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Summary
The colicin-like bacteriocins are potent protein antibiotics that have evolved to efficiently cross the outer
membrane of Gram-negative bacteria by parasitizing
nutrient uptake systems. We have structurally characterized the colicin M-like bacteriocin, pectocin M2,
which is active against strains of Pectobacterium spp.
This unusual bacteriocin lacks the intrinsically
unstructured translocation domain that usually mediates translocation of these bacteriocins across the
outer membrane, containing only a single globular
ferredoxin domain connected to its cytotoxic domain
by a flexible α-helix, which allows it to adopt two
distinct conformations in solution. The ferredoxin
domain of pectocin M2 is homologous to plant ferredoxins and allows pectocin M2 to parasitize a system
utilized by Pectobacterium to obtain iron during infection of plants. Furthermore, we identify a novel
ferredoxin-containing bacteriocin pectocin P, which
possesses a cytotoxic domain homologous to lysozyme, illustrating that the ferredoxin domain acts as
Accepted 23 May, 2014. *For correspondence. E-mail
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a generic delivery module for cytotoxic domains in
Pectobacterium.

Introduction
It is a dogma of colicin biology that after binding tightly to
their cognate outer membrane (OM) receptor, colicins
utilize an intrinsically unstructured translocation domain
(IUTD) to recruit the inner membrane-bound Tol or Ton
complex (Kleanthous, 2010; Housden et al., 2013). These
complexes, which are responsive to the proton motive
force (pmf), mediate translocation of the bacteriocin across
the OM (Cascales et al., 2007; Housden et al., 2010). The
formation of a colicin translocon has recently been visualized directly for the DNase-type colicin E9 through the
isolation and imaging of the colicin in complex with its
primary receptor BtuB, the trimeric porin OmpF, which
allows passage of the IUTD across the OM and the periplasmic protein TolB, which is a component of the cell
envelope-spanning TolABQR-Pal complex (Housden
et al., 2013). Similarly, the TonB-dependent pore-forming
colicin, colicin IA, uses one copy of the TonB-dependent
receptor Cir as its primary receptor and a second copy as
a translocation pathway for its IUTD to cross the OM to
deliver a TonB-binding epitope to the periplasm (Jakes and
Finkelstein, 2010). In addition to the colicins, which show a
potent narrow spectrum of killing activity against strains of
E. coli and other closely related bacteria, other colicin-like
bacteriocins have also been characterized. These include
the S-type pyocins from Pseudomonas aeruginosa,
klebicins from Klebsiella pneumonia and syringacin M from
P. syringae (Riley et al., 2001; Michel-Briand and Baysse,
2002; Barreteau et al., 2009). The recently determined
structures of the M-class bacteriocins pyocin M and syringacin M showed that like colicin M, these bacteriocins
possess a 30- to 40-amino-acid IUTD, which is essential
for translocation, indicating that translocation across the
OM likely occurs through the same mechanism as the
colicins (Zeth et al., 2008; Barreteau et al., 2012a,b;
Grinter et al., 2012b).
We recently described the novel M-class bacteriocins
