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INTRODUCTION

A complex of ExbB, ExbD, and TonB couples cytoplasmic membrane (CM) proton motive
force (pmf) to the active transport of large, scarce, or important nutrients across the outer
membrane (OM). TonB interacts with OM transporters to enable ligand transport. Several
mechanical models and a shuttle model explain how TonB might work. In the mechanical
models, TonB remains attached to the CM during energy transduction, while in the shut-
tle model the TonB N terminus leaves the CM to deliver conformationally stored potential
energy to OM transporters. Previous studies suggested that TonB did not shuttle based on
the activity of a GFP-TonB fusion that was anchored in the CM by the GFP moiety. When we
recreated the GFP-TonB fusion to extend those studies, in our hands it was proteolytically
unstable, giving rise to potentially shuttleable degradation products. Recently, we discov-
ered that a fusion of the Vibrio cholerae ToxR cytoplasmic domain to the N terminus of
TonB was proteolytically stable. ToxR—TonB was able to be completely converted into a pro-
teinase K-resistant conformation in response to loss of pmf in spheroplasts and exhibited
an ability to form a pmf-dependent formaldehyde crosslink to ExbD, both indicators of its
location in the CM. Most importantly, ToxR—TonB had the same relative specific activity as
wild-type TonB. Taken together, these results provide conclusive evidence that TonB does
not shuttle during energy transduction. We had previously concluded that TonB shuttles
based on the use of an Oregon Green® 488 maleimide probe to assess periplasmic acces-
sibility of N-terminal TonB. Here we show that the probe was permeant to the CM, thus
permitting the labeling of the TonB N-terminus. These former results are reinterpreted in
the context that TonB does not shuttle, and suggest the existence of a signal transduction
pathway from OM to cytoplasm.
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with integral CM proteins ExbB/D (Karlsson et al., 1993; Larsen

The TonB system energizes the transport of large, scarce, and
important nutrients such as vitamin B12 and siderophores com-
plexed with iron across the outer membrane (OM) of Escherichia
coli. A complex of the cytoplasmic membrane (CM) proteins
ExbB and ExbD harnesses energy derived from the proton
motive force (pmf) and transmits this energy to TonB. TonB
then physically contacts a ligand-loaded TonB-gated transporter
(TGT) in the OM, thus enabling release of the ligand into
the periplasmic space. The per-cell copy number ratio of the
TonB:ExbB:ExbD proteins is 1:7:2, although the precise ratio in
an energy-transducing complex is unknown (Higgs et al., 2002).
In E. coli, one set of tonB—exbB—exbD genes supports transport for
multiple TGTs. But in certain other species, logistics are more
complex; for example, Xanthomonas campestris has eight tonB
genes and genes for 48 different transporters (Schauer et al,
2008).

Escherichia coli TonB has a topology consistent with that of
an inter-membrane energy transducer: a short cytoplasmic region
(residues 1-11), an N-terminal transmembrane domain (TMD,
residues 12-32), a periplasmic linker region from 33-149, and a
C terminus (residues 150-239) capable of interacting with TGTs.
The TMD is essential for localization and maintaining interactions

et al., 1999; Ollis et al., 2009). The periplasmic linker domain is
predicted to be largely disordered and contains a non-essential
proline-rich domain from 70-102 (Larsen et al., 1993, 2007; Pea-
cock et al., 2005). The C terminus is essential for interaction
with TGTs, but none of the 90 residues in the C terminus are
individually essential for function (Postle et al., 2010). The mol-
ecular mechanism by which TonB transduces energy from the
CM to TGTs and facilitates subsequent ligand transport is largely
unknown.

The question of how TonB participates in energy transduction
has been fertile ground for researchers’ imaginations since the idea
of energy transduction from the CM pmf to the OM first emerged
(Hancock and Braun, 1976). In 1980, the Bradbeer laboratory
suggested the possibility that TonB might synthesize a mobile mes-
senger that would diffuse from CM to OM (Reynolds et al., 1980).
Wookey (1982) proposed that TonB might be a periplasmic perme-
ase. Kadner (1990) proposed the idea that TonB might shuttle in
a review article. Subsequent evidence for the shuttle model came
from sucrose density gradient fractionation experiments where
our lab showed TonB to localize in a CM:OM ratio of 60:40%, and
exclusively at the OM in conditions in which ExbB/D and TolQ/R
were absent (Letain and Postle, 1997). These initial findings were
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supported by in vivo demonstrations that a cys substitution in
the extreme TonB N terminus, L3C, could be labeled with the
probe Oregon Green® 488 maleimide (OGM; Larsen et al., 2003).
As a control, truncated TonB L3C, consisting of the N-terminal
168 amino acids, was unable to interact with TGTs and could
not be labeled although it formed a normal complex with ExbB.
The degree of labeling for TonB L3C also increased substantially
in the absence of the CM proteins ExbB/D and TolQ/R. Taken
together, the results suggested that the extreme N terminus of
TonB was labeled in the periplasm after it had departed from the
CM. We suggested that energy transduction involved the physical
cycling between the CM and OM compartments, a process called
“shuttling.”

Alternative models have arisen since that time, including a pro-
peller model, a pulling model, and a PBP-assisted model (reviewed
in Krewulak and Vogel, 2011). What the later models have in com-
mon is that the TonB TMD never leaves the CM while accomplish-
ing its functions. None of the models for TonB-dependent energy
transduction has been widely embraced or ruled out, because of a
lack of conclusive supporting evidence.

Here we show that in our hands a GFP-TonB fusion was too
proteolytically unstable to allow meaningful interpretation of the
data. In contrast, a fusion of the cytoplasmic domain of Vibrio
cholerae ToxR (aa 1-181) to the N terminus of TonB was pro-
teolytically stable, localized to the CM and had a relative specific
activity that was essentially the same as wild-type TonB. These data
indicated that TonB does not shuttle. We also discovered that our
previous interpretation that TonB shuttled had been compromised
by the fact, shown in these studies, that OGM could leak across
the CM and label a cys substitution in a cytoplasmically confined
TonB derivative. In light of these findings, our previous data are
reinterpreted here.

