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Background: PulD forms the dodecameric outer membrane portal in the type II secretion system and can self-assemble.
Results: Assembly is a multistep process initiated and modulated by protein contact with the membrane.

Conclusion: A prepore precedes formation of the native structure.

Significance: Understanding membrane protein biogenesis aids in the design of novel proteins/functions and drugs.

Investigations into protein folding are largely dominated by
studies on monomeric proteins. However, the transmembrane
domain of an important group of membrane proteins is only
formed upon multimerization. Here, we use in vitro translation-
coupled folding and insertion into artificial liposomes to inves-
tigate kinetic steps in the assembly of one such protein, the outer
membrane secretin PulD of the bacterial type II secretion sys-
tem. Analysis of the folding kinetics, measured by the acquisi-
tion of distinct determinants of the native state, provides
unprecedented evidence for a sequential multistep process ini-
tiated by membrane-driven oligomerization. The effects of vary-
ing the lipid composition of the liposomes indicate that PulD
first forms a “prepore” structure that attains the native state via
a conformational switch.

Membrane protein folding is a rapidly expanding field of
research in which experiment and computation on model sys-
tems deliver important insights into how membrane proteins
are stabilized and interact with lipids (1-8) and how they
assemble in vivo (9—11). In many such analyses, the protein
under study is monomeric or is maintained in a monomeric
form, often to reduce the complexity of the system (8, 12—14).
However, membrane proteins are often oligomeric (15), and in
some cases, oligomerization establishes the transmembrane
topology. Typical examples of the latter are voltage-gated chan-
nels (16) and bacterial secretins (17) as well as soluble proteins
such as bacterial toxins, viroporins, and membrane attack com-
plex/perforin-like proteins, which interact with membranes to
form pores (18-20). Investigations into the determinants and
mechanisms of membrane protein oligomerization (21-23),
therefore, probe an important feature of the assembly landscape.

Studies using monomeric model systems often require
extensive optimization to prevent protein aggregation (24 -26),
a process likely to have an even greater negative impact on the
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folding of complex multimeric and/or multidomain membrane
proteins. One way to overcome this problem is to couple pro-
tein production and folding in an in vitro translation system.
Because of the vectorial nature of translation, independent
domains can begin folding before it is complete, providing a
means to reduce aggregation. Several membrane proteins reach
their native state in such in vitro systems (27), including secre-
tins from type II secretion systems (28, 29). Such tractability
could allow a detailed analysis of the assembly of multimeric
membrane proteins, particularly if ways can be found to trap
assembly intermediates.

Here, we establish a detailed folding mechanism of the Kleb-
siella oxytoca outer membrane (OM)? secretin PulD, a dodeca-
meric, transmembrane, channel-forming protein. PulD is a
prototype of the secretin protein family of large multidomain
proteins that multimerize to form a portal for enzyme and vir-
ulence factor secretion and for the assembly of surface append-
ages called pili (30). PulD is targeted to the OM by its dedicated
chaperone PulS, and its membrane insertion is independent of
the B-barrel assembly machinery that facilitates the assembly of
OM B-barrel proteins (31, 32). In the absence of PulS, PulD
folds to its native pore but inserts into the inner membrane,
inducing a phage shock response (32). Therefore, two compet-
ing pathways exist in the cell: one driven by PulS-mediated
PulD trafficking to the OM and one leading to autoassembly
into the inner membrane. A fragment of the PulD polypeptide
primarily comprising the transmembrane domain and the last
of three N-terminal periplasmic repeats (N) (PulD?® ~#2/259 =650 (28))
can assemble spontaneously into artificial liposomes, indicat-
ing that the majority of the periplasmic part of the polypeptide
(No-N, _,) is not required for assembly (28). Two further char-
acteristics render PulD?®~*2/259 =650 ye]| suited for folding and
assembly studies. The full-length protein is prone to degrada-
tion, and the yield of full-length PulD (PulD") multimers is
lower than that of PulD?8~%2/259-660 (33 34). Here we investi-
gate the second, cytotoxic autoassembly pathway that probably
reflects faithfully the events that occur at the inner membrane.
We demonstrate that folding and assembly of PulD?® ~42/259 =660 jg
a sequential process that depends on the association of

2The abbreviations used are: OM, outer membrane;

1,2-dipalmitoyl-sn-glycero-3-phosphocholine.
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monomers on a membrane surface and that folding to the
PulD native state requires a fluid membrane. We further
characterize a membrane-associated intermediate state and
speculate that a conformational switch occurs at the same
time as native pore formation.