pectocin M1 and M2, which are produced by and active
against strains of the soft-rot phytopathogens Pectobacte-
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rium atrosepticum (Pba) and Pectobacterium carotovorum
(Pbc) (Grinter et al., 2012a; 2013). The domain structure of
these proteins suggested that they challenge the dogma
that an IUTD is the universal mechanism by which colicinlike bacteriocins achieve translocation. Pectocin M1 and
M2 consist of an M-class cytotoxic domain with lipid II
degrading activity, fused to a plant-like ferredoxin domain
(Grinter et al., 2012a; 2013). This ferredoxin domain, which
contains an intact [2Fe-2S] iron–sulphur cluster, substitutes for the helical receptor binding domain and IUTD of
the M-class bacteriocins discussed above, that are
required to deliver the cytotoxic domain to the periplasm.
Further to this, we observed that the addition of plant
ferredoxin to strains of Pba and Pbc exposed to the pectocins inhibited bacteriocin-induced killing (Grinter et al.,
2012a). These observations show first, that Pba and Pbc
possess an OM receptor able to bind ferredoxin and
second, that pectocins M1 and M2 parasitize this receptor
to target and ultimately gain entry to susceptible cells. The
role of ferredoxin binding for these plant pathogens is
apparent under iron-limiting conditions where, in the presence of plant ferredoxin, some strains of Pectobacterium
spp. show strongly enhanced growth (Grinter et al.,
2012a). This effect is not observed on addition of the
mammalian ferredoxin homologue, adrenodoxin, which
also contains a [2Fe-2S] iron–sulphur cluster (even at
greatly increased concentrations), indicating a high level of
specificity for plant ferredoxin. Similarly, adrenodoxin is not
able to rescue cells from pectocin M-induced killing (Grinter
et al., 2012a). Thus, like other colicin-like bacteriocins,
pectocins M1 and M2 parasitize an existing nutrient uptake
system to gain entry into target cells. However, for these
bacteriocins the mechanism is overt and unprecedented,
with the direct utilization of ferredoxin, a protein from which
Pectobacterium spp. is able to directly acquire iron, as the
targeting region of the bacteriocin (Grinter et al., 2013).
In order to gain further insight into the mechanism
through which pectocins M1 and M2 gain entry into target
cells, we have used X-ray crystallography and small angle
X-ray scattering along with in silico modelling approaches
to characterize the structural and dynamic properties of
pectocin M2. Our data show that there is a high degree of
conformational flexibility between the ferredoxin and
colicin M-like cytotoxic domain through movement of a
linking helix and definitively show that the protein lacks
the flexible IUTD that is characteristic of all other characterized colicin-like bacteriocins. The lack of an IUTD indicates that the ferredoxin-containing pectocins utilize an
existing ferredoxin uptake mechanism to cross the OM,
without direct interaction with the Tol or Ton complexes in
the periplasm. Additionally, we have determined the existence of an additional ferredoxin-containing bacteriocin,
pectocin P, which possesses a cytotoxic domain that is a
structural homologue of lysozyme, illustrating that ferre-