MATERIALS AND METHODS

MEDIA, CULTURE CONDITIONS

Saturated overnight cultures grown in Luria-Bertani (LB) broth
were subcultured 1:100 into M9 minimal medium or MOPS
medium with chloramphenicol added to 34 jLg/ml as necessary to
maintain plasmids (Shedlovsky and Brenner, 1963; Miller, 1972;
Neidhardt et al., 1974). For M9 minimal medium, M9 salts were
supplemented with 0.5% glycerol, 0.2% casamino acids (wt/vol),
40 pg/ml tryptophan, 0.4 pg/ml thiamine, 1 mM MgSOy, 0.5 mM
CaCl,, and 1.85uM FeCls (Postle, 2007). When necessary, L-
arabinose or sodium propionate was added to induce expression of
the TonB derivatives to normal chromosomal levels. For all assays,
cells were grown to mid-exponential phase of 0.4-0.5 Asso units
as measured on a Spectronic 20 spectrophotometer usinga 1.5 cm
pathway. A sample of each culture was precipitated with an equal
volume of ice cold 20% w/v trichloro acetic acid (TCA) and pro-
tein levels were visualized on immunoblots of SDS-polyacrylamide
gels.

STRAINS AND CONSTRUCTION OF PLASMIDS

Escherichia coli K-12 strains W3110 [F~ IN(rrnD—rrnE)1; Hill
and Harnish, 1981)], KP1344 (W3110 AtonB::blaM; Larsen et al.,
1999), KP1440 (W3110 AtonB::blaM exbB::Tn10, tolQam; Larsen
et al., 2003), KP1035 (W3110 entA::mini-kan), KP1229 (W3110

A ana—tonB—trpC; Ahmer et al., 1995), and KP1231 [W3110
A(ana—tonB—trpC) entA:mini-kan] were the principal strains
used in this study. KP1231 was constructed by sequential Ply;;
transduction of the entA::mini-kan cassette from MK3, a gener-
ous gift from Mark McIntosh, into W3110 to generate KP1035 and
finally from KP1035 into KP1229 to yield KP1231 (Ahmer et al,,
1995). Plasmids used in this study are shown in Table 1. Attempts
were made to replicate construction of a GFP-TonB fusion protein
previously described (Kaserer et al., 2008), where sggfp is con-
nected to tonB by a BamHI site. The plasmid encoding the exact
GFP variant (sggfp) used in that study was no longer available (dis-
continued by the manufacturer), so a gfprmut2 variant was used
(encoded on pDR107B, a generous gift from P. de Boer). sggfp
and gfpmut2 both encode derivatives of Aequorea victoria green
fluorescent protein. Each has three substitutions to increase or
enhance GFP fluorescence, but the substitutions are different —
for sggfp, F64L, S65C, and 1167T (Kaserer et al., 2008) and for
gfpmut2, S65A,V68L, and S72A (Cormack et al., 1996) gfpmut2—
tonB was constructed in three steps. First, tonB including the native
RBS, from pKP325, was cloned into pPro33 using a 5 Kpnl site
and 3’ Sphl site, creating pKP1141 (primer sequences available
upon request). Digestion of pPro33 with these restriction enzymes
excised the unique BamHI site in the pPro33 MCS, since a unique
BamHI site was needed in the final construct, as described above.
In the second step, a BamHI site was added immediately before
the tonB start codon in pKP1141, creating pKP1159. Forward and
reverse primers were designed with the desired insertion flanked
onboth sides by 12—15homologous bases. Dpnl digestion was used
to remove the template plasmid. Clones were screened for the pres-
ence of the BamHI site. In the third step, gfpmut2 from pDR107B
was amplified, from the start codon through the final codon
for Lys238 (no stop codon) and introducing flanking BamHI

Table 1 | Plasmids used in this study.

Plasmid name Relevant genotype/ Reference
phenotype

pDR107B pET21B derivative encoding Raskin and De Boer
GFP mut 2-T7tag-his fusion (1997)
protein; Amp"

pBAD33 Pgap promoter; AraC; Cam’ Guzman et al. (1995)

pPro33 pBAD33 2-methyl-citrate Lee and Keasling
inducible; Cam'’ (2005)

pASAToxRTonB1  pHK toxR(1-181) — Sauter et al. (2003)
tonB(1-239) Cam’

pKP325 TonB (araBAD regulated); Larsen et al. (1999)
AraC Cam'

pKP477 pKP325 ATonB Ghosh and Postle

(2004)

pKP478 pKP325 TonB L3C C18G Larsen et al. (2003)

pKP544 pKP325TonB L3C ATMD This study

pKP1141 pPro33 tonB This study

pKP1159 pPro33 tonB with novel This study
BamHlI site

pKP1160 pPro33 gfpmut2—-tonB This study

pKP1529 pBAD33 ToxR-TonB This study
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sites. This was cloned into the BamHI site of pKP1159, creating
pKP1160 (gfpmut2—tonB). Clones were screened for insert orien-
tation with with Ncol. With the exception of the GFP modifica-
tions, this construct was the same as pGT from Kaserer etal. (2008).

Plasmid pKP1529 was generated by cloning PCR-amplified
ToxR-TonB (including the ToxR Shine—Dalgarno sequences) from
PASAToxRTonB1 (Sauter et al., 2003) into the unique Xbal site in
PBAD33 (Guzman et al., 1995). As a result, ToxR—TonB expression
was now regulated by the Pgap promoter. All other plasmids are
derivatives of pKP325 (Larsen et al., 2007). Plasmid pKP544 was
constructed by extra-long PCR, resulting in the removal of TonB
residues 13—35. Plasmid DNA sequences were verified at the Penn
State Genomics Core Facility — University Park, PA, USA.

IN VIVO FORMALDEHYDE CROSSLINKING

Formaldehyde crosslinking assays were performed essentially as
described previously (Postle, 2007; Ollis et al., 2009). Mid-
exponential phase cells were resuspended in sodium phosphate
buffer pH 6.8. A portion of each culture served as a control for
TonB expression levels. To examine crosslinking of ToxR-TonB in
the absence of pmf, carbonylcyanide-m-chlorophenylhydrazone
(CCCP) was added to a final concentration of 50 WM. As a control
for solvent addition, dimethyl sulfoxide (DMSO) was added to
each sample that was not treated with CCCP. Samples were incu-
bated at 37°C for 5 min. and treated with 16% paraformaldehyde
(final concentration 1%) for 15 min at room temperature. After
centrifugation for 5min at room temperature, crosslinked sam-
ples were solubilized in sample buffer (Laemmli, 1970) at 60°C for
5min., and uncrosslinked samples were boiled at 95°C for 7 min.
Complexes were visualized on immunoblots with the anti-TonB
monoclonal (4F1) and anti-ExbD polyclonal antibodies (Larsen
et al., 1996; Higgs et al., 2002).