EXPERIMENTAL PROCEDURES

Liposome Preparation—Appropriate amounts of lecithin
(Sigma), 1,2-dilauroyl-sn-glycero-3-phosphocholine, 1,2-di-
miristoyl-sn-glycero-3-phosphocholine, diC,4,,PC, or 1,2-dis-
tearoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids) in
solvent (as supplied) were dried under a gentle stream of nitro-
gen, followed by evaporation of residual chloroform under a
vacuum. Dried lipids were hydrated to 20-200 mg/ml (as
appropriate), vortexed, and sonicated for 15 min in a water
bath.

PulD Synthesis—PulD was synthesized by in vitro translation
using an RTS100 Escherichia coli kit (5 Prime) as described (28)
in the presence of 10 ng DNA (pCHAP3731 (PulD") or
pCHAP3716 (PulD?®~**/259-660)) and 2 pg of liposomes (soy
bean 1-a-lecithin (Sigma), 1,2-dilauroyl-sn-glycero-3-phospho-
choline, 1,2-dimiristoyl-sn-glycero-3-phosphocholine, diC, ¢ ,PC, or
1,2-distearoyl-sun-glycero-3-phosphocholine (Avanti Polar
Lipids)) or 1 ng detergent (Zwittergent 3-14)/ul RTS100 at
30 °C unless stated otherwise. Although the RTS100 kits were
centrifuged at 100,000 X g for 30 min before use to remove
most of the E. coli membranes, the trace amounts that remain
are sufficient to allow limited PulD assembly (28, 35). Synthesis
was arrested with 3 ng streptomycin/ul of reaction after 6 min
for initial multimerization determinations, after 10 min in all
other kinetic experiments, or after 6 h in all other experiments.
Synthesis reactions that were arrested after 6 or 10 min were
further incubated for 6 h at 30 °C for complete assembly to
occur. Mixed multimers were produced by priming with appro-
priate ratios of pCHAP3731 and pCHAP3716. Monomeric and
multimeric PulD were separated in SDS on a 10% polyacryl-
amide (37.5:1 acrylamide/bisacrylamide) gel without heating to
100 °C, transferred to nitrocellulose, and analyzed by immuno-
blotting with an antibody raised against native PulD multimers.
Low solubility of the multimers at longer time scales is probably
due to clustering of PulD in the membrane. This phenomenon
results in occasional smearing on SDS-PAGE. Bands corre-
sponding to multimeric and monomeric PulD were analyzed by
densitometry. Resulting transients were fitted to a single or
double exponential equation using Kaleidagraph 4.0.

Folding Kinetics followed by SDS Treatment—Folding transients of
PulD?8~#2/239=660 yrere obtained by mixing aliquots of the syn-
thesis reaction at the time points indicated with SDS-PAGE
loading buffer (4% SDS, 62.5 mm Tris (pH 6.8), 20% glycerol) in
a 1:1 ratio to arrest PulD folding and incubated on ice for 1 h
before analysis by SDS-PAGE.

Folding Kinetics followed by Urea Treatment—PulD>3~*2/259 =660
aliquots were mixed with 8 m urea (in 50 mm sodium phosphate
buffer (pH 8.0), and 250 mMm NaCl) to a final urea concentration
of 7.2 m at the times indicated and incubated for 1 h on ice
before mixing with SDS loading buffer for analysis.
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Folding Kinetics followed by Limited Proteolysis by Trypsin
Digestion—Trypsin was added to PulD?®~42/259 =650 gliquots at
the indicated times to a final concentration of 4 ug/ul and incu-
bated on ice for 5 min. Reactions were blocked using 150 ng/ul
Pefabloc (Interchim) before mixing with SDS loading buffer.

Temperature Jump Experiments—Rescue of PulD?S~*2/259-660
assembly in diC,,,PC liposomes was achieved by initiating
synthesis at 30 °C for 10 min and then increasing the tempera-
ture to 42 °C after the addition of streptomycin. Folding tran-
sients were obtained as above by removing aliquots at increas-
ing time points before trypsin treatment and/or mixing with
SDS loading buffer and incubation on ice for analysis.