doxin can act as a generic module for the delivery of
structurally diverse cytotoxic proteins to the periplasm.

Results
The crystal structure of pectocin M2
In initial crystallization trials for pectocin M2, characteristic
red-brown crystals of this ferredoxin-containing bacteriocin
formed with PEG 3350 and ammonium sulphate as the
precipitants. Data from these crystals were collected to 2.3
Å in the space group P21 and phased using anomalous
scattering data from the metal centres of the [2Fe-2S]
iron–sulphur cluster. The structure of pectocin M2 revealed
an N-terminal domain with the predicted ferredoxin-fold
(residues 2–94, in red), separated from the colicin M-like
cytotoxic domain (residues 116–271, in blue) by a linker
region (residues 95–115, in green) that forms an α-helix
(Fig. 1A and B). There is a significant difference in the
orientation of the cytotoxic and ferredoxin domains of the
two pectocin M2 molecules in the asymmetric unit (ASU)
with a root mean square deviation (r.m.s.d.) of 3.4 Å,
between main-chain atoms (Fig. S1). The fold of the pectocin M2 ferredoxin domain is identical (r.m.s.d. 0.60 Å) to
that of spinach ferredoxin (PDB ID = 1A70) and the
C-terminal cytotoxic domain is highly similar to the lipid
II-cleaving catalytic domains of colicin M (PDB ID = 2XMX,
r.m.s.d. 1.7 Å) (Fig. 1C and D) (Zeth et al., 2008). The
crystal structure of pectocin M2 adds to a growing body of
structural and biochemical data on colicin M-like cytotoxic
domains (Zeth et al., 2008; Barreteau et al., 2010; 2012b;
Helbig and Braun, 2011; Grinter et al., 2012b). We confirmed the enzymatic activity of pectocin M1 and M2 by a
lipid II hydrolysis assay (Fig. S2). In the recently solved
structures of pyocin M (PaeM) and syringacin M a divalent
metal ion (Ca2+ or Mg2+) is co-ordinated by a key catalytic
aspartic acid side-chain in conjunction with two backbone
carbonyls. Mg2+, Ca2+ or Mn2+ ions are required for catalytic
activity of M-class bacteriocins, and analysis of these
proteins has shown co-ordination at this position to be
essential for activity (Grinter et al., 2012b). In the pectocin
M2 structure this key aspartate (D226) adopts an analogous conformation. However, no density for a metal ion is
observed in this position, which is occupied by a water
molecule (Fig. 2A). The absence of a metal ion is unsurprising given the lack of divalent ions and the high ionic
strength of the crystallization conditions.
Comparative analysis of the catalytic domains of colicin
M homologues reveals significant variation between the
structures. In the structures of pyocin M and syringacin M
a key conserved arginine is located distant from other
conserved residues creating an open active-site cleft. In
contrast, in the pectocin M2 structure this residue (R236) is
orientated towards the other key catalytic residues
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Fig. 1. The crystal structure of pectocin M1
reveals a ferredoxin-containing colicin-like
bacteriocin that lacks an IUTD.
A. Amino acid sequence of pectocin M2,
showing structural domains (ferredoxin
domain = red, linker helix = green, catalytic
domain = blue) and annotated with secondary
structure.
B. Schematic of the crystal structure of
pectocin M2 observed in the P21 crystal form,
with the cytotoxic domain in blue, plant-like
ferredoxin domain in red and linker helix in
green. The [2Fe-2S] iron–sulphur cluster is
represented by spheres.
C. Schematic of cytotoxic domain of pectocin
M2 aligned with that of colicin M (PDB
ID = 2XMX) (backbone r.m.s.d. = 1.65 Å,
pectocin M2 residues = 123–271, colicin M
residues = 123–271).
D. Schematic of the ferredoxin domain of
pectocin M2 aligned with that of spinach
ferredoxin (PDB ID = 1A70) (backbone
r.m.s.d. = 0.6 Å, pectocin M2 residues = 2–96,
spinach ferredoxin residues 2–96).
This figure is available in colour online at
wileyonlinelibrary.com.

(Fig. 2B). The electron density for R236 permitted modelling of two conformations, one within hydrogen bonding
distance of the aspartic acid co-ordinated water and the
other forming a hydrogen bond with N184. In this conformation, R236 creates a defined active site tunnel which

would enable co-ordination of the lipid II and positioning of
the pyrophosphate group in close proximity to all key
catalytic residues (Fig. 2A and B).
In contrast to the compact structures of the homologous
bacteriocins, colicin M, pyocin M and syringacin M, where
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Fig. 2. Colicin M-class bacteriocins possess
a highly flexible active site.
A. A stereo view of a stick model of the key
active site residues of pectocin M2, showing a
water molecule occupying the key metal
binding site of the enzyme.
B. A stereo view of the overlay of the catalytic
site from all structurally characterized
colicin-M class bacteriocins, showing
conformational variability of the key catalytic
arginine. Key arginine shown as sticks and
colour coded according to structure;
green = syringacin M (PDB ID = 4FZL),
blue = pyocin M (PDB ID = 4G75),
red = colicin M (PDB ID = 2XMX) and
yellow = pectocin M2 (PDB ID = 4N58), All
other catalytically important residues shown
as lines in yellow. This figure is available in
colour online at wileyonlinelibrary.com.