[**Fe]FERRICHROME TRANSPORT

Mid-exponential phase cells were harvested, suspended in buffer
and initial rates of [>*Fe]ferrichrome transport were determined
in triplicate as described (Postle, 2007). A sample of each culture
was TCA precipitated immediately prior to assay to determine
TonB expression levels. Proteins were visualized on immunoblots
of SDS-polyacrylamide gels with the anti-TonB monoclonal anti-
body 4F1. This experiment was performed independently three
times and the same results obtained.

PROTEINASE K ACCESSIBILITY

Strains expressing TonB derivatives were converted to either intact
or lysed spheroplasts and were treated with or without proteinase K
and with or without carbonylcyanide-m-chlorophenylhydrazone
(CCCP) as described previously (Larsen et al., 1999). Proteinase
K-resistant forms were visualized on immunoblots with the
monoclonal antibody 4F1.

ELECTRON MICROSCOPY PREPARATIONS

Plasmid-bearing mid-exponential phase KP1344 cells were pel-
leted and fixed with glutaraldehyde and paraformaldehyde at
concentrations of 2% w/v, each according to standard protocols
from the Franceschi Microscopy and Imaging Center, Washing-
ton State University, Pullman, WA, USA. Samples were dehydrated

in an ethanol series and then embedded in LR-White resin. Cured
samples were thin sectioned and adhered to nickel grids. Immuno-
labeling was performed with 1:100 4F1, followed by 1:100 goat
anti-mouse antibody conjugated with 20 nm gold particles. Grids
were stained with uranyl acetate and lead citrate and visualized
with a JEOL transmission electron microscope (JEOL USA Inc.)
with images captured with a MegaViewlII Digital camera at the
Franceschi Microscopy and Imaging Center.

OREGON GREEN® MALEIMIDE LABELING

In vivo labeling was performed as described previously (Larsen
et al., 2003). Briefly, 75ml cells were grown in LB broth with
34 .g/ml chloramphenicol to an Assy of 0.50. Buffer A (50 mM
KPOy, 100 mM K,SOy4, pH 7.0) was added to 25 ml of cells and
OGM in DMSO was added to a final concentration of 172 M.
Samples were incubated for 1h on ice with shaking and were
quenched with 2-mercapoethanol. After washing three times with
Buffer A, samples were suspended in Tris—LSB, boiled for 10 min
and frozen at —30°C.

In vitro labeling was performed in a manner similar to the
in vivo labeling protocol but differed in that RIPA buffer (1% Tri-
ton X-100, 1% sodium deoxycholate, 1% SDS in 150 mM NaCl
50 mM Tris-acetate pH 7.6) was added to harvested cells, the cells
were passed twice through a French Pressure cell, and lysate was
collected. Samples were incubated with OGM and frozen as above
except that no LSB-Tris was added prior to freezing. The results
did not change for either in vivo or in vitro labeling regardless
of whether or not 2-mercaptoethanol was added to quench the
reaction.

IMMUNOPRECIPITATION

In vivo and in vitro samples were thawed, and TonB was immuno-
precipitated with a cocktail of 4F1 and 4H4 monoclonal antibody
as described previously (Larsen et al., 2003). Samples for GroEL
analysis were prepared the same way as the TonB samples but
immunoprecipitated with anti-GroEL antibody (Stressgen Biore-
agents, Victoria, BC, Canada). Samples were divided, resolved
on SDS-polyacrylamide gels and immunoblots were subsequently
developed with either anti-TonB or anti-GroEL antibodies and
anti-OGM (Pierce) antibodies.

RESULTS

GFP-TonB CAN GIVE RISE TO “SHUTTLEABLE” DEGRADATION
PRODUCTS

A recent study fused GFP from A. victoria to the N terminus
of TonB and asked whether or not this GFP-TonB construct
was active (Kaserer et al., 2008). The fusion of the TonB cyto-
plasmic N terminus to a large cytoplasmically localized protein
should prevent potential shuttling by keeping TonB retained in
the CM. The GFP-TonB construct supported TonB activity and
the authors concluded that TonB did not shuttle. To extend this
work, we reconstructed a GFP-TonB fusion with the same linker
sequence between GFP and TonB as was used in that study and
used TCA to precipitate bacteria immediately upon harvest to pre-
vent the degradation of GFP-TonB (and presumably GFP-TonB
fragments) that could occur in gel sample buffer at 95°C (Skare
and Postle, 1991). This allowed for accurate determination of the
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steady-state levels of all TonB-specific peptides. In our hands,
expression of GFP-TonB at chromosomal levels resulted in the
detection of several prominent degradation products (Figure 1).
The results did not change regardless of whether M9 or MOPS
medium was used, nor if GFP-TonB was expressed in the tonB
entA strain KP1231 (data not shown). The degradation products
that were the size of full-length TonB or slightly larger might sup-
port TonB activity by shuttling. Because of the challenges and
problems with proteolysis and because the mechanism of TonB
energy transduction is still considered an open question (Krewu-
lak and Vogel, 2011), we wanted to identify a system that could
answer the question of shuttling more definitely.

ToxR (1-181) — TonB IS STABLE AND FULLY ACTIVE

During the course of studies on TonB dimerization, we identified
a fusion of full-length TonB to the cytoplasmic domain (aa 1-181)
of V. cholerae ToxR (Miller et al., 1987), that was extremely stable
as expressed from pASAToxRTonB1 and analyzed by immunoblot
(data not shown). This plasmid was a kind gift of V. Braun from
earlier studies on TonB dimerization where the expression lev-
els and activities of the ToxR—TonB constructs were not reported
(Sauter et al., 2003). Because ToxR—TonB was overexpressed from
pASAToxRTonB1 (data not shown), we cloned toxR—tonB, includ-
ing its putative Shine-Dalgarno sequences into pBAD33 so that
its expression could be regulated by the Pgap promoter (Guzman
et al., 1995).