Flotation of Liposome-associated PulD on a Discontinuous
Sucrose Gradient—Liposomes containing PulD?8~%2/259-660
were collected by centrifugation (100,000 X g, 30 min), resus-
pended in 60% sucrose, and overlaid with 40, 20, and 0%
sucrose. Liposomes were floated by centrifugation for 90 min at
100,000 X g. Aliquots were taken from the top of the tube and
analyzed by gel electrophoresis followed by immunoblotting.

1-Azidopyrene Labeling—PulD?8~%2/259=660 qynthesized in
the presence of lecithin or diC,4,PC-liposomes and pelleted
(13,000 X g, 1 h) was washed in 50 mm sodium phosphate buffer
(pH 8.0) containing 2 M urea, collected by centrifugation
(13,000 X g, 1 h), and washed in the same buffer without urea.
Sedimented liposomes were resuspended in 100 ul of the same
buffer containing 250 mm NaCl and 1 mm 1-azidopyrene (from
a 200 mwm stock solution in dimethyl sulfoxide, Hangzhou Sage
Chemical Co., Hangzhou, China). Samples were shaken for 1 h
followed by UV irradiation for 15 min (312 nm), centrifugation
(13,000 X g, 1 h), resuspension in SDS loading buffer, and elec-
trophoresis in SDS on a 4-15% polyacrylamide gel (Bio-Rad).
Protein bands were visualized under UV light (312 nm) and by
immunoblotting. Labeling controls were performed following
the same procedure, but without additional washes, using the
soluble proteins MalE (synthesized for 6 h by in vitro translation
in the presence of liposomes) and BSA (1 pg pure BSA (Inter-
chim) added to liposomes without synthesis reaction but with
6 h incubation) (data not shown). Gels (discontinuous 4/10%
polyacrylamide) were visualized under UV light and stained
with Oriole fluorescent gel stain (Bio-Rad) to reveal all proteins.

Glutaraldehyde Cross-linking and Blue Native PAGE—
PulD?8~42/259=660 gynthesized in the presence of diC,,PC
liposomes was collected by ultracentrifugation (100,000 X g, 30
min). The pellet was resuspended in an equal volume of phos-
phate buffer (above) containing 250 mm NaCl and 100 mMm
glutaraldehyde and incubated at room temperature for 25 min
before analysis by SDS-PAGE and immunoblotting.

For blue native PAGE (Invitrogen), lecithin or diC,,,PC
liposome-associated PulD?®~%2/259-660 yyag solubilized in 1%
digitonin (in phosphate buffer containing 250 mm NaCl) for 2 h
at 4 °C. Insoluble material was removed by ultracentrifugation
(100,000 X g, 1 h), and supernatants were analyzed by electro-
phoresis according to the instructions of the manufacturer, fol-
lowed by immunoblotting on PVDF membranes (Millipore).

Circular Dichroism—Reaction mixtures containing
PulD?®~#2/259=660 yere centrifuged at 100,000 X g for 30 min
to collect the liposomes. Pellets were washed in phosphate
buffer containing NaCl (above) and 2 M urea to remove nonspe-
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cifically bound proteins from the synthesis kit (28), collected by
centrifugation (100,000 X g, 30 min), and washed in the same
buffer without urea. After centrifugation, the liposomes were
resuspended at 1 mg of protein/ml in buffer. CD spectra were
taken at room temperature on an AVIV spectrometer between
190-260 nm at a rate of 20 nm/min and a bandwidth of 1 nm
in a 0.2-mm cuvette. Spectra were averaged over three
measurements.