the receptor binding and catalytic domains are not separated by linker regions and do not form obviously structurally distinct elements (Zeth et al., 2008; Barreteau
et al., 2012b; Grinter et al., 2012b), the catalytic and
receptor binding domains of pectocin M2 do not form
extensive interactions. The relative orientation of the
ferredoxin domain, linker region and cytotoxic domain
gives rise to a non-linear dog-leg structure. Interestingly,
and again in contrast to colicin M, pyocin M and syringacin
M, the N-terminal region of pectocin M2 lacks a disordered or flexible IUTD that is otherwise characteristic of
the colicin-like bacteriocins, with the entire N-terminus
being integral to the globular ferredoxin domain. These
data suggest a mechanism of uptake distinct from closely
related colicin-like bacteriocins.
Pectocin M2 is flexible
Given that pectocin M2 lacks an IUTD required to contact
the Tol or Ton complexes in the periplasm and mediate

translocation of this protein across the outer membrane,
alternative mechanisms of uptake must be considered.
One possibility is that the entire bacteriocin passes through
the lumen of its OM receptor. Since proteins involved in iron
uptake are invariably TonB-dependent receptors that
possess large 22-stranded β-barrels this may be plausible.
However, such a mechanism would only be feasible if
pectocin M2 were flexible and significant rearrangement of
the dog-leg configuration observed in the crystal structure
could be achieved. The observation that there is a relatively
large difference in orientation between the cytotoxic and
ferredoxin domains in the monomers of the ASU (Fig. S1)
is suggestive of such flexibility and indicates that the crystal
structure may not be wholly representative of pectocin M2
in solution.
To assess the conformational flexibility of pectocin M2
we performed small angle X-ray scattering (SAXS). SAXS
data were obtained for a range of pectocin M2 concentrations. Comparison of these data with a theoretical scattering curve generated, using CRYSOL (Svergun et al.,
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Fig. 3. SAXS shows pectocin M2 is flexible.
A. Overlay of the experimentally determined pectocin M2 SAXS curve (black points) with the scattering curve computed with CRYSOL from
the P21 crystal structure (red line) produces a fit (χ = 1.362) with visible deviations between the data, especially evident at low angles,
suggesting that the crystal structure is more compact than that of pectocin M2 in solution.
B. Derivation of Rg from a Guinier analysis (red) of the scattering curve; residuals of the fit are in green.
C. Pair-distance distribution plot from experimental scattering data for pectocin M2 exhibiting two maxima which highlights the bimodal
character of the molecule in solution. The Dmax of the particle is 96 Å.
D. Porod-Debye and (E) normalized Kratky plots for pectocin M2 imply increased flexibility of the protein in solution (red). Pyocin M (black), a
protein of similar molecular weight with a relatively rigid structure and strong inter-domain contacts is used as a control. This figure is available
in colour online at wileyonlinelibrary.com.

1995), from the pectocin M2 crystal structure shows there
are obvious differences between the theoretical curve and
experimental scattering data (Fig. 3A). In addition, the
radius of gyration (Rg = 27 Å) obtained from Guinier analysis of the experimental scattering data is somewhat larger
than that calculated from the pectocin M2 crystal structure
(Rg = 24 Å) using SOMO (Rai et al., 2005) (Fig. 3B). Consistent with this, the p(r) function, which describes the
paired set of vectors between all the electrons within the
protein, indicates a maximum particle size (Dmax = 96 Å,
Fig. 3C) that is much greater than the maximum dimension of the pectocin M2 crystal structure (77 Å, Fig. 1B).
These data suggest that the pectocin M2 crystal structure
is not wholly representative of the conformational ensemble present in solution and that this protein adopts an
elongated conformation, implying inter-domain flexibility.
To test this idea further, we examined the Porod-Debye
plot for pectocin M2, where scattering decay is examined
as I(q)q4 as a function of q4. This analysis reports directly on
particle flexibility and typically for compact globular particles an asymptotic plateau is reached for the low q part of
the data. However, for pectocin M2 no discernible plateau
was observed (Fig. 3D). For comparison, we also obtained

