation (see above), PopD was found to have a molten
globule conformation even at neutral pH.>> Therefore, the
spontaneous insertion of PopD (and/or PopB) segments into
lipid bilayers may require the protonation of acidic residues, as
shown before for bacteriorhodopsin fragments.®® In our model
system, the use of acidic pH maximized the assembly of discrete
and stable TM pores. Such a low pH is presumably not
encountered by the proteins when interacting with the plasma
membrane of the target cell in vivo. Clearly, other still
unidentified components present in the bacterium, or in the
target cell, may facilitate the assembly of the translocon, but
further studies are required in this area.

It has been widely assumed that assembled translocons
contain both translocators forming a hetero-oligomer.”
However, the structural arrangement of the membrane-inserted
translocon and the stoichiometry of the complex are not
known. By combining site-directed fluorescence labeling with
both excitation energy migration and fluorescence quenching,
we have shown that fluorescently labeled PopB interacted with
native PopD in intact membrane-inserted complexes (Table 1).
This interaction was confirmed by using the reverse combi-
nation of labeled PopD and native PopB. In both experiments,
the intercalation of unlabeled molecules among the labeled
ones produced the separation of the Bodipy dyes and
consequently an increase in the fluorescence intensity, lifetime,
and anisotropy of the sample. These results also implied that
when added individually, both PopDF?23¢-Bediey 3n4
PopBS164C—Bediey formed homo-oligomers. Self-interaction of
the translocators in intact membrane-inserted complexes was
confirmed by the relative increase in the fluorescence intensity,
lifetimes, and anisotropy of the sample when native PopD (or
PopB) was mixed with PopDF223¢~Bodipy (o popBS164€—Bodipy)
and added to the membranes (data not shown).

In summary, we have established a cell-free system to analyze
the structural assembly of the P. aeruginosa T3S translocators.
Using this system, we found that PopB interacts with PopD
when forming discrete and stable pores in intact membranes.
Cell-free systems have been extremely useful for examining
interactions among relevant protein components in membrane
protein complexes and the study of their assembly and their
structure (e.g., refs 44, 46, 57, 61, and 64—66). The identified
mechanism and structural information obtained using the cell-
free system are very valuable for the design of in vivo experi-
ments and evaluation of the contribution of other known or
unknown factors to the mechanism of T3S effector translocation.

Bl ASSOCIATED CONTENT
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Details on cloning expression and purification of proteins,
aggregation of the hisPcrH—PopB complex, PopB and PopD
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chaperone—translocator complexes, pH dissociation vs urea
dilution activities at pH 5.1, intermolecular disulfide formation
by hisPcrH, pH solubility of the hisPccH—PopD complex,
steady-state FRET for protein—membrane binding, particle size
analysis by DLS, and lifetime analysis for time-resolved FRET
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Pop, Pseudomonas outer protein; Pcr, Pseudomonas low-calcium
response; T3S, type III secretion; TM, transmembrane; IMAC,
immobilized metal ion affinity chromatography; AEC, anion
exchange chromatography; SEC, size exclusion chromatogra-
phy; UV, ultraviolet; CD, circular dichroism; DLS, dynamic
light scattering; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoethanolamine; POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-L-serine; Fl, fluorescein; DTT, (2S,3S)-1,4-bis-sulfa-
nylbutane-2,3-diol; EDTA, ethylenedinitrilotetraacetic acid;
DPA, dipicolinic acid; HEPES, 2-[4-(2-hydroxyethyl)-
piperazin-1-yl]ethanesulfonic acid; LB, Luria-Bertani; IPTG,
isopropyl a-Dp-thiogalactopyranoside; Tris, 2-amino-2-
(hydroxymethyl)propane-1,3-diol; FRET, Forster resonance
energy transfer; SDS—PAGE, sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis; Rh-PE, rhodamine B 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine; Bodipy,
4,4-difluoro-$,7-dimethyl-4-bora-3a,4a-diaza-3-indacene; PFO,
Perfringolysin O.
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