RESULTS

Multimerization Dependence on the Lipid Concentration—
We previously reported efficient folding, assembly, and inser-
tion of PulD and PulD?®~*%/259=660 into 4 mu lecithin lipo-
somes at a lipid-to-protein ratio estimated to be 400:1 following
10 min of synthesis in vitro at 30 °C in the presence of 10 ng/ul
DNA (28). Multimers obtained in this way are indistinguishable
by all available criteria from those isolated from the outer mem-
brane (28, 29, 36). Multimerization of PulD into its native state
is assayed by resolving the multimeric and monomeric forms of
the protein by SDS-PAGE (33). Under these conditions, > 75%
of the synthesized protein becomes multimeric within 10 min
(Fig. 1A4). High molecular weight smears that appear likely cor-
respond to PulD?®~*2/259=660 c]ysters that were poorly solubi-
lized from the liposomes and/or separated by detergents (28). A
more detailed kinetic analysis was facilitated if protein synthe-
sis was limited to 6 min. The initial multimerization depen-
dence on the protein concentration (determined by the amount
of DNA in the reaction mixture) could not be measured, in part
because longer synthesis times are required to visualize PulD
with < 5 ng/ul DNA. However, the initial multimerization
could be measured in the presence of increasing lecithin con-
centrations (9—-53 mm) to separate PulD?®~42/259-660 mono-
mers over an increasing number of lecithin vesicles. On aver-
age, more PulD?®~*2/2597660 yag synthesized at low lecithin
concentrations (Fig. 1B), but PulD?®~*2/259=660 gynthesis did
not vary as markedly above 27 mwm. Initial multimerization
decreased above 27 mw lecithin and declined more markedly
above 44 mm (Fig. 1B). All of the monomers were incorporated
into multimers under all conditions after 6 h of incubation (Fig.
1B). PulD?#~42/259=660 sypthesis in the presence of the detergent
Zwittergent 3-14 only yielded monomeric PulD?® ~#2/259=6%0 (Fjg,
1C), adding to the evidence that a multimerization requires a
large surface such as provided by liposomes. The slope of a
linear fit through the lipid dependence of the initial multimers
formed determines the order of the multimerization reaction.
Thus, determining the effect of the lipid concentration on
PulD?®~#2/259 =660 my]timerization can detect the formation of
oligomeric intermediates irrespective of whether such interme-
diates are SDS-resistant. At lecithin concentrations higher than
44 mm, the slope was 9.04 = 2.50, reflecting the assembly of up
to 11 monomers per multimer under these conditions. This is
in reasonable agreement with the presence of 12 monomers in
the native multimer (36, 37).

Because multimerization kinetics failed to measure the assem-
bly of 12 monomers per multimer, the formation of smaller oligo-
mers that might act as seeds could not be excluded. To facilitate
detection of such seeds, PulD" and PulD?®~*2/259 660 yere
cosynthesized at different ratios. Cosynthesis of PulD" with
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FIGURE 1. The PulD multimerization mechanism. A,immunoblot analysis
after SDS-PAGE of assembly kinetics of PulD?8-42/259-650 after 10 min of
synthesis. Mu, multimeric PulD?742/2397650 gpecies; Mo, monomeric
PulD?8-42/259-660 ¢pacies, B, dependence of PulD multimerization on lecithin
concentration. Synthesis was stopped after 6 min, and reactions were incu-
bated further for 0 or 6 h. Error bars represent S.D. over five independent
measurements. Only multimers are shown after 6 h of incubation because
only trace amounts of monomers were left in all cases. C, PulD?8~4%/259-660
synthesis in the presence of 0.1% Zwittergent 3-14. Synthesis was allowed to
continue for 6 h. (Zwittergent 3-14 inhibits synthesis, decreasing the quality of
the blot.) The asterisk indicates the migration position of the PulD?8~42/259-6¢0
multimer that is not assembled in this reaction. D, mixed multimer formation
between PulD?8~42/259-660 3nd pyID in different ratios (indicated). Synthesis
was stopped after 10 min, and reactions were incubated for a further 6 h. E,
multimerization of PulD?%~42/259-650 and pulD™ and of 1:1 mixtures before
(pre) and after synthesis (post) in the presence of the indicated concentrations
of lecithin. Synthesis was stopped after 10 min, and reactions were incubated
for an additional 6 h. Only multimeric bands are shown in D and E. Mu, multi-
meric PulD?8-42/259-660 (py|D') species; Mo, monomeric PulD?8-42/259-660
(PulD") species; Mu', PulD™. All experiments were performed in the presence
of 4 mm lecithin liposomes unless indicated otherwise. All synthesis reactions
and incubations were performed at 30°C. Bands were quantified by
densitometry.

PulD?8~42/259-660 g]]owed their incorporation into mixed mul-

timers containing from zero up to 12 copies of one form and,
reciprocally, from 12 down to zero copies of the other, creating
aregular 13-step ladder of mixed multimers and confirming the
presence of 12 monomers per multimer (Fig. 1D). At limiting
concentrations of either PulD-construct, the formation of seeds
could result in the disappearance of steps from the ladder of
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mixed multimers, should such seeds be obligatory. Alterna-
tively, mixing PulD" and PulD?® ~*%/259 =660 f5]lowing synthesis
for 10 min in two separate reactions should also enable one to
visualize seeds during the formation of mixed multimers. For
example, should dimers form before multimerization, every
other step in the ladder would disappear. However, both exper-
iments yielded regular PulD ladders (Fig. 1, D and E), suggesting
that neither of the two PulD constructs formed seeds prior to
multimerization. Thus, the presence of N,-N; _, domains in the
full-length protein did not appear to change the assembly path-
way at this stage. Together, the data indicate that rapid PulD
monomer adsorption onto the lipid surface is followed by
dodecamerization without prior formation of oligomeric seeds.