scattering data for pyocin M which, as with colicin M and
syringacin M, forms a compact structure and similarly
analysed these data (Barreteau et al., 2012b). In contrast
to the curve obtained for pectocin M2, the Porod-Debye
plot for pyocin M reached a plateau confirming its rigidity
and compactness (Fig. 3D). In addition, the Kratky plot
[I(q)q2 versus q] for pectocin M2 normalized to the scattering intensity I(0) and Rg, has two maxima with increasing
scattering at higher angles. The Kratky plot reports directly
on inter-domain flexibility and for pectocin M2 is consistent
with a two-domain protein connected by a flexible linker
(Fig. 3E). In comparison, there is a single maximum in the
pyocin M Kratky plot, consistent with its single domain-like
globular structure. Taken together these analyses indicate
that pectocin M2 is flexible and adopts conformations
distinct from that observed in the crystal structure.
Pectocin M2 can adopt a highly extended conformation
and exists as two distinct subpopulations in solution
To determine if the SAXS data for pectocin M2 could be
better described by an ensemble of conformations we first
used discrete molecular dynamics (DMD) simulations
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(Shirvanyants et al., 2012) to explore the accessible conformational states of pectocin M2 and generated a random
pool of 5000 possible conformationals using the crystal
structure of pectocin M2. Next, we used a genetic algorithm
implemented in the program GAJOE (Petoukhov et al.,
2012) to select for ensembles of these models that would
better describe our SAXS data. Model selection was successful as judged by the close correlation of the theoretical
scattering curve generated from the selected ensemble
with the experimental SAXS data (Fig. 4A), indicating that
our scattering data are best described by an ensemble of
pectocin M2 conformers in solution. Interestingly, the
selected ensembles show a bimodal distribution in comparison with the random pool of DMD-generated pectocin
M2 models when the population frequency is plotted
against Rg or Dmax (Fig. 4B and C). Thus, in the population
of selected conformations, we frequently find a compact
conformation described by the first peak (with maxima at
approximately 23 and 75 Å for Rg and Dmax respectively)
that approximates closely to the conformation found in the
pectocin M2 P21 crystal structure for which Rg and Dmax
were calculated as 24 and 77 Å respectively. The second
peak represents an ensemble of pectocin M2 conformers
in an extended conformation with Dmax values ranging up to
98 Å, which correlates closely with the experimentally
determined value of Dmax (96 Å). These analyses suggest
that pectocin M2 can adopt both bent and elongated linear
conformations in solution.
The bimodal distribution of the selected ensembles suggests discrete populations in solution, the more compact of
which is similar to the conformation observed in the P21
crystals of pectocin M2. In an attempt to capture the more
elongated conformation in crystallo, thus validating our
solution scattering and modelling data, we repeated crystallization of pectocin M2. A custom re-crystallization
screen was devised exploiting information from the initial
trails. Crystals were obtained in a number of conditions
from this screen and were tested for diffraction as well as
space group and unit cell variation, which is indicative of
novel packing. A form with the radically different space
group of P3121 was chosen for optimization, which yielded
crystals diffracting to 1.86 Å. As an alternative domain
arrangement to the P21 form was expected, data from this
crystal form were again phased using anomalous data
from the metal centres of the [2Fe-2S] cluster. During
model building from these data it was immediately apparent that in this crystal form pectocin M2 did indeed adopt an
elongated conformation (Fig. 5A). The calculated Rg and
Dmax for this structure were 28 and 97 Å respectively. These
values correlate well with the extended population from the
DMD simulation, suggesting that this structure is representative of the second elongated pool indentified by our
modelling. Alignment of this elongated (P3121) form and
the original P21 form, based on their cytotoxic or ferredoxin