Like wild-type TonB, virtually all of the ToxR-TonB could be
converted into a proteinase K-resistant conformation by collapse
of the pmf due to CCCP addition (Figure 2). Because ExbB and
ExbD are required for this proteinase K-resistant conformation

pPro33 pPro33

@ m
S 'S TonB__ GFP-TonB
kba 5'50 151001 5 10 *
250 m—
130 ==
95
72 -— D
-“
55 mm -
ap—~
—-————) -~ =
36
28 = . =

FIGURE 1 | GFP-TonB exhibits prominent degradation in vivo.
Steady-state levels were determined as described in Section “Materials
and Methods” with the following strains: cTonB (W3110 expressing
chromosomally encoded TonB); ATonB (KP1344); pPro33-TonB
(KP1344/pKP1159); and pPro33 GFP-TonB (KP1344/pKP1160). Sodium
propionate (*) was added to induce expression of plasmid-encoded TonB or
GFP-TonB as follows: 0, 1, 5, 10 mMM. TonB expression levels were
visualized on immunoblots of 11% SDS-polyacrylamide gels with the TonB
monoclonal antibody 4F1. Mass standards (kDa) are shown on the left.
Full-length TonB migrates at 36 kDa, and the position of full-length
GFP-TonB is indicated by the arrow. The most likely proteins to serve as the
source of activity if TonB shuttles are indicated by the bracket.

(Larsenetal., 1999), it suggested that ToxR—TonB was located in the
CM. The pmf is also required for TonB and ExbD to formaldehyde
crosslink in vivo through their periplasmic domains (Ollis et al.,
2009). Likewise, ToxR—TonB was also able to form this functionally
significant crosslink with ExbD (Figure 3), and this complex was
undetected when pmf was collapsed with CCCP. Thus, ToxR-TonB
could be energized in the same way as wild-type TonB.

Finally, [>>Fe]ferrichrome transport assays revealed that ToxR—
TonB, when expressed to chromosomal levels, supported ~100%
of the wild-type plasmid-encoded TonB ferrichrome transport
rate (Figure 4). ToxR-TonB supported 84 and 92% of wild-type
activity in additional triplicate trials (data not shown). The key
observation was that this activity could only have arisen from full-
length ToxR—TonB. The amount of TonB in the uninduced sample
(pTonB no ara) far exceeded the amount of the only detectable
degradation product that derived from ToxR-TonB and supported
only 12% activity (Figure 4). Thus, stable, full length ToxR—TonB
had the same relative specific activity as chromosomally encoded
wild-type TonB.

MEMBRANE PERMEABILITY OF 0GM EXPLAINS PREVIOUS RESULTS
The strongest prior evidence for in vivo shuttling was the demon-
stration that a cys substitution predicted to be cytoplasmically
localized could be labeled by OGM in full-length TonB but not in
a truncated TonB derivative missing much of its C terminus and
incapable of interaction with the OM (Larsen et al., 2003). OGM
has been considered a “generally membrane impermeant” probe,
and other groups have used this reagent to discriminate between
free cysteines in the periplasm or cytoplasm of Gram-negative bac-
teria (Ye et al., 2001; Ye and Maloney, 2002; Yang et al., 2005; Liu
etal.,2007; Nanatani et al., 2007, 2009). Given the contrast in find-
ings between the ToxR fusions and the OGM labeling, we tested
the possibility that OGM leakage across the CM could account for
our previous findings (Larsen et al., 2003).

To assess the potential for OGM to leak across the CM, we con-
structed a TonB variant lacking its transmembrane domain but

cTonB

Sph Sph
WC Sph CCCP WC Sph CCCP

pToxR-TonB

kDa
55— <« ToxR-TonB

& <« ToxR-TonB PKRF

36—
- o

28—

<« TonB

- <« TonB PKRF

FIGURE 2 | ToxR-TonB is conformationally responsive to pmf. Strains
were converted to spheroplasts and treated with or without proteinase K
and CCCP as described in Section “Materials and Methods"” with the
following strains: cTonB (W3110 expressing chromosomally encoded TonB)
and pToxR-TonB [KP1344 (A tonB)/pKP1529]. L-Arabinose was added to
induce expression of ToxR—TonB to chromosomal levels (0.00046%).
Samples were resolved on 13% SDS-polyacrylamide gels, and
immunoblotting was performed with the a-TonB monoclonal antibody 4F1.
Mass standards are shown on the left. Abbreviations: WC, whole cells; Sph,
spheroplasts; PKRF, proteinase K-resistant fragment.
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FIGURE 3 | ToxR-TonB makes the pmf-dependent crosslink with ExbD.
Crosslinking was performed as described in Section “Materials and
Methods” with the following strains: cTonB (W3110 expressing
chromosomally encoded TonB and ExbD); ATonB (KP1344); pTonB
(KP1344/pKP325); pToxR-TonB (KP1344/pKP1529); and pToxR-TonB CCCP
(KP1344/pKP1529 treated with 50 uM CCCP). L-Arabinose was added to
induce expression of plasmid-encoded TonB as follows: 0.00075% for
pTonB and 0.00046% for pToxR-TonB. Complexes were detected on
immunoblots of 13% SDS-polyacrylamide gels using ExbD polyclonal
antibodies (upper two panels). Uncrosslinked monomeric TonB and
ToxR-TonB levels were visualized with the monoclonal anti-TonB antibody
4F1 (bottom panel). The molecular mass standards (kDa) are shown on
the left.