Folding Kinetics of PulD—Native PulD dodecamers are not
dissociated by SDS or by high concentrations of urea and have a
trypsin-resistant core (monomers are digested completely) (28,
37). These criteria were used to identify PulD assembly steps in
the presence of 53 mm lecithin liposomes after 10 min of
PulD?8~42/259-660 gy thesis. Multimerization kinetics were fit-
ted using a single or double exponential function, the latter
resulting in a visually improved fit with smaller residuals (data
not shown). Folding was initiated by a burst that accounted for
0.59 £ 0.02 of the total amplitude (Fig. 24). The subsequent
exponential phases were characterized by a fast rate constant of
0.14 = 0.04 min with a partial amplitude of 0.35 * 0.05 and a
minor, poorly defined slow phase with a rate constant of 0.01 =
0.04 min and a partial amplitude of 0.06 = 0.13. Treating
PulD?®~#2/259=660 yjth 8 M urea prior to the addition of SDS
decreased the burst phase amplitude to 0.32 = 0.03 of the total
reaction amplitude (Fig. 24). The transient also fitted to a dou-
ble exponential function with rate constants of 0.12 * 0.04 min
and 0.01 = 0.02 min, which agreed well with the rates deter-
mined by measuring SDS resistance without urea treatment.
However, the partial amplitude of the slow phase increased to
0.21 = 0.09, with the fast phase amplitude measuring 0.51 =
0.10. Because the rate constants of the respective phases are
equal regardless of the sample treatment and only the relative
contributions of the amplitudes differ, the phases occur
sequentially rather than in parallel (38). The delayed acquisi-
tion of trypsin resistance of PulD?3~%2/259 =660 jg 3]50 in agree-
ment with a sequential folding mechanism (Fig. 2A). Thus, it
appears that PulD?®~*/259=6%0 my]timerization and its con-
solidation into a urea-resistant form precede formation of
the tightly packed trypsin resistant core, indicating that at
least one intermediate is formed en route to the native state.
These results indicate that trypsin resistance is the only true
measure for attainment of the PulD native state.

Effect of Membrane Fluidity on PulD Folding—Previous stud-
ies on the folding of OM proteins and pore-forming toxins indi-
cate that the fluidity of the model membrane determines, in
part, whether folding to a native state can occur (14,39 -41). To
investigate whether PulD only assembles into fluid membranes,
synthesis and folding were initiated at 30 °C in the presence of
phosphatidylcholine liposomes with acyl chain lengths of
12-18 carbons. PulD multimerized efficiently into fluid lipo-
somes of 1,2-dilauroyl-sn-glycero-3-phosphocholine (12 car-
bons) or 1,2-dimiristoyl-sun-glycero-3-phosphocholine lipids
(14 carbons) (Fig. 2B). In contrast, when produced in the pres-
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FIGURE 2. Kinetics of PulD?2-42/259-650 a5sembly in lecithin or diC,4.,PC
liposomes. A, immunoblot analysis after SDS-PAGE of multimerization kinetics
(M) and acquisition of urea (CJ) and trypsin resistance (O) of PulD?8-42/259-650
the presence of 53 mwm lecithin at 30 °C. Synthesis (10 min) was performed
before kinetics were monitored. Mu, multimeric PulD?8-42/259-660 ¢pacies;
Mo, monomeric PulD?8-42/259-6¢0 gnacies, B, PulD?8~4%/259-660 assembly in
diC,.,PC liposomes (in i, ii, iii, and iv, x = 12, 14, 16, and 18, respectively) at
30°C and in diC,¢,,PC liposomes upon warming to 42 °C (v). Synthesis was
performed for 6 h, except in the latter sample, where synthesis was
stopped after 10 min before increasing the temperature to 42 °Cfor6 h.C,
multimerization kinetics (l) and acquisition of the trypsin resistance (O)
of PulD?8742/239-650 i the presence of diC,,PC liposomes after a tempera-
ture jump from 30 to 42 °C. Synthesis was stopped after 10 min at 30 °C. Only
multimers are shown for the trypsin-resistant state because monomers were
digested completely. Bands were quantified by densitometry. Error bars rep-
resent S.D. over three independent measurements.

