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ABSTRACT. Various macromolecules such as bacteriotoxins and phage DNA parasitize some envelope
proteins ofEscherichia colito infect the bacteria. A two-step import mechanism involves the primary
interaction with an outer membrane receptor or with a pilus followed by the translocation across the outer
membrane. However, this second step is poorly understood. It was shown that the TolA, TolQ, and TolR
proteins play a critical role in the translocation of group A colicins and filamentous bacteriophage minor
coat proteins (g3p). Translocation of these proteins requires the interaction of their N-terminal domain
with the C-terminal domain of TolA (TolAlll). In this work, short soluble TolAlll domains were
overproduced in the cytoplasm and in the periplasri.afoli. In TolAlll, the two cysteine residues were
found to be reduced in the cytoplasmic form and oxidized in the periplasmic form. The interaction of
TolAlll with the N-terminal domain of colicin A (ATh) is observed in the presence and in the absence
of the disulfide bridge. The complex formation of TolAlll and ATh was found to be independent of the
ionic strength. An NMR study of TolAlll, both free and bound, shows a significant structural change
when interacting with ATh, in the presence or absence of the disulfide bridge. In contrast, such a structural
modification was not observed when TolAlll interacts with g3p N1. These results suggest that bacteriotoxins
and Ff bacteriophages parasitiZe coli using different interactions between TolA and the translocation
domain of the colicin and g3p protein, respectively.

The Tol-Pal system oEscherichia colis composed of  interact with porins 12, 13), and in vivo, the export of O
two membrane-bound protein complexes located in the cell antigen to the cell surface was found to depend on the TolA
envelope. One is located in the cytoplasmic membrane andprotein (L4). These results indicate that the Fétal system
involves the TolA, TolQ, and TolR proteind<{3), and the would drive newly synthesized outer membrane components
other is associated with the outer membra#e5j and is across the periplasm. On the other hand, the-Pall system
composed of the outer membrane-anchored Pal lipoproteinhas been parasitized and is required for the import of
and the periplasmic TolB protein. The interaction of TolA macromolecules such as colicins (colicins A9, K, L,
with Pal, forming a link between the inner and outer and N) and phage DNA (M13, fd, and f1) through the cell
membranes, was demonstrated to be coupled to the protorenvelope 9, 15).

motive force of the inner membran€)( Moreover, Pal Colicins are plasmid-encoded bacterial toxins produced
belongs to the peptidoglycan interacting lipoproteifs&nd 1, anterobacteria. These toxins exhibit various types of lethal
TolB was found to mtergct in vivo with Lpp and OmpA n activity. The mechanism of cytotoxicity results from nuclease
a Pal-dependent behavid)(Thus, the TotPal system is 4ty the formation of ion channels in the cytoplasmic
tightly associated with structural components of the cell ,ompane or the inhibition of peptidoglycan synthesis. Prior
envelope. The loss of outer membrane _mtegnty was observedto their action, the import of colicins is mediated by their
for _each .Of thet.ol—pal mutants Wh'Ch are leaky for binding to specific receptors of the outer membrane, and their
periplasmic proteins, are hypersensitive to drugg a.nd dEter'translocation through the cell envelope which requires either
gents ©), and fe'easfa outer membrane vesmh))_,(mdlcat- the Tol-Pal system (group A colicins) or the TonB system
Ing thf’ﬂ these proteins play an important role in membrane (group B colicins) 15). The three-dimensional structure of
integrity (11). In vitro, TolA and TolB have been shown to several of these toxins shows a similar type of organization

(16—19). It comprises three distinct domains: the N-terminal
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and the Tol machinery2(l). A mechanism of translocation
of the N-terminal domain through the OmpF channel has
been proposed1@), while the process involved in the
translocation of the C-terminal domain of the toxin across
the outer membrane remains unknown.

Infection of E. coli by filamentous bacteriophages is
mediated by g3p,a minor coat protein located at the end of

Deprez et al.

plasmid as a template anttatgaaticggtaatactaaaaacaatggcgc
and B-ttaggatccttagtgatgatggtggtgatgcggtttgaagtccaatggegeg
primers (theEcoRl and BanHI restriction sites are under-
lined). The purified PCR DNA fragment digested with
BanmHI| and EcoRl was inserted into the pIN-III-OmpA2
vector 32), opened with the same restriction sites. pTolAlll
derivative expression was regulated by the AraC (TolAlll1

the phage capsid. The g3p protein has a modular structureand TolAlll2) or Lacl (TolAllI3) repressor.
composed of three domains (N1, N2, and CT) separated by pATh.The coding sequence of the translocation domain

glycine-rich linkers and in addition a short C-terminal

of colicin A was amplified using pColA933) as a template

transmembrane segment. The three-dimensional structure ofind B-tttcgtacatatgcctggatttaattatggta anettgtictagagt-

the two N-terminal domains of g3p from phage M13 and fd
has been determine®Z, 23). According to the current

model, infection of the host cells is initiated by binding of
the g3p central domain to the tip of an F-pilus which is

tagtgatgatgatgatgatgacgggaactttcacagtc primerltHeand
Xbd restriction sites are underlined). The PCR product was
ligated in the TA cloning pTAg plasmid (R&D Systems).
TheNdd —Hindlll DNA fragment was purified and inserted

presumably then retracted, thereby guiding the bound phagento the pT7.7 plasmid34) opened with the same restriction

to the cell envelope. At this stage, the interaction of the g3p
N-terminal domain with the TolA protein would trigger an

sites. The resulting plasmid pATh encoded the first 172
residues of colicin A followed by six histidine residues

as yet unknown process leading to the entry of the phage(ATh). TheaThgene was transcribed from the T7 promoter,