retaining the L3C substitution of the original OGM labeling study.
TonB L3C ATMD expressed from pKP544 should be cytoplasmi-
cally localized (Karlsson et al., 1993). The cytoplasmic localization
of the TonB L3C ATMD construct was tested by two meth-
ods: proteinase K accessibility assays in intact spheroplasts and
transmission electron microscopy immunolocalization. Whereas
wild-type TonB (TonB L3C C18G) is sensitive to proteinase K in
intact spheroplasts, the TonB L3C ATMD was sequestered from
proteinase K (Figure 5A). When spheroplasts were lysed, both
TonB L3C C18G and TonB L3C ATMD were sensitive to pro-
teinase K, indicating that TonB L3C ATMD was cytoplasmically
localized (Figure 5A). The same results were also obtained in
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FIGURE 4 | ToxR-TonB supports as much activity as plasmid-encoded
wild-type TonB. Ferrichrome transport assays were performed as
described in Section “Materials and Methods" with the following strains:
cTonB (W3110 expressing chromosomally encoded TonB); ATonB (KP1344);
pTonB (KP1344/pKP325); pTonB no ara (KP1344/pKP325 uninduced); and
pToxR-TonB (KP1344/pKP1529). L-Arabinose was added to induce
expression of plasmid-encoded TonB as follows: 0.00075% for pTonB and
0.00045% for pToxR-TonB. Initial ferrichrome transport rates are as follows,
expressed as counts per minute (cpm)/0.05 Ass, Ml cells/minute: cTonB
453 £ 31; pTonB 326 + 13 (standard to 100%); pTonB no ara 3947 (12%);
pToxR-TonB 333 £ 15 (102%); ATonB —4 +4 (0%). TonB expression levels
were visualized on immunoblots of 11% SDS-polyacrylamide gels with
anti-TonB monoclonal antibody 4F1. A longer exposure is shown to provide
a comparison between uninduced pKP325 and the lack of full-length
degradation product from pKP1529. Mass standards are shown on the
right. Degradation products are marked with an asterisk (*).

KP1344 (data not shown). Consistent with that result, electron
microscopy revealed that the TonB L3C ATMD was confined to
the cytoplasm whereas gold particles detecting wild-type TonB
localized to the envelope (Figure 5B).

Oregon Green® 488 maleimide was able to label the cytoplas-
mically localized TonB L3C ATMD both in vitro and in vivo. This
showed that in our previous experiments, OGM was indeed capa-
ble of crossing the CM and TonB L3C did not need to shuttle to
become labeled by it (Figure 6). In addition, OGM labeled the
cytoplasmic chaperone GroEL in vitro and in vivo, confirming its
ability to leak across the CM (Figure 6).
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FIGURE 5 | TonB L3C ATMD is cytoplasmically localized. (A) TonB L3C
ATMD is resistant to proteinase K in intact spheroplasts but sensitive to
proteinase K in lysed spheroplasts. Strains pTonB L3C ATMD (KP1440
(AtonB, exbB::Tn10, tolQ,)/pKP544) and pTonB L3C C18G
(KP1440/pKP478) were converted to either intact or lysed spheroplasts and
treated with or without proteinase K as described in Section “Materials and
Methods.” Proteins were resolved on 11% SDS-polyacrylamide gels and
immunoblotted with anti-TonB 4F1 antibodies. Abbreviations: WC, whole
cells; Sph, spheroplast; Lys, lysed spheroplast. (B) Electron micrographs of
strains cTonB (W3110 expressing chromosomally encoded TonB) or pTonB
L3C ATMD (KP1344/pKP544). Cells were fixed and labeled with
immunogold particles as described in Section “Materials and Methods.”
Examples of labeled TonB derivatives are indicated with arrows. Size bars
are included at the bottom.
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FIGURE 6 | Oregon Green maleimide labels cytoplasmic proteins. OGM
labeling and subsequent immunoprecipitation were performed as
described in Section “Materials and Methods” with the following strains:
cGroEL (W3110 expressing chromosomally encoded GroEL) and pTonB L3C
ATMD (KP1344/pKP544). Samples of cells were also lysed by passage
through a French pressure cell and labeled in vitro; these served as a
standard for 100% labeling. L-Arabinose was added to induce expression of
TonB L3C ATMD (0.002%). Proteins were also harvested by treatment with
TCA to serve as a total protein control. Samples were divided and resolved
on 11% SDS-polyacrylamide gels and immunoblotted with anti-TonB or
anti-GroEL antibodies for half of the samples and with anti-OGM antibodies
for the other half. Positions of TonB L3C ATMD and GroEL are indicated.
Molecular mass standards are shown in the center. Abbreviation: IF
immunoprecipitation.

DISCUSSION
The fate of the TonB N terminus during energy transduction has
been speculated about and investigated for many years. Today, the

primary models that explain its role include several mechanical
models where TonB remains continuously associated with the CM
and the shuttle model, where TonB cyclically dissociates from the
CM and shuttles to the OM. The mechanical models suggest direct
use of the pmf in energizing TGTs with TonB as a bridge between
the two. The shuttle model suggests that TonB somehow stores
potential energy from the pmf prior to shuttling to the OM. The
TonB TMD was proposed to store the potential energy through
response of residues S16 and H20 to the pmf (Larsen and Postle,
2001). Because these two models have different consequences and
make different predictions, it is important to determine which is
correct.

Since the emergence of the shuttle model, we have learned that
the TonB TMD is highly tolerant to mutation. In particular, the
only sidechain that cannot be replaced by ala and retain activity
is H20, yet H20 can be replaced by asn and retain full activity,
suggesting that the TonB TMD is not on a proton translocation
pathway (Larsen et al., 2007; Swayne and Postle, 2011). These
results cast doubt on the shuttle hypothesis by eliminating the
TMD as the region of TonB that needed to be delivered to the
OM. Here we demonstrate that, in contrast to GFP-TonB, a fusion
of the cytoplasmic domain of ToxR (1-181) to TonB produced
virtually no degradation products when expressed at levels char-
acteristic of native TonB. ToxR-TonB appeared to be anchored in
the CM at all times because it could be fully converted to a pro-
teinase K-resistant form in de-energized cells. ToxR-TonB could
also form a pmf-dependent crosslink with ExbD and was fully
active in ferrichrome transport assays. This eliminated the possi-
bility that somehow the entire ~180 residue folded cytoplasmic
domain of ToxR could be pulled out of the CM to shuttle. Even
if the ToxR domain could be pulled out of the CM, it would not
be possible for it to recross back into the cytoplasm and allow the
TonB portion to assume its rightful relationship with ExbB and
ExbD such that it had 100% activity. Because ToxR—TonB had an
equivalent relative specific activity to TonB, we conclude that TonB
does not shuttle. These results confirm and expand the conclusions
of Kaserer et al. (2008).