ence of diC,, ,PC or 1,2-distearoyl-sn-glycero-3-phosphocho-
line (18 carbons) liposomes, for which the phase transition tem-
peratures to the fluid phase are ~41 and 59 °C, respectively,
PulD migrated predominantly as a monomer upon SDS-PAGE,
even after incubation for 6 h (Fig. 2B). However, the putative
monomers accumulated at 30 °C in the presence of diC,  ,PC-
liposomes assembled into multimers with a yield of 54 * 13%
when the temperature was subsequently increased to 42 °C (Fig.
2B). Data scattering precluded a rigorous analysis of folding
kinetics in the presence of diC,,PC liposomes. Nonetheless,
the data clearly show that trypsin resistance of the multimer
was acquired simultaneously with SDS resistance (Fig. 2C),
indicating that PulD folds and assembles in a single step under
these conditions and suggesting that at least one folding step
occurred prior to warming the liposomes above the phase tran-
sition temperature. Together, these observations indicate that
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FIGURE 3. Characterization of PulD?®~*%2°9-%5 assembled in lecithin and
diC,6.0PC liposomes. Shown are glutaraldehyde (GA, 100 mm) cross-linking
of PulD?8742/2397660 i ¢jC, . ,PC liposomes (A) and blue native PAGE in digi-
tonin upon membrane solubilization (B). Mu, multimeric PulD?8-42/259-660
species; Mo, monomeric PulD?8-42/259-660 ¢pacies, C, flotation on a discontin-
uous sucrose gradient after assembly in liposomes. D, cross-linking of 1-azi-
dopyrene to PulD segments inserted into the membrane. E, immunoblot
analysis and 1-azidopyrene fluorescence after SDS-PAGE following a 10 min
synthesis reaction in the presence of lecithin liposomes. F, circular dichroism
spectra in lecithin liposomes (solid line) and in diC,4,PC liposomes before
(short dashed line) and after (long dashed line) a temperature jump from 30 to
42 °C. All electrophoresed samples were analyzed by immunoblotting. All
synthesis reactions were performed for 6 h at 30 °C in the presence of 4 mm
liposomes, except for PulD?8-42/259-660 i diC, . PC liposomes at 42 °C, for
which synthesis at 30 °C was stopped after 10 min before incubating for 6 h at
42 °C.

early PulD folding/assembly steps can occur on non-fluid
membranes.

PulD Is Multimeric in the Presence of diC ,.,PC Liposomes at
30 °C—According to electrophoretic analysis, the normally
hexameric Staphylococcus aureus a-toxin remains monomeric
when it interacts with non-fluid membranes (41). Electropho-
resis of PulD?$-12/259=660 golubilized from diC,,,PC-lipo-
somes suggested that PulD*®~*2/259 =660 hehaves similarly (Fig.
2B). However, the putative PulD?® ~*2/2%? =659 monomers made
in the presence of diC,4,,PC-liposomes at 30 °C could be cross-
linked by 100 mm glutaraldehyde, suggesting that they could, in
fact, be SDS-sensitive multimers (Fig. 34). Because nonspecific
cross-linking can produce artifacts, blue native PAGE was per-
formed on PulD?®~*2/259=660 soybilized from liposomes in the
detergent digitonin. When solubilized from lecithin liposomes,
the majority of PulD?*®~**/2>°~6¢0 migrated in a broad band
centered around 1200 kDa and a faint smear above 480 kDa.
Monomeric PulD?® ~*2/259=660 (45 kDa) was not observed (Fig.
3B). Solubilization of PulD?®~**/259=6%0 from diC, ,PC lipo-
somes was poor (data not shown), and only the band migrating
above 480 kDa was observed (Fig. 3B). The size of this band is
close to that expected for a PulD?®~**/259 =60 dodecamer (540
kDa), whereas the smear at 1200 kDa could represent dimers of
PulD dodecamers, as reported previously in Zwittergent 3-14
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(37). These results indicate that PulD?$~%/259=6%0 can multi-
merize in the presence of non-fluid membranes.