DNA into the bacterial cytoplasn4, 25).
The process of infection dE. coli by group A colicins

and its coding sequence was checked by DNA sequencing.
pP31.This plasmid encoding the g3p N1 precursor under

and filamentous bacteriophages exhibits several analogiesthe control of the T7 promoter was constructed by PCR

including their interactions with TolA. The TolA protein
consists of three domains: the N-terminal domain anchoring
the protein in the cytoplasmic membrane, the central domain
which is assumed to be arhelical structure long enough
to span the periplasmic spacg6( 27), and the C-terminal
domain (TolAlll) involved in the interaction with group A
colicins and with the minor coat g3g4, 28). The interaction
between TolAlll and g3p N1 has already been characterized
by NMR and X-ray crystallography?2d, 29).

The aim of our work was to study the interaction between
TolAlll and the N-terminal domain of colicin A and to
investigate the molecular mechanism of macromolecular
import intoE. coli. Formation of the TolAllFATh complex
was studied by biochemical and biophysical methods, and
compared to that of the TolAlHg3p N1 complex.

EXPERIMENTAL PROCEDURES

Plasmid Constructions

pTolAlll. pTolAlll1 [originally called pARTolAlll (30)],
pTolAlll2, and pTolAlll3 plasmids encoded the 132, 93, and
97 C-terminal residues of TolA, respectively. The proteins
were tagged with six histidine residues located at their
N-terminal (TolAlll1 and TolAlll2) or C-terminal (TolAllI3)
extremity. pTolAlll2 was constructed following the plasmid
mutagenesis protocaB{) in which one primer was designed
to delete the first 39 residues of the TolAlll1 sequence. The
pTolAllll plasmid was used as a template with two prim-
ers: B-aacaatggcgcatcaggggccgatatcaataactatgccg ‘and 5

amplification using M13 replicative form DNA as a template
and the primers 'Ecatatgaaaaaattattattcgcaattcct arid 5
ttattagtgatgatgatgatgatggccaccaccctbltd restriction site
underlined). The amplified DNA fragment was ligated in the
pPCR-Script Cam cloning vector (Stratagene). Nuod —
Hindlll DNA fragment of positive clones was purified and
ligated into the pT7.7 vector digested with the same
restriction enzymes. The pP31 plasmid encoded the signal
sequence and the 71 N-terminal residues of g3p N1 followed
by six histidine residues at the C-terminus.

Expression and Purification

ATh.BL21(DE3) cells freshly transformed by pATh were
grown at 30°C. At the exponential growth phaséebo =
0.5), the production of the protein was achieved by inducing
the synthesis of chromosomal T7 RNA polymerase with 0.1
mM IPTG and incubating the cells for 16 h at 22 with
vigorous shaking. The soluble cell extract was recovered after
cell sonication and ultracentrifugation. ATh was purified
using the IMAC protocol, and the eluted materiel was further
concentrated using ion exchange chromatography (MonosS,
Pharmacia).

TolAlll. TolAlll2 was purified from the cytoplasm of
W3110 cells following the procedure described for ATh
except that-arabinose was added at a concentration of 0.5
mg/mL. TolAllI3 with the N-terminal signal sequence of
OmpA was purified from the periplasm or the supernatant
of W3110 cells. Cells were induced with 0.1 mM IPTG at
22°C for 16 h. Cells were pelleted, and processed TolAllI3

gcccectgatgegcecattgttcatgcggtgatgatgatgatg. The recombinanivas recovered from the culture supernatant and the periplasm

PCR product was transformed in the Didgells, and the
tolAlll2 gene was checked by DNA sequencing. The
pTolAllI3 plasmid was amplified using the pTolAllll

1 Abbreviations: CD, circular dichroism; NMR, nuclear magnetic

resonance; nOe, nuclear Overhauser effect; CSI, chemical shift index;

DSS, 3-(trimethylsilyl)-1-propanesulfonic acid; TolAlll, C-terminal
domain of TolA; g3p, gene 3 minor coat protein of Ff bacteriophages;
ATh, polyhistidine-tagged colicin A translocation domain; AT1, colicin
A translocation domain.

by osmotic shock. The periplasmic protein was purified using
metal affinity chromatography (IMAC) (Talon, Clontech).
Extracellular proteins were purified by adding cobalt beads
to the culture supernatant (at a pH adjusted to 8.0) and
incubating it fa 1 h with shaking. Beads were poured onto
a column, and the protein was eluted with imidazole.