The permeability of OGM to the CM explained the apparent
contradiction between the ToxR—TonB results, and the previous
ones suggesting that TonB shuttles in vivo (Larsen et al., 2003).
The data from our 2003 study can be reinterpreted in the light
of this new information. The labeling seen for full-length TonB
L3C can be explained by the observation that OGM diffuses into
the cytoplasm. A more interesting explanation may pertain to the
observation that TonB,mi6s L3C did not become labeled with
OGM, even though it still retained the ability to respond con-
formationally to pmf in spheroplasts and formaldehyde crosslink
to ExbB, indicating that the truncation did not radically inter-
fere with assembly with ExbB/D. The reinterpretation of the data
raises the question of whether there is signal transduction occur-
ring from the OM to the CM ExbB/D complex through TonB. It
could be that when full-length TonB is present, the cytoplasmic
domains of ExbB allow access of OGM to the extreme N terminus
of TonB. In this model, when the C terminus of TonB is deleted
and TonB does not associate with the OM, then the cytoplasmic
domains of ExbB are conformationally rearranged such that the
TonB L3C residue is sequestered. Consistent with that idea, TonB
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FIGURE 7 | TonB cannot reach OM transporters with the conformation
depicted by crystal structures of its C terminus. TonB residues 33-69
and 103-149, predicted to be disordered regions (Larsen et al., 2007), are
depicted as yellow rectangles. The span of the periplasmic space was
estimated based on crystal structure reconstructions of the AcrA/B/TolC
complex (Symmons et al., 2009). Abbreviations: CM, cytoplasmic
membrane; OM, outer membrane.

L3C was not labeled by OGM in the inside-out vesicles arising
from French-pressed cells that not only lacked pmf but also any
connection to the OM (data not shown).

The observation that TonB remains attached to the CM dur-
ing energy transduction has ramifications for the meaning of the
solved TonB-FhuA and TonB-BtuB crystal structures (Pawelek
et al., 2006; Shultis et al., 2006). The conformation of the TonB C
terminal domain solved in complex with the TGTs accounts only
for ~25 A, but arises from ~1/3 of the length of TonB (residues
153-233, with 239 being the terminal residue; Figure 7). While the
proline-rich domain can span up to 100 A of periplasmic space,
it is non-essential (Evans et al., 1986; Larsen et al., 1993; Seliger
etal., 2001). Based on the assembled structure of the periplasmic-
spanning AcrAB/TolC complex, the distance between the CM and
OM appears to be approximately 180 A (Symmons et al., 2009).
This suggests that the C terminus of TonB must be more dis-
ordered than is represented by the solved structures as it spans
the periplasm and identifies a ligand-loaded transporter. Consis-
tent with that, the TonB primary amino acid sequence predicts a
highly disordered protein, and the C terminus is conformationally
dynamic in vivo (Larsen et al., 1999, 2007; Postle et al., 2010). If

REFERENCES

TonB must be disordered in order to span the periplasm, then it is
likely that TonB C terminus participates in an energy transduction
cycle of association and dissociation from the TGTs rather than
being constantly associated with the OM. In support of this idea,
the number of OM transporters in a given cell exceeds the number
of available TonB molecules (Kadner and Heller, 1995; Higgs et al.,
2002; Postle et al., 2010).

In a detailed analysis of four TGT structures, Chimento et al.
(2005) noted that the B-strands of the cork domain that fills the
TGT barrel are mostly parallel to the periplasmic space. They pro-
pose that only a modest perpendicular force supplied by TonB
would be necessary to unfold the cork (Chimento et al., 2005).
Now that we know that TonB does not shuttle, and that it may
contact the TGT in a disordered conformation, it suggests that the
mere folding of TonB upon contact might be sufficient to allow
transport.

These new data also raised the question of what the 30-40%
of TonB that fractionates with the OM represents. It could possi-
bly represent the fraction of TonB that is strongly associated with
the OM transporters at any one point in the energy transduction
cycle. Alternatively it could represent TonB that has temporarily
dissociated from the ExbB/D complex while its C terminus is asso-
ciated with the OM. In either case, it must mean that TonB is being
artifactually pulled out of the CM because ExbB and ExbD remain
associated with the CM (Letain and Postle, 1997).

A remaining mystery is why, in the absence of ExbB/D and
TolQ/R, nearly all of the TonB is found associated with the OM.
It could be that the conformation of the TonB C terminus is such
that its default interaction is at the OM. Alternatively it may be
that the action of ExbB/D is primarily required to assist the TonB
C terminus in dissociating from an OM transporter after an energy
transduction event. The demonstration that TonB does not shuttle
eliminates debate concerning how energy would be used to phys-
ically remove TonB from a CM complex of ExbB/D, and also how
the N terminus would somehow target TonB back to an ExbB/D
complex at the CM (Larsen et al., 2003; Postle and Kadner, 2003).

ACKNOWLEDGMENTS

We thank Volkmar Braun and Silke Patzer for pASAToxRTonBl1.
We thank Jay Keasling for pPro33, Piet de Boer for pDR107B, and
Mark Mclntosh for strain MK3. Penelope Higgs created strain
KP1231. This work was supported by grant GM42146 to K.P. from
the National Institute of General Medical Sciences.

Ahmer, B. M. M., Thomas, M. G.,
Larsen, R. A., and Postle, K. (1995).
Characterization of the exbBD
operon of Escherichia coli and the
role of ExbB and ExbD in TonB func-
tion and stability. J. Bacteriol. 177,
4742-4747.

Chimento, D. P, Kadner, R. J., and
Wiener, M. C. (2005). Compara-
tive structural analysis of TonB-
dependent outer membrane trans-
porters: implications for the trans-
port cycle. Proteins 59, 240-251.

Cormack, B. P, Valdivia, R. H., and
Falkow, S. (1996). FACS-optimized
mutants of the green fluorescent
protein (GFP). Gene 173, 33-38.

Evans, J. S., Levine, B. A., Trayer, I
P, Dorman, C. J., and Higgins, C.
F. (1986). Sequence-imposed struc-
tural constraints in the TonB pro-
tein of E. coli. FEBS Lett. 208,
211-216.