PulD Arrested on diC,4,PC Liposomes Is Membrane-associa-
ted—The lipid association of multimeric PulD?® ~*2/259~6%0 gpecies
assembled in the presence of diC, ,PC liposomes at 30 °C was
demonstrated by separating membrane-bound and soluble or
aggregated protein by centrifugation through a discontinuous
sucrose gradient. Both PulD?®~%2/259 =650 ingerted into lecithin
bilayers, and PulD*®~*2/259=660 phroduced in the presence of
diC,4.0PC liposomes appeared primarily in two parts of the
sucrose gradient (Fig. 3C). The relatively small amounts of pro-
tein at high sucrose density (Fig. 3C, lanes viii and ix) likely
represented PulD?®~%2/259-60 ingerted into membrane frag-
ments present in the E. coli lysate used for in vitro translation
(42) or from aggregated protein that is not membrane-associ-
ated. The rest of PulD?®~*2/259=9%9 \ya5 found in fractions of
lower sucrose density (Fig. 3C, lanes i—vii) with the majority
floating at low densities (lanes i—iv/v), indicating association
with the liposomes.

To determine whether diC, . ,PC-associated PulD?# ~42/259 =660
was inserted into the lipid bilayer of these liposomes at 30 °C,
proteins were labeled post-assembly by UV irradiation with the
membrane-soluble 1-azidopyrene, which labels only mem-
brane-inserted proteins (43—45). Both PulD?® ~42/259 =660 my].
timers and monomers fluoresced under UV light in 1-azidopy-
rene-treated lecithin and diC,4,PC liposomes, respectively
(Fig. 3D). We could not unambiguously determine whether
monomers could be labeled efficiently in lecithin as well. How-
ever, PulD?®~*2/259=660 myltimers did not label efficiently imme-
diately after synthesis, suggesting that PulD?®~%*2%9=6%0 jg not
membrane-inserted at the initial stages during assembly (Fig.
3E). The low labeling efficiency of the multimeric form in leci-
thin relative to that of apparent PulD?®~*%/259 =60 monomers
in diC,4,,PC liposomes at 30 °C suggested that both species
were inserted into the membrane in different conformations.
PulD?8~42/259-660 monomers associated with diC,.,PC lipo-
somes at 30 °C also remained trypsin-sensitive (Fig. 2C), indi-
cating that they are distinct from the native state.

Secondary Structure of PulD in Liposomes—To characterize
the structural differences between the membrane-associated
and membrane-inserted PulD?$~%2/259-6¢0 fyrther, lecithin
and diC,,,PC liposomes containing PulD?®~%2/259 7660 yere
subjected to CD spectroscopy. In agreement with spectra
obtained previously in detergent (36), PulD?8-42/259-660
inserted into lecithin liposomes exhibited a minimum around
220 nm, characteristic of a structure rich in B-sheets (Fig. 3F).
However, PulD associated with diC, , ,PC liposomes contained
an additional band with a minimum close to 210 nm, indicative
of an increase in a-helical conformation (Fig. 3F). Consistent
with the results obtained by SDS-PAGE, the CD spectrum
obtained after warming PulD?®~#*/259=60 i giC, . PC lipo-
somes to 42 °C (followed by cooling to room temperature for
spectral analysis) was closer to that of the native state, exhibit-
ing features of both characterized states (Fig. 3F). Together with
the 1-azidopyrene-labeling experiments above, these data strongly
support the occurrence of a structural rearrangement during the
transition of the membrane-embedded PulD?®~*2/259 =660 ¢ligo-
merization intermediate to its native state.
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FIGURE 4. Proposed model for PulD assembly in lecithin liposomes. Rapid
monomer association with the liposomes leads to membrane-bound oligo-
merization (i) into a prepore structure (ii) that inserts (iii) upon the activation
of a conformational switch to achieve the trypsin-resistant native state. The
acquisition of native state determinants at each stageis also shown. The aster-
isk indicates the likely immature PulD multimer that can be isolated on non-
fluid diC, 4.,PC liposomes. Note that SDS and urea resistance are not obtained
in diC,¢,,PC liposomes, which likely prevent essential membrane-embedded
interactions to achieve such a resistance.