g3p N1 The g3p N1 domain was purified from the
periplasm and the culture supernatant of BL21(DE3) cells
harboring the pP3I plasmid under growth conditions similar
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to those used for ATh and purified following the TolAllI3  protease inhibitor cocktail (Complete by Boehringer Man-
procedure. nheim), and 10%8H,0. The final concentration was 0.1 mM.
For N/13C isotopic labeling experiments, W3110 or Small aliquots of unlabeled ATh (2 mM) prepared in the
BL21(DE3) cells harboring the plasmids described above same buffer (withoutH,O) were added successively to the
were grown in M9 minimal media usinfNH,CI (1 g/L) 5N-labeled TolAllI3 sample to achieve the following
and [3Cg]glucose (2 g/L) as the sole nitrogen and carbon concentrations: 0.03, 0.05, 0.08, 0.1, and 0.2 mM. After each
source, respectively. Proteins were further purified as addition, two-dimensional (20/H—'N HSQC experiments
described previously. Large amounts of ATh and TolAlll were carried out on a Varian Inova 800 MHz spectrometer.
derivatives were purified from the cytoplasm or the periplasm Spectral resolutions were 9.8 Hz tin(**N) and 11.7 Hz in
of E. coli (between 20 and 30 mg of ATh and TolAlll t, (*H). Each HSQC experiment lasted 56 min, and the
derivatives were obtained fino 1 L of culture in LB or M9 spectra were recorded twice to monitor the sample stability
medium). However, for unknown reasons, the purification with time. No significant difference could be detected within
of g3p gave much lower yields-2—3 mg/L). each pair of spectra. Free induction decays were added before
Purified proteins were checked using MALDI-TOF spec- further processing.
trometry to verify the mass, N-terminal sequencing, and NMR Binding Assayd.ypically, a concentrated unlabeled
amino acid compositions. The extinction coefficients at 280 sample was added to'&N-labeled sample in 10%H,0 to
nm of ATh, TolAllI3, and TolAlll2 were calculated (29 323, reach a 1/1 stoichiometry. Complete (Boehringer Mannheim)
6384, and 6239 M cm! respectively). The concentration was used as protease inhibitor cocktail when mentioned.
of the g3p N1 domain was calculated using a theoretical Before and after the addition, a ZBI—'*N HSQC spectrum
extinction coefficient of 20 910 Mt cm™2. was recorded on a Varian Inova 800 MHz spectrometer.
Steady-State Heteronuclear nOéhe heteronuclear nOe
value for each resonance peak'@fi-labeled TolAlll3 is
Overlay and SDSPAGE shift assays were performed as the ratio of the intensity in an H-saturated HSQC experiment
previously described28, 30). For coprecipitation experi- (5} by the intensity in a standard (nonsaturated) HSQC
ments, ~4 ug of purified TolA derivatives (TolAlll2 or experiment [I;°0, collected on a Varian 800 MHz spec-
TolAllI3) was immobilized on cobalt beads (Talon, Clon- trometer. Errors were estimated from the noise levels.
tech) and further incubated for 60 min with«§ of purified Diffusion.DOSY experiments were performed at 400 MHz
AT1 in 20 mM Tris-HCI (pH 8.0) in the presence of 0, 50, using a Varian Inova instrument equippedwét 5 mmtriple-
or 500 mM NaCl. Beads were washed with the same buffer, resonance probe with a-axis shielded magnetic field
and immobilized material was eluted with 80 of 500 mM gradient. A PFG longitudinal eddy-current delay (LED) pulse
imidazole. Samples were heat denatured with loading buffer sequence was used, and*& filter was included at the
(without reducing agent) for 10 min at 9€ before SDS beginning of the sequence to detect the signal of'#ae
PAGE analyses. The co-immunoprecipitation assays werelabeled TolAlll3 protein only. The spectra were recorded
performed using 2uM ATh and TolAlll2 or TolAlll3 with a recovery time of 3.5 s, 96 transients, and a diffusion
proteins incubated in 50 mM potassium phosphate buffer time of 150 ms. Diffusion coefficients were measured by
(pH 6.8) and 50 mM NacCl. The IgG of the 1C11 monoclonal incrementing the magnitude of the field gradient pulse from
antibody (epitope located within the N-terminal domain of 0.6 to 57 G cm®. Data were processed with the software
ATh) immobilized on protein A-Sepharose beads (Phar- developed by G. Morris and distributed by Varian Inc.
macia) was added to the ATh/TolAlll mixture and further
incubated for 45 min. After two washes, the proteins were Mass Spectrometry

eluted by adding loading buffer. The samples were heat T characterize the oxidation state of disulfides, samples

denatured and analyzed by SBBAGE with Coomassie  qare digested with 1% (w/w) LysC endoprotease (2 h at 37
blue staining. Gel filtration experiments were performed with °C) in 25 mM ammonium carbonate buffer (pH 7.2), and

a Superose 12 column (Pharmacia). fragments were analyzed by MALDI-TOF mass spectrom-
NMR Spectroscopy etry.

All NMR spectra were acquired at 300 K on 400, 600, Circular Dichroism

and 800 MHz Varian Inova spectrometers equipped with .
triple-resonancetl, 13C, and'sN) probes, including shielded Far-UV CD spectra were recorded i 1 mmpath length

zgradients. Parameters for all experiments can be obtained®€!l ©n & Jobin-Yvon UV CD spectrophotometer (CD6) at

from the authors. Spectra were processed and analyzed witt?> - For each spectrum, three scans were accumulated at
Felix 97 (Molecular Simulations Inc., San Diego, CA). The 0.5 nm intervals with an integration time of 1 s. The samples

FIDs were typically treated with a 9Ghifted sine-bell ~ Were in 50 mM NaCl and 50 mM NaRQ@pH 6.8). Protein
squared apodizing function, and the residual water suppres-concentrations were AM (ATh), 7 uM (TolAllI3), and 9
sion was achieved using a sine-bell convolution. Proton #M (ATH/TOIAINI3 equimolar mixture).

chemical shifts were reported with respect to th®Hignal

Biochemical Binding Assays

relative to DSS. The!®™N and °C chemical shifts were RESULTS

referenced indirectly using tHél/X frequency ratios of the Construction, Production, and Structural Characterization
zero point: 0.101 329 118%\) and 0.251 449 530%C) of TolAlll. A 2D H—'N heteronuclear single-quantum
(35). correlation (HSQC) spectrum was recorded dfN\alabeled