Ghosh, J., and Postle, K. (2004). Evi-
dence for dynamic clustering of
carboxy-terminal aromatic amino
acids in TonB-dependent energy

transduction. Mol. Microbiol. 51,
203-213.

Guzman, L. M., Belin, D., Carson, M.
J., and Beckwith, J. (1995). Tight
regulation, modulation, and high-
level expression by vectors contain-
ing the arabinose P-BAD promoter.
J. Bacteriol. 177, 4121-4130.

Hancock, R. E. W,, and Braun, V.
(1976). Nature of the energy require-
ment for the irreversible adsorp-
tion of bacteriophages T1 and ¢80
to Escherichia coli. ]. Bacteriol. 125,
409-415.

Higgs, P. 1., Larsen, R. A., and Postle,
K. (2002). Quantitation of known
components of the Escherichia coli
TonB-dependent energy transduc-
tion system: TonB, ExbB, ExbD, and
FepA. Mol. Microbiol. 44,271-281.

Hill, C. W,, and Harnish, B. W. (1981).
Inversions between ribosomal RNA
genes of Escherichia coli. Proc. Natl.
Acad. Sci. U.S.A. 78, 7069-7072.

Kadner, R. J. (1990). Vitamin B12
transport in Escherichia coli: energy
coupling between membranes. Mol.
Microbiol. 4,2027-2033.

www.frontiersin.org

October 2011 | Volume 2 | Article 206 | 7


http://www.frontiersin.org
http://www.frontiersin.org/Microbial_Physiology_and_Metabolism/archive

Gresock et al.

TonB does not shuttle

Kadner, R. J., and Heller, K. J. (1995).
Mutual inhibition of cobalamin and
siderophore uptake systems suggests
their competition for TonB function.
J. Bacteriol. 177, 4829-4835.

Karlsson, M., Hannavy, K., and Higgins,
C. E (1993). A sequence-specific
function for the N-terminal signal-
like sequence of the TonB protein.
Mol. Microbiol. 8,379-388.

Kaserer, W. A., Jiang, X., Xiao, Q., Scott,
D. C.,Bauler, M., Copeland, D., New-
ton, S. M., and Klebba, P. E. (2008).
Insight from TonB hybrid proteins
into the mechanism of iron trans-
port through the outer membrane.
J. Bacteriol. 190, 4001-4016.

Krewulak, K. D., and Vogel, H. J. (2011).
TonB or not TonB: is that the ques-
tion? Biochem. Cell Biol. 89, 87-97.

Laemmli, U. K. (1970). Cleavage
of structural proteins during the
assembly of the head of bacterio-
phage T4. Nature 227, 680—685.

Larsen, R. A., Deckert, G. E., Kastead,
K. A., Devanathan, S., Keller, K. L.,
and Postle, K. (2007). His20 provides
the sole functionally significant side
chain in the essential TonB trans-
membrane domain. J. Bacteriol. 189,
2825-2833.

Larsen, R. A., Myers, P. S., Skare, J. T.,
Seachord, C. L., Darveau, R. P,, and
Postle, K. (1996). Identification of
TonB homologs in the family Enter-
obacteriaceae and evidence for con-
servation of TonB-dependent energy
transduction complexes. J. Bacteriol.
178, 1363-1373.

Larsen, R. A., and Postle, K. (2001).
Conserved residues Ser(16) and
His(20) and their relative position-
ing are essential for TonB activity,
cross-linking of TonB with ExbB,
and the ability of TonB to respond
to proton motive force. J. Biol. Chem.
276,8111-8117.

Larsen, R. A., Thomas, M. G.,and Postle,
K. (1999). Protonmotive force, ExbB
and ligand-bound FepA drive con-
formational changes in TonB. Mol.
Microbiol. 31, 1809-1824.

Larsen, R. A., Wood, G. E., and Postle,
K. (1993). The conserved proline-
rich motif is not essential for
energy transduction by Escherichia
coli TonB protein. Mol. Microbiol. 10,
943-953.

Larsen, R. A., Letain, T. E., and Pos-
tle, K. (2003). In vivo evidence of
TonB shuttling between the cyto-
plasmic and outer membrane in

Escherichia coli. Mol. Microbiol. 49,
211-218.

Lee, S. K., and Keasling, J. D. (2005).
A propionate-inducible
sion system for enteric bacteria.
Appl.  Environ.  Microbiol. 71,
6856—6862.

Letain, T. E., and Postle, K. (1997). TonB
protein appears to transduce energy
by shuttling between the cytoplas-
mic membrane and the outer mem-
brane in Gram-negative bacteria.
Mol. Microbiol. 24, 271-283.

Liu, F, Culham, D. E., Vernikovska, Y. 1.,
Keates, R. A., Boggs, . M.,and Wood,
J. M. (2007). Structure and func-
tion of transmembrane segment XII
in osmosensor and osmoprotectant
transporter ProP of Escherichia coli.
Biochemistry 46, 5647—5655.

Miller, J. H. (1972). Experiments in Mol-
ecular Genetics. Cold Spring Harbor,
NY: Cold Spring Harbor Laboratory
Press.

Miller, V. L., Taylor, R. K., and
Mekalanos, J. J. (1987). Cholera
toxin transcriptional activator ToxR
is a transmembrane DNA binding
protein. Cell 48,271-279.

Nanatani, K., Fujiki, T., Kanou, K.,
Takeda-Shitaka, M., Umeyama, H.,
Ye, L., Wang, X., Nakajima, T,
Uchida, T., Maloney, P. C., and
Abe, K. (2007). Topology of AspT,
the aspartate: alanine antiporter
of Tetragenococcus halophilus, deter-
mined by
cence labeling. J. Bacteriol. 189,
7089-7097.

Nanatani, K., Maloney, P. C., and Abe,
K. (2009). Structural and func-
tional importance of transmem-
brane domain 3 (TM3) in the aspar-
tate: alanine antiporter AspT: topol-
ogy and function of the residues of
TM3 and oligomerization of AspT. J.
Bacteriol. 191, 2122-2132.

Neidhardt, F. C., Bloch, P. L., and
Smith, D. E. (1974). Culture medium
for enterobacteria. J. Bacteriol. 119,
736-747.