DISCUSSION

The data presented here provide important direct evidence
for lipid-mediated assembly of a multimeric pore-forming pro-
tein (Fig. 4, stage i). By analyzing features of the PulD native
state in model membranes, we show that PulD can form an
alternative, probably loosely packed multimeric intermediate
that is membrane-embedded (Fig. 4, stage ii) before a confor-
mational switch triggers formation of the native state (stage iii).
Distinct assembly steps occur in lecithin liposomes. An SDS-
and urea-resistant structure that is formed first gradually
attains the native, trypsin-resistant state. SDS and trypsin
resistance appear simultaneously upon temperature-induced
assembly of immature multimer trapped previously in non-
fluid diC, ;. ,PCliposomes. Clearly, SDS resistance of the imma-
ture multimer cannot be obtained in non-fluid membranes,
suggesting that complete interaction between membrane-em-
bedded parts of PulD is facilitated in fluid membranes. Differ-
ences in secondary structure between the intermediate and the
native multimer are consistent with previous evidence that the
C-domain of PulD is rich in B-sheets (36, 46). The conforma-
tional changes that occur upon conversion of the PulD inter-
mediate to the native state are reminiscent of similar changes
proposed to occur upon membrane insertion of a prepore in a
group of non-constitutive pore forming proteins, including
bacterial toxins and perforins (47—49). In accordance with this
analogy, we suggest that the PulD intermediate represents a
membrane-embedded prepore and conclude that the confor-
mational switch associated with membrane penetration likely
represents a widespread mechanism shared by a range of self-
assembly pore-forming proteins. Alternatively, PulD could
transverse the membrane in two conformations, one rich in
a-helices and a second rich in B-sheets. Although we cannot
exclude this hypothesis, we consider it unlikely that such a con-
formational exchange can occur within the membrane.

Electron microscopy of the periplasmic vestibule of a secre-
tin involved in type IV pilus assembly (50) and cross-linking of
non-equivalent engineered cysteine residues in the N-domain
of type II secretion system secretins (51, 52) led the authors to

OCTOBER 18,2013 +VOLUME 288+-NUMBER 42

PulD Synthesis and Assembly

propose that secretin multimers consist of a hexameric
arrangement of dimers. The majority of the N-domain is almost
completely superfluous for PulD assembly (28), suggesting that
it cannot play a major role in secretin assembly. The presence of
the N,-N;_, domains apparently provides only an apparent
kinetic advantage during in vitro assembly. Dimers were not
detected during the initial stages of the assembly of full-length
and truncated PulD in our experiments. Attaining dodecameric
symmetry could, therefore, be the first step, followed by differ-
entiation into a hexamer of dimers upon membrane insertion
after prepore formation or during the assembly of the entire
secretion system. It is likely that PulD and secretins in general
cycle through a range of conformations while performing their
functions. Secretins with dodecameric symmetry and secretins
with lower symmetry could, therefore, represent a particular
stage in this cycle.

Genetic studies failed to identify key multimerization sites
(53) other than the N, domain (28). Together with the model
proposed here, these data suggest that the N; domain drives
multimerization (Fig. 4, stage i) followed by organizing the
C-domain to construct a prepore (stage ii) that is competent to
form a transmembrane pore (stage iii). The CD spectrum of the
prepore is similar to that of the N domains of PulD (36), sug-
gesting that the N; domain is folded in the prepore, allowing
multimerization to occur. Previous studies also showed that
PulD assembles into the inner membrane in the absence of its
chaperone PulS (31, 32). Because PulD alone is able to autoas-
semble in vitro and in vivo, PulS might prevent premature mul-
timerization. However, the PulS binding site is the C-terminal
domain of PulD, distal to the N; domain (54). PulS might pre-
vent PulD multimerization if the highly flexible nature of the
PulS binding domain facilitates the interaction with the N,
domain (55). A second unresolved question is raised by the
discrepancy between the requirement for highly fluid mem-
branes for the folding of outer membrane proteins in vitro (56,
57) and the presumed low fluidity of the outer membrane (58).
Recent observations indicate that at least certain chaperones
can help overcome this barrier (59, 60). PulS might play such a
role. Indeed, PulD insertion into purified bacterial outer mem-
branes in vitro was efficient only when PulS was present in those
membranes (35). Future challenges will, therefore, include
delineating the role of PulS in PulD assembly into the outer
membrane and how PulS interferes with the PulD autoassem-
bly pathway that leads to cytotoxicity. In addition, the unique
tractability of PulD assembly that enables an assembly interme-
diate to be trapped validates it as a model protein for investigat-
ing the determinants of membrane assembly in this class of
proteins.
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