NMR Titration.®N-labeled TolAlllI3 was prepared in 50  sample of the purified TolAlll1 protein (containing the 132
mM potassium phosphate buffer (pH 6.8), 50 mM NaCl, C-terminal residues of TolA). It proved to be unsuited for
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Ficure 1: Amino acid sequences of the TolAlll, g3p N1, and ATh domains. Residues differing from the native sequence (added during
DNA constructions) are in bold as well as cysteine residues. TolAlll1, TolAlll2, and TolAlll3 correspond to residue429B29-421,
and 325-421, respectively, of TolA (SWISS-PROT accession number P19934). The numbering for TolAllI3 is the one used for NMR
analyses. The residues underlined in the TolAlll1 sequence correspond to two deletions which were previousB8jaonabplish the
interaction with colicins A and E1. The residues involved in the interaction between g3p N1 and T@g)ldré marked with an asterisk
under the sequence of each domain. The residues underlined in the sequence of the colicin A translocation domain ATh correspond to the
TolB box (residues #20) and to the TolA binding sequence (residues-92) of colicin A (52). AT1 corresponds to the same sequence
as ATh, devoid of the six-histidine extension.

study as conformational exchange in a mobile part of the AT1 AT1 = AT1 + % % _.= Z
protein resulted in a poorly defined NMR spectrum. Plasmids Tﬂ“lAHB f“‘fm T 2532 " &

= ®g =Rz M

=
0
5t
500

encoding shortened sequences of TolAlll1 that are able to
interact with colicins were designed. Taking into account
the fact that an internal deletion and a C-terminal frame shift
within the TolAlll1l domain abolished its interaction with
colicins 28), we decided to carry out the deletion of the
N-terminal sequence having a high content in glycine - “
residues (Figure 1). Two plasmids (pTolAlll2 and pTolAlll3) 3 e i - T
encoding T_0|A”| derivatives were Constructed. TOIA”IZ_' FiGure 2: Copurification of the N-terminal domain of colicin A
corresponding to the 93 C-terminal residues of TolA with (AT1) with TolAlll is not influenced by ionic strength. Three to
an N-terminal extension of six histidine residues, was purified four micrograms of tagged TolAllI2 and TolAllI3 was immobilized
from the cytoplasm. Plasmid pTolAllI3 encoded the TolAllI3 %Zgﬁg?'ttﬁgiﬁ Sg?r;‘éﬁgﬁé i\?vg‘ﬁgaatﬁgl V;igfjgi)Of Qgécﬁﬂgé?ﬁé’d
precursor corresponding _to the ;lgnal sequence of Or.npAwith Coomassie blue. NaCl concentra){ions ayre indicated in milli-
followed by the 97 C-terminal residues of TolA tagged with  mojar (0, 50, and 500). Purified proteins are shown: TolAllI3 (4
six histidine residues. The exported protein, TolAllI3, was ug), TolAlll2 (6 ug), ATh (6 ug), AT1 (4 ug) (the copurifying
purified from the periplasm. Because the periplasmic expres- TolB protein is marked with an asterisk), and g3p N1«{f). Size
sion of TolAllI3 induces the release of periplasmic proteins Markers (M) are indicated in kilodaltons.
such as dolA strain @6, 37), a fraction of TolAllI3 was 15N, and!3C resonances of free TolAllI3 were assigned and
purified from the culture supernatant. The N-termini of reported elsewhere38, BMRB accession number 4771).
TolAlll1 and TolAlll2 purified proteins were sequenced and  Elements of secondary structure were characterized using
found to be devoid of their N-terminal methionine residue nQe patterns (F-1—Hni, Hni-1—Hni, and Hi—s—Hyi nOe
from their mass spectrum. Endo K digestion of TolAllI3 and  contacts) and chemical shift indexes bk, 13C,,, 13CO, and
characterization of the resulting fragments by mass spec-13C, resonancesi-Helices are characterized by shogtiH—
trometry indicated that a disulfide bridge was formed Hni distances and, thus, strongyH—Hy nOe contacts.
between the two cysteine residues (Cys 42 and Cys 67).5-Sheets on the contrary are characterized by shgrt;H
Similary, endo K digestion and mass spectrometry of Hy; distances and, thus, strong;H—Hy; nOe contacts. The
TolAlll2 indicated that only a small amount of the protein chemical shift index (CSI) is an empirical method that
was oxidized. SDSPAGE analyses of TolAlll2 and Tol-  correlates chemical shift deviations with secondary structure
AllI3 purified proteins are shown in Figure 2. elements 39). These NMR-derived data indicate that Tol-
IH—1N HSQC spectra were recorded on TolAlll2 (re- AllI3 consists of threax-helices and threg-strands (Figure
duced, data not shown) and TolAlll3 (oxidized, Figure 7A). 3) which are in agreement with the crystallographic data
Both proteins appear to be well-structured with a large previously reported29).
spectral dispersion (2.4 ppm) of backbone anfidereso- Biochemical Characterization of the N-Terminal Domain
nances. From their chemical shifts, the folding of the two of Colicin A. The N-terminal domain of colicin A, AT
proteins seems to be similar, indicating that the disulfide (colicin A translocation domain), had been previously
bridge is not essential for the structure of TolAlll. THe, purified from culture supernatant using cells harboring the
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Ficure 3: Characterization of secondary structure elements of TolAlll3. From top to bottgnz-HHyi NOe correlations, sequential
Hei-1—Hni, and Hi—-;—Hyi nOe correlations reflecting the intensity of the corresponding cross-peak in a 3D NOESY-HSQC spectrum
(proline residues are denoted with the letter P; missing assignments or peak overlaps are denoted with a star). Chemical shift index (CSI)
for Hy, Cy, CO, and G. Secondary structure elementsifelices, cylindersg-strands, arrows).
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Ficure 4: Far-UV circular dichroism of TolAlll3, ATh, and B =
TolAllI3-ATh. (a) Molar ellipticity of ATh (—). (b) Molar ellipticity 95 90 85 80 75 70 65

of TolAllI3 (—). (c) Theoretical molar ellipticity of an equimolar H (ppm)
noninteracting mixture of TolAllI3 and ATh (dashed gray line),