Ollis, A. A., Manning, M., Held, K.
G., and Postle, K. (2009). Cyto-
plasmic membrane protonmotive
force energizes periplasmic interac-
tions between ExbD and TonB. Mol.
Microbiol. 73, 466-481.

Pawelek, P. D., Croteau, N., Ng-Thow-
Hing, C., Khursigara, C. M., Moi-
seeva, N., Allaire, M., and Coulton,
J. W. (2006). Structure of TonB in
complex with FhuA, E. coli outer

expres-

site-directed fluores-

membrane receptor. Science 312,
1399-1402.

Peacock, S. R., Weljie, A. M., Peter
Howard, S., Price, E. D., and Vogel,
H. J. (2005). The solution struc-
ture of the C-terminal domain of
TonB and interaction studies with
TonB box peptides. J. Mol. Biol. 345,
1185-1197.

Postle, K. (2007). TonB system, in vivo
assays and characterization. Meth.
Enzymol. 422, 245-269.

Postle, K., and Kadner, R. J. (2003).
Touch and go: tying TonB to trans-
port. Mol. Microbiol. 49, 869-882.

Postle, K., Kastead, K. A., Gresock, M. G.,
Ghosh, J., and Swayne, C. D. (2010).
The TonB dimeric crystal structures
do not exist in vivo. MBio 1. doi:
10.1128/mBi0.00307-10

Raskin, D. M., and De Boer, P. A.
(1997). The MinE ring: an FtsZ-
independent cell structure required
for selection of the correct division
site in E. coli. Cell 91, 685-694.

Reynolds, P. R., Mottur, G. P, and Brad-
beer, C. (1980). Transport of vitamin
B12 in Escherichia coli. Some obser-
vations on the roles of the gene prod-
ucts of btuC and tonB. J. Biol. Chem.
255,4313-4319.

Sauter, A., Howard, S. P, and Braun,
V. (2003). In vivo evidence for
TonB dimerization. J. Bacteriol. 185,
5747-5754.

Schauer, K., Rodionov, D. A., and De
Reuse, H. (2008). New substrates
for TonB-dependent transport: do
we only see the ‘tip of the iceberg’?
Trends Biochem. Sci. 33, 330-338.

Seliger, S. S., Mey, A. R., Valle, A. M., and
Payne, S. M. (2001). The two TonB
systems of Vibrio cholerae: redun-
dant and specific functions. Mol.
Microbiol. 39, 801-812.

Shedlovsky, A., and Brenner, S. (1963). A
chemical basis for the host-induced
modification of T-even bacterio-
phages. Proc. Natl. Acad. Sci. U.S.A.
50, 300-305.

Shultis, D. D., Purdy, M. D., Banchs, C.
N., and Wiener, M. C. (2006). Outer
membrane active transport: struc-
ture of the BtuB: TonB complex.
Science 312, 1396-1399.

Skare, J. T., and Postle, K. (1991). Evi-
dence for a TonB-dependent energy
transduction complex in Escherichia
coli. Mol. Microbiol. 5, 2883-2890.

Swayne, C., and Postle, K. (2011).
Taking the Escherichia coli TonB
transmembrane domain “offline”?

Non-protonatable Asn substitutes
fully for TonB His20. J. Bacteriol.
193, 3693-3701.

Symmons, M. E, Bokma, E., Koronakis,
E., Hughes, C., and Koronakis, V.
(2009). The assembled structure of
a complete tripartite bacterial mul-
tidrug efflux pump. Proc. Natl. Acad.
Sci. U.S.A. 106, 7173-7178.

Wookey, P. (1982). The tonB gene of E.
coli: Energy-coupling or molecular
processing of permeases? FEBS Lett.
139, 145-154.

Yang, Q., Wang, X, Ye, L., Men-
trikoski, M., Mohammadi, E., Kim,
Y. M., and Maloney, P. C. (2005).
Experimental tests of a homology
model for OxIT, the oxalate trans-
porter of Oxalobacter formigenes.
Proc. Natl. Acad. Sci. US.A. 102,
8513-8518.

Ye, L., Jia, Z., Jung, T., and Maloney,
P. C. (2001). Topology of OxIT,
the oxalate transporter of Oxalobac-
ter formigenes, determined by site-
directed fluorescence labeling. J.
Bacteriol. 183, 2490-2496.

Ye, L., and Maloney, P. C. (2002). Struc-
ture/function relationships in OxIT,
the oxalate/formate antiporter of
Oxalobacter formigenes: assignment
of transmembrane helix 2 to the
translocation pathway. J. Biol. Chem.
277,20372-20378.

Conflict of Interest Statement: The
authors are aware of no personal or
monetary issues which arose during
preparation of this manuscript that
could represent a conflict of interest.

Received: 02 July 2011; paper pending
published: 09 August 2011; accepted: 15
September 2011; published online: 12
October 2011.

Citation: Gresock MG, Savenkova MI,
Larsen RA, Ollis AA and Postle K
(2011) Death of the TonB shuttle
hypothesis. Front. Microbio. 2:206. doi:
10.3389/fmicb.2011.00206

This article was submitted to Frontiers in
Microbial Physiology and Metabolism, a
specialty of Frontiers in Microbiology.
Copyright © 2011 Gresock, Savenkova,
Larsen, Ollis and Postle. This is an open-
access article subject to a non-exclusive
license between the authors and Frontiers
Media SA, which permits use, distribu-
tion and reproduction in other forums,
provided the original authors and source
are credited and other Frontiers condi-
tions are complied with.

Frontiers in Microbiology | Microbial Physiology and Metabolism

October 2011 | Volume 2 | Article 206 | 8


http://dx.doi.org/10.3389/fmicb.2011.00206
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Microbial_Physiology_and_Metabolism
http://www.frontiersin.org/Microbial_Physiology_and_Metabolism/archive

	Death of the TonB shuttle hypothesis
	Introduction
	Materials and Methods
	Media, culture conditions
	Strains and construction of plasmids
	In vivo formaldehyde crosslinking
	[55Fe]ferrichrome transport
	Proteinase K accessibility
	Electron microscopy preparations
	Oregon Green® maleimide labeling
	Immunoprecipitation

	Results
	GFP–TonB can give rise to ``shuttleable'' degradation products
	ToxR (1–181) – TonB is stable and fully active
	Membrane permeability of OGM explains previous results

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