Fig. 4. Analysis of conformational heterogeneity of pectocin M2
reveals compact and extended ensembles in solution.
A. Overlay of scattering curves of pectocin M2 between
experimental data and the best ensemble selected by GAJOE
indicates improved fit to the scattering data (χ = 0.827).
B and C. Rg (B) and Dmax (C) distribution of solution ensembles
selected by a genetic algorithm using GAJOE from a pool of 5000
random conformers of pectocin M2. Compact and elongated
molecule were both selected implying that the protein is
conformationally heterogeneous in solution allowing for significant
inter-domain re-arrangements about the linker helix (residues
96–115).
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Fig. 5. Pectocin M2 P3121 structure confirms extended conformation predicted by solution scattering.
A. Pectocin M2 in P3121 crystal form is highly elongated, consistent with the extended conformation predicted from solution scattering and
DMD simulations.
B. Alignment of the catalytic domains of the P21 and P3121 crystal forms of pectocin M2, illustrating the difference in orientation between the
ferredoxin and linker regions.
C. Alignment of the ferredoxin domains of the P21 and P3121 crystal forms of pectocin M2, illustrating the difference in orientation of the
catalytic domains.

domains, show a major difference in the relative orientations of these domains (Fig. 5B and C).
The ferredoxin domain is a generic module for the
delivery of cytotoxic domains to the periplasm
In addition to pectocin M1 and M2, we previously identified
a putative third member of the ferredoxin-containing bacteriocin family, designated pectocin P (Grinter et al.,
2012a). The open reading frame for pectocin P, identified in
the genome of Pectobacterium carotovorum subsp. carotovorum WPP14, consists of an N-terminal ferredoxin

domain, connected to a pesticin-like cytotoxic domain,
which is analogous to T4 lysozyme. Similar to pectocins M1
and M2, there is no sequence N-terminal of the ferredoxin
domain, so this bacteriocin also lacks an IUTD. To confirm
that this open-reading frame encodes an active bacteriocin, we tested the cytotoxic activity of recombinantly
expressed and purified pectocin P against diverse Pectobacterium isolates. For this test we utilized a solid growth
inhibition assay conducted in parallel with pectocins M1
and M2 (Fyfe et al., 1984). As with pectocins M1 and M2,
limited inhibition of growth was observed under ironreplete conditions (LB agar). However, under iron-limiting
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Fig. 6. Activity of pectocin P against Pectobacterium atrosepticum
LMG 2386. Purified pectocins M1, M2 and P (2 mg ml−1) were
spotted onto a soft agar overlay seeded with Pba LMG 2386. Clear
zones indicate inhibition of growth due to the cytotoxic effect of
pectocins on cells.

conditions, inhibition of growth was observed for 17 of the
19 strains (Fig. 6, Table S1). The existence of pectocin P,
an additional ferredoxin-containing bacteriocin with no
N-terminal IUTD and a pesticin-like cytotoxic domain, provides strong supporting evidence that the ferredoxin
domain acts as a generic module for the delivery of cytotoxic domains to the periplasm in Pectobacterium spp. The
cytotoxic domains of both M-class bacteriocins and pesticin have been studied extensively and there is no indication that they possess any intrinsic capacity to cross the
OM (Barreteau et al., 2010; Helbig and Braun, 2011;
Lukacik et al., 2012; Patzer et al., 2012), indicating that
ferredoxin uptake represents an unprecedented example
of receptor-mediated protein uptake for nutrient acquisition
in bacteria.