T ; FiIGURE 5: 2D H—15N HSQC spectrum of ATh. NMR analyses of
calculated from traces a and b. (d) Molar ellipticity of an equimolar 0.3 MM i5N-labeled ATh(ign 50pmM NaF and 50 mM KP4(y1pH

TOIANIS/ATh mixture (dashed black line). 6.8), recorded on a Varian Inova 800 MHz spectrometer at 300 K.

pAT1 plasmid 40). However, because TolB interacts with . .
: ; Formation of the Complex of TolAlll with ATHlhe
AT1 (41) and could therefore be a potential contaminant, binding of ATh to TolAlll derivatives was checked using

new purification strategies were used. Preliminary experi- . . o
ments for purifvinag AT1 usindolB strains exhibited low several biochemical methods. Purified TolAlll2 and ToIAIII3
purifying g were analyzed by a Western blot and dot blot, which were

production yields; thus, we decided to construct pATh which | ) ; .
expresses, under the T7-regulated promoter, a cytoplasmidnCUbated with 200 nM ATh followed by immunodetection

form of AT (ATh) with a C-terminal extension of six With .1C11 m_onoclonal antibody (mAb) directed against the
histidine residues (Figure 1). ATh was purified from BL21- colicin domain. U_nder these conditions, the ATh protein was
(DE3) pATh-induced cells and was found to be devoid of found to recognize '_I'oIAIII_2 and TolAlll3. Slmllar_results
any contamination with TolB from Coomassie blue-stained WE'® Previously obtained with AT1 (the same protein as ATh
SDS-PAGE analyses (Figure 2). The N-terminal sequence but without the hexahistidine tag) and TOlA“lBQ)
of purified ATh was found to lack the N-terminal methionine To confirm this result and to analyze the effect of the ionic
residue as predicted from its mass spectrum. strength on the interaction, coprecipitation experiments were
In agreement with what was previously observed with the carried out using TolAlll2 or TolAllI3 immobilized on a
N-terminal domain of colicin N 42), the far-UV circular metal affinity support which was further incubated with AT1
dichroism (CD) spectrum of ATh shows no significant protein (ATh containing a hexahistidine tag was not used).
amount of ordered secondary structure (Figure 4) and wasBesides faint amounts of AT1 unspecifically recovered in
similar to that of AT1 27). The HSQC spectra dfN-labeled the eluted fractions in absence of TolA derivatives (since
ATh result in a significant amount of poorly dispersed signals no histidine tag is present in AT1), we observed large
superimposing in the middle of the spectra (Figure 5), amounts of AT1 copurifying with TolAlll2 and TolAlll3
confirming this lack of structure, which is in agreement with whatever the ionic strength (between 0 and 500 mM NacCl)
the CD data. (Figure 2). This result indicated that the interaction between
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Ficure 6: Results of SDSPAGE shift experiments with the ATh & ¢ ’ & =
TolAllI3 complex. Protein samples (AP, for the colicin A pore- . . e LN =
forming domain, 5ug; ATh, 6ug; TolAlll3, 3 «g; and the mixture 2o, b g0 . b -
of TolAllI3 with the two domains of colicin A) were incubated ° s o° N “ B,
for 20 min at room temperature in a final volume of &b and @ 0 ¢ % %o o - &
further analyzed by SDSPAGE stained with Coomassie blue. Size 9 %0 . .6 ° Z
markers (M) are indicated in kilodaltons. 0% "’_'f‘av P 5,0 @ =
° & & e Ry Y . Cag 0 —
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the C-terminal domain of TolA and the N-terminal domain o oo @ ._,'R.-‘Qf__':_a* . 994, o .
of colicin A did not occur via electrostatic interactions. %, ®% °° [ =
Immunoprecipitation experiments using mAb 1C11, which e
- o

recognizes an epitope located within the N-terminal sequence
of ATh, were also checked with ATh and TolAlll derivative
mixtures. Coomassie blue-stained SEFFAGE analyses
indicated that TolAlll2 and TolAllI3 co-immunoprecipitate  FIGURE 7: 2D *H—*N HSQC spectra of TolAllI3, the TolAllI3-

: DSP ; : ATh complex, and the TolAlll3-g3p N1 complex. (A) NMR
with ATh (data not shown). S AGE shift experiments studies of!®N-labeled TolAlll3 interacting with ATh. 2BH—5N

(30) were performed with the purified ATh and TolAllI3.  {soC spectra of 0.1 mMSN-labeled TolAllI3 in the absence

A TolAllI3 —ATh protein complex could be clearly detected (black) or in the presence of an excess (red) of unlabeled ATh,
having a relative electrophoretic mobility corresponding to recorded on a Varian Inova 800 MHz spectrometer at 300 K. (B)
a heterodimer, while this complex slightly dissociated into lNHM'fsﬁltUg'seggﬂz;gggg'%? Bﬂﬂ:ﬁ'&é&fgﬁg‘é‘g V_‘r’g&?ﬁ’g mlihzeD
monomeric forms uponl mlgratllon (Figure 6). prever, nq absence (black) or in the presence of an excess (red) of unlabeled
complex was detected if protein samples were incubated ing3p N1, recorded under the same conditions described for

0.1% SDS prior to loading (not shown) or if a protein control, panel A.
the pore-forming domain of colicin A (AP) instead of ATh, was found to be identical to that of purified protein stocks,
was added with TolAllI3. without any degradation. To ensure there was no formation
Gel filtration experiments using ATh, TolAlll3, and of protein aggregates in the NMR tube, the diffusion constant
TolAllI3 with ATh, loaded at the same concentration and of TolAllI3 was measured before (1.8 107 cn?/s) and
in the same buffer used for NMR interaction analyses, further after (0.5 x 1076 cn?/s) addition of ATh using a DOSY
indicated the formation of a heterodimer. NMR experiment 43). As the diffusion coefficient of a
Structural Characterization of the Interaction betweéM- protein is inversely proportional to the effective hydrody-
Labeled TolAlll Dervatives and ATh.The interaction namic radius of that proteimd), the observed ratio of 2.6
between ATh and TolAllI3 is expected to induce changes is compatible with the formation of a TolAlIIBATh
in the magnetic environment and in the dynamics of the heterodimer. The advantage of estimating a diffusion coef-
nuclei at the interface of the two molecules giving rise to ficient by DOSY NMR, compared to other techniques (such
chemical shift and line width variations of the corresponding as gel filtration), is that the observed system is exactly the
signals. The HSQC spectrum &iN-labeled TolAllI3 is same as for the rest of the NMR study. In particular, the
significantly altered after addition of unlabeled ATh (Figure protein concentration is unchanged (among other conditions),
7A). Chemical exchange between the free and complexedwhich thus avoid possible artifacts due to variations in the
forms of TolAlll3 is slow on a millisecond time scale as oligomerization state of the complex.
resonances of free TolAlll3 progressively vanish and the  Similar spectral characteristics of the TolAIHATh
complexed TolAlll3 resonances appear while ATh is added complex are observed for proteins with no well-defined
step by step. Backbone amidld resonances observed for tertiary contacts. In such proteins lacking native tertiary
complexed TolAllI3 appear to be less dispersed than thosestructure, conformational fluctuations on a microsecond to
of free TolAlll3, and most peaks appear to be severely millisecond time scale yield severe resonance broadening.
broadened. A significant number of resonances may not evenAlso, interactions responsible f& chemical shift dispersion
be visible. The integrity of the interacting proteins was (such as dipolar interactions or ring current effects) are
verified after the NMR titration by SDSPAGE analysis and  averaged out by conformational fluctuatiorby;