Discussion
In this work we present the structure and solution properties of the atypical bacteriocin pectocin M2, which consists of a fusion between a colicin M-like cytotoxic domain
and a plant-derived ferredoxin domain. We have previously demonstrated that Pectobacterium spp. are able to
acquire iron directly from plant ferredoxin under ironlimiting conditions through a receptor mediated process
and that the bacteriocins pectocin M1 and M2 parasitize
this system for cell entry through presentation of a ferredoxin domain (Grinter et al., 2013). In this study we
provide an insight into how this uptake occurs by showing
that pectocin M2 has an unprecedented structure among
bacteriocins in that it lacks an IUTD. Additionally, we
definitively show that pectocin M2 is highly flexible in
solution fluctuating between compact and extended
conformations.
All iron-uptake systems identified to date in Gramnegative bacteria, either siderophore based or targeting a

protein substrate, utilize a TonB-dependent receptor to
transport iron across the outer membrane (Faraldo-Gomez
and Sansom, 2003). Likewise, binding and parasitization
of these receptors for cell entry is a characteristic trait of
colicin M, and other characterized colicins and pyocins,
including the E-type colicins (E1-E9), colicins A, B, D, IA
and IB and pyocins S1-S5 (Loftus et al., 2006; Buchanan
et al., 2007; Cascales et al., 2007; Denayer et al., 2007;
Devanathan and Postle, 2007; Elfarash et al., 2012). As
such, while it is yet to be confirmed that a TonB-dependent
receptor is responsible for mediating ferredoxin iron and
pectocin uptake, this class of protein is by far the most likely
candidate.
In bacteriocins the IUTD normally functions to deliver
an epitope to the periplasm, which mediates binding to the
Tol or Ton complexes. This direct interaction occurs
between the colicins and TolB for group A colicins and
TonB for group B colicins and is essential for uptake of
these bacteriocins. In addition to their subversion for bacteriocin import, Tol and Ton complexes have a general
physiological role in the bacterial cell. The Ton complex
provides the energy required for the import of iron containing siderophores and related substrates through
TonB-dependent receptors, by interaction with the receptor plug domain subsequent to binding of the substrate on
the outer surface of the receptor (Noinaj et al., 2010).
Given the universal role of TonB-dependent receptors in
iron transport across the outer membrane and their parasitization by colicin-like bacteriocins, it is reasonable to
speculate that the ferredoxin/pectocin receptor is a
member of this class of protein.
Since pectocin M1 and M2 lack an IUTD they are
unable make direct contact with the Tol or Ton complexes
in the periplasm and thus are unable to directly utilize the
pmf for cell entry. However, the fact that these proteins
parasitize a system for which the receptor binding and
translocation domains are structurally analogous to the
substrate provides an intuitive solution to this problem. A
number of TonB-dependent receptors have been identified, which obtain iron from host proteins during infection.
In all of these systems the iron or iron containing compound is liberated from the protein on the cell surface and
transported into the cell, potentially because all of the
proteins identified are too large pass through the lumen of
their receptor (Wandersman and Stojiljkovic, 2000;
Faraldo-Gomez and Sansom, 2003; Noinaj et al., 2012).
Plant ferredoxin, however, is a small globular protein,
which is in fact comparable in dimensions to the plug
domain that ordinarily occludes the pore of a TonBdependent receptor (Fig. 7A and C). This creates the possibility that the ferredoxin is imported intact into the
periplasm. If this were the case it could readily explain the
pectocins lack of an IUTD as the energy required for cell
entry would still be provided by the Ton complex, but
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Fig. 7. The extended conformation of
pectocin M2 has dimensions compatible with
passage through the lumen of a
TonB-dependent receptor.
A. The extended conformation of pectocin M2
(blue cartoon and surface), fitted into the pore
of the barrel of HasR from Serratia
marcescens PDB ID = 3CLS, illustrating that
the extended conformation of pectocin M2 is
conducive to transport through the lumen of a
TonB-dependent receptor without unfolding.
B. Dimensions of the ferredoxin domain of
pectocin M2.
C. The width of the plug domain, which
ordinarily blocks the lumen of the receptor
barrel, is similar to that of the elongated
conformation of pectocin M2.
D. Top-down view of the HasR barrel showing
the internal dimensions of the barrel domain.
This figure is available in colour online at
wileyonlinelibrary.com.

transduced through receptor plug domain, as with ordinary substrate importation.
As the elongated conformation of pectocin M2 has comparable dimensions along its length (Fig. 5A) we manually
docked this model into the barrel domain of the hemophore receptor HasR, a TonB-dependent receptor shown
to be responsible for importation of the relatively bulky
substrate, haem (Fig. 7B and D). This docking illustrates
that pectocin M2 in its elongated conformation could traverse the lumen of such a receptor to gain entry to the cell,
with the flexibility of pectocin M2 observed in solution
allowing the protein to adapt to the shape of the lumen of
its transporter during importation. In the case of the transport of iron-siderophores, it is generally thought that there

are two possibilities with respect to the role of TonB in
stimulating substrate transport. Either TonB induces a
rearrangement of the plug domain within the barrel that is
sufficient to allow passage of the substrate or it directly
pulls the plug domain completely from the barrel (Usher
et al., 2001; Udho et al., 2009; 2012). However, for an
intact protein such as ferredoxin to be translocated
directly through the lumen of a TonB-dependent receptor,
it would be necessary for the plug domain to completely
exit the barrel during substrate transport and it has not as
yet been directly demonstrated that this occurs in TonBdependent receptors. The identification of this receptor
and the testing of this importation hypothesis represents
an intriguing question for future work.
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Experimental procedures
Expression and purification of ferredoxins and pectocins
A list of bacterial strains and plasmids used in this work is
provided in Table S1. The open reading frame for pectocin
P minus stop codon was synthesized by DNA 2.0 and
ligated into the expression vector pJ404 (T5 promoter,
C-terminal His6-tag). The resulting vector was designated
pJPP1. Vectors for expression of pectocins M1 and M2
were as previously described (Grinter et al., 2012a). All proteins were expressed and purified as previously described
(Grinter et al., 2012a). Proteins were concentrated to 5–15
mg ml−1 using a centrifugal concentrator and stored at
−80°C in this buffer until required. For pectocins M1 and P,
5% glycerol was added to all buffers as it was found to
enhance protein stability.

Cytotoxicity assays
The cytotoxicity of purified pectocins was tested using the
soft agar overlay method (Fyfe et al., 1984). 200 μl of mid-log
phase culture of the test strain was added to 6 ml of 0.6%
agar melted and cooled to 42°C. The molten agar was then
overlaid onto LB medium with or without 100–400 μM 2,2′biyridine. Purified pectocins (2 mg ml−1) were spotted directly
onto the surface of the overlay, once solidified. Plates were
incubated at 28°C for 16 h, and monitored for zones of growth
inhibition.

SAXS data collection and analysis
SAXS data were collected on the X33 beamline at
the Deutsches Elektronen Synchrotron (DESY, Hamburg,
Germany). Pectocin M2 and pyocin M concentrations between
0.4 and 4.0 mg ml−1 were used. Average buffer scattering was
subtracted from the sample scattering. The first 200 points
(low angle data) of the scattering curve obtained for 1 mg ml−1
protein were merged with the rest of the high angle data from
the 4 mg ml−1 sample to avoid the influence on the data of any
inter-particle interference. All data processing was performed
using PRIMUS (Konarev et al., 2003). Porod-Debye [I(q)q4
versus q4] and normalized Kratky [I(q)q2 versus q] plots were
used to assess particle flexibility as described in the Results
section (Durand et al., 2010; Rambo and Tainer, 2011). The
distance distribution function, p(r), was obtained by indirect
Fourier transform of the scattering intensity using GNOM
(Svergun, 1992). A Guinier plot [ln I(s) versus q2] was used to
determine the radius of gyration, Rg, of pectocin M2 and pyocin
M. US-SOMO (Rai et al., 2005) was used to determine hydrodynamic parameters based on the crystal structures of pectocin M2. CRYSOL (Svergun et al., 1995) was used to
compute theoretical scattering curves from high-resolution
X-ray structures.

DMD and EOM simulations