95 90 85 80 715 70 65
'H (ppm)
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1 as described for proteins in the molten globule std®.(
A *«M*Jv.*"‘*-'-—--‘““’»*- - This demonstrates that complexed TolAllI3 is less structured
051 ¢ ' : than the free protein. However, it is not unstructured as
ot/ . mostly negative values would have been expected for random
y coil conformations. Negativg'H} —1°N nOe values can be
'0'50’ 20 40 60 80 100 observed either for small molecules which tumble rapidly
Sequence or for completely disordered proteins (described as random
coils) where fast segmental motions dominad®)( The
B - observation of positive nOe values for complexed TolAlll3
s 1o I clearly demonstrates that secondary structure elements are
' ! "*JF TR mostly preserved, even if lower values (as compared to that
0 el of the free protein) support additional flexibility.
o5l Additional binding assays were performed via HSQC
o L do 60 spectroscopy. The same type of effect of ATh on TolAllI3
eak picking . . .
(peak broadening and poor dispersion) could be observed
F'GIURE f8: fBackbcI)ne{lH}—dlSN lsteady-statle h%te“.’?]“c'ela{) rllode on reduced>N-labeled TolAlll2 as well as on the longer
X?rﬁle(sA)oée;eferT]geAggg &nm eTn(t) c?fl ggci%gge?ﬁwwsltte;d@?st:tg 15N-labeled TolAlll1 construct. The same type of effect could
heteronuclear nOe values for free TolAllI3. (B) Backbdigl} — also be observed with the entire colicin A instead of the ATh
15N steady-state heteronuclear nOe values for TolAllI3 when domain only. The specificity of TolAlll conformational
complexed with (unlabeled) ATh. Values are arbitrarily ranked in changes was asserted by a control spectrum of a protein
increasing order. unrelated to the system presented here, fiN:labeled
Additional experiments were carried out to characterize ribosome recycling factor (RRF), in the presence of ATh
the ATh-complexed form of TolAlll3. The propensity to and by a second control &iN-labeled TolAllI3 with trypsin-
form secondary structure elements can usually be assessedigested ATh at the same concentration as the entire ATh.
by far-UV circular dichroism (CD). Comparison of the CD In both cases, ATh does not modify the RRF HSQC spectrum
spectrum of the TolAllI3-ATh complex (Figure 4) withthe  and digested ATh does not modify the TolAllI3 HSQC
theoretical CD spectrum of a noninteracting equimolar spectrum.
mixture of TolAllI3 and ATh suggests that the secondary  In the previous structural data reported for the g3p-N1
structure elements are mostly preserved in the complex, TolAlll complex, no structural changes in TolAlll structure
probably resulting from the remaining ordered secondary have been observed. Any structural changes between free
structure of TolAllI3. The apparent discrepancy with the and bound TolAlll could not be detected with complexed
poorly resolved NMR spectra can be easily resolved by TolAlll (29) in the absence of a free TolAlll crystal structure.
noting that CD spectroscopy only monitors the backbone While in NMR experiments24) only *N-labeled g3p N1
conformation while the chemical shift is affected by both was observed, nothing about TolAlll structural changes could
short-range and long-range electronic effects. In the CD be deduced. For this reason, we have investigated using a
experiments, however, both partners can contribute to thesimilar approach the effect of g3p N1 binding on TolAlll
signal and the spectra have to be interpreted very carefully.conformation.
The same obstacle is also encountered with other techniques NMR Characterization of the Interaction between g3p N1
such as ANS fluorescence which is used to characterize theand ®N-Labeled TolAllI3.From the crystal structure of a
global hydrophobic exposure. Near-UV CD of the complex fusion protein containing g3p N1 and TolAli29), TolAllI3
did not give information about TolAlll3 tertiary structure has been found to adopt a definite structure. However, the
due to the low extinction coefficient of TolAllI3 compared effect of g3p N1 binding on the conformation of TolAlll3
to that of ATh. TolAllI3 itself contains no tryptophan cannot be seen in the absence of high-resolution structural
residues to enable tryptophan fluorescence observation. data for free TolAlll3. We investigated the effect of g3p
To characterize the local dynamics of TolAllI3, motion N1 binding on TolAllI3 directly by heteronuclear NMR
of the backbone amide NH bonds was investigated on theusing the same approach described for the AThIAIII3
picosecond to nanosecond time scale by measuring thecomplex.
steady-stateg{ *H} —1°N heteronuclear nuclear Overhauser  Plasmid pP31 encoding g3p N1 of M13 phage was
effect @6) on'>N-labeled samples (Figure 8). Extensive peak constructed. It expressed the natural signal sequence of g3p
picking of backbone NH resonances was carried out in the followed by its first 71 residues and a C-terminal tag of six
spectra of both free and complexed TolAllI3. Free TolAllI3 histidine residues (Figure 1). The protein was purified from
{*H} —*N nOe values could be assigned. They are mainly the periplasm by an osmotic shock procedure. Like that of
around 0.8, indicating motional restriction of the backbone, TolAlll3, expression of g3p N1 in the periplasm induces
as expected of a well-folded protei7. Lower values could  the release of periplasmic proteins0), and a fraction of
be assigned to the beginning of the chain and to residue Glyg3p N1 was purified from the culture supernatant. SDS
61. Complexed TolAllI3{*H} —**N nOe values could not PAGE and MALDI-TOF analyses of purified g3p N1, in
be assigned, and some of them may actually be averaged oithe absence of a reducing agent, indicated that the protein is
several residues due to severe overlaps in the spectrummonomeric (Figure 2), having the expected mass spectrum.
Nonetheless, valuable information can be derived for a global A titration of the formation of the complex of g3p N1
analysis of these data. Complexed TolAllI3 displays sig- and'*N-labeled TolAllI3 was monitored by heteronuclear
nificantly lower{*H} —*°N nOe values. These lower positive H—'N HSQC spectroscopy (Figure 7B). Most TolAllI3
values indicate partially restricted motion of the backbone, *H—*N correlation peaks shift. This confirms the binding

Heteronuclear nOe

Heteronuclear nOe
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of g3p N1, but it also indicates that the binding affects more pensity (observed by circular dichroism) but lacks a rigid
than the proteirprotein interface, possibly inducing con- tertiary structure (as derived from NMR peak widths and
formation changes in TolAlllI3. Chemical exchange between dispersion as well as heteronuclear nOes). Increased protein
the free and complexed forms of TolAllI3 is slow on a flexibility upon ligand binding is rather unusual. Such an
millisecond time scale, as there is no coalescence or signaleffect, though small in amplitude, has already been observed
averaging between the two forms during the titration. in several cases involving small compounds, nucleic acids,
Therefore, it is not possible to infer the resonance assign-and peptides53). Our study provides an interesting experi-
ments of the complexed form from the resonance assignmentsnental system for reassessing the conventional view that

of the free form of TolAllI3 directly from the titration. The
dispersion of the bound form of TolAllI3 backbone amide

binding leads to restricted conformational flexibilit§4).
However, the effects of conformational fluctuations on NMR

IH resonances is good enough to confirm that this form has spectra (peak broadening and poor shift dispersion) make

a definite tertiary structure.

DISCUSSION

The TolA protein plays a central role in the import process
of filamentous bacteriophage DNA and group A colicins.
The C-terminal domain of TolA (TolAlll) has been shown
to interact with g3p and colicins24, 30). Two distinct
regions within TolAlll have been found to be necessary for
the interactions with colicins A and E28&) (Figure 1), and
residues participating in the contact of TolAlll with g3p have
been determined to be mostly located in the fishelix
and the lasp3-strand of TolAlll (29). Residues within the
translocation domain of colicins A and N that are important
for TolAlll interaction have also been characterizéd, (52).
The constants of dissociation of the N-terminal domains of
colicins A and E1 from the C-terminal domain of TolA
(TolAlll) were found to be in the micromolar rang&Q),
while similarKp values were determined for the binding of
TolA to the N-terminal domain of colicin N4Q). However,
it is still unknown how the interaction of the C-terminal
domain of TolA with the N-terminal domain of colicins
triggers the entry of the colicin lethal domain and if the same
molecular mechanism is used for phage genome entry.

To study the TolA-colicin A interaction by NMR, we

NMR investigations of poorly folded proteins difficult.
Assigning the resonance of the ATh-complexed form of
TolAlll3 is challenging but necessary before the invaluable
information necessary to characterize structure and dynamics
at atomic resolution can be exploited.

Here we show that in vitro the translocation domain of
colicin A has a strongly perturbing effect on the tertiary
structure of TolAlll, and thus presumably also on the whole
Tol—Pal system within the periplasm B&f coli. In vivo and
in vitro, the same TolAllI3 domain has previously been found
to interact with the Pal lipoprotein. Similarly, TolA interacts
with Pal in vivo, but no interaction was detected with TolA
deleted of its C-terminal domai®). This interaction which
allows the inner membrane-anchored TolA to link the outer
membrane-anchored Pal lipoprotein has been suggested to
have outer membrane-stabilizing effec. (As the Tok
Pal system plays a critical role in maintaining the integrity
of the outer membrane, one could imagine that the translo-
cation strategy of group A colicins consists of breaking the
TolA—Pal link between the two membranes, thus fragilizing
the bacterial envelope and allowing the lethal domain of the
colicin to translocate through the outer membrane more
freely. This is not sufficient however as (by definition)
fragilized tol—pal mutants exhibit a tolerant phenotype so
that colicin translocation is inhibited. The import of colicin

have constructed and purified shortened C-terminal domainsmay depend on both a functional FaPal system triggering

of TolA (TolAlll2 and TolAllI3 containing 97 and 93

colicin translocation and a destabilized cell envelope. The

residues, respectively). By comparison with these new analyses of the TolAPal interaction §) during colicin

constructs, TolAlll1 (132 residues) was shown to contain a

import will be investigated to observe if this interaction is

mobile region corresponding to its N-terminal sequence. As preserved or abolished. Similarly, the periplasmic production
a result of structural disorder, this same region could not be of colicin translocation domainsA{) and of the g3p N1

observed in the crystal structure of a g3p-NolAlll fusion
protein @9). The NMR-derived topology of secondary
structure elements of TolAlllI3 was found to consist of three
o-helices and threg-strands, was identical in TolAlll2 (not
shown), and is not significantly different from the topology
observed in the g3p NATolAlll crystal structure. However,
our NMR data show that TolAlllI3 could undergo significant
conformational changes upon binding with g3p N1. There-
fore, the determination of the tertiary structure of free
TolAlll3 is essential for interpretation of the ongoing studies
of this protein. The determination of the high-resolution
three-dimensional (3D) solution structure of free TolAlll3
is currently in progress and will allow a better comparison
with the crystal structure of complexed TolAlll.

NMR (HSQC) spectra of g3p N1 binding t8N-labeled
TolAllI3 lead to a well-structured complex, while in contrast,
binding of the N-terminal domain of colicin A results in a
flexible conformation with the C-terminal domain of TolA

domain would be useful tools for analyzing the effect of the
overproduction of periplasmic domains on the TelRal
interaction.

The role of the different Tol proteins involved in the
colicin import process is still unknown, but the different
locations of the TolA, TolB, and TolR binding regions within
the N-terminal domain of colicin A might indicate that
sequential interactions occur during the translocation of the
N-terminal domain of group A colicins5@). However, a
minimal requirement of the TelPal system is found with
colicin E1 and N which required only the TolA and TolQ
proteins (5, 51).

It has previously been proposed that the pH-induced
transition of the colicin A C-terminal domain from the folded
structure to a molten globule may facilitate its transmembrane
insertion 65). It remains to be determined if the flexibility
of TolAlll, which is induced upon binding the colicin ATh
domain at neutral pH, corresponds to a molten globular state

in either the presence or absence of its disulfide bridge. Thiswhich could contribute to the translocation of colicin by

conformation is characterized by a certain structural pro-

disrupting at least the TolAPal interaction.
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TolAlllI3 behaves differently when bound to g3p N1 or
to ATh. The two interacting partners exhibit different
electrostatic behavior and 3D structures; whereas the N-
terminal domain of g3p (theoretical pl of 5.3) is a highly
stable domain formed by a six-strandgearrel 66), the
N-terminal domain of colicin A (theoretical pl of 9.0) is
poorly structured. We have also shown from binding assays
with increasing ionic strength that the interaction between
the C-terminal domain of TolA and the N-terminal domain
of colicin A is not electrostatically driven. As derived from
the crystal structure, the binding between TolAlll and g3p
N1 occurs via both hydrophobic and electrostatic interactions
(29) (residues in interaction are shown in Figure 1). Is the
translocation strategy for the genome of filamentous phages
similar to that of the lethal domain of group A colicins? We
have shown that g3p N1 has a less drastic effect than the
N-terminal domain of colicin A on the 3D structure of
TolAlll. The repercussions of this interaction on the whole
Tol—Pal system have to be determined to better understand
the translocation process. However, these observations might
reflect the fact that after the import process, colicins directly
kill the cells while after DNA import, Ff bacteriophages need
the machinery of functional cells to multiply. Moreover,

when Ff phages are assembled and secreted, cells have beerd8.

shown to remain fully viableg7). A better knowledge of
the organization and physiological role of the F#lal
system and an investigation of all the different interactions,
even transient, that might take place between the colicins or
g3p and the TotPal proteins is necessary to understand the
mechanism of import of Ff phage DNA and colicins across
the cell envelope.

The interaction of TolAlll with its TolB and Pal partners
is now under investigation usinég®N-labeled TolAlll3.
Preliminary experiments have indicated that the interaction
of TolB on TolAllll modifies the resonances of some
residues without affecting the flexibility of TolAlll1. These
experiments together with binding affinity constant measure-
ments and interaction experiments involving different part-
ners will help us to understand the multiple interactions of
the Tol-Pal proteins and the effects of colicins and of the
g3p minor coat protein on the TePal system.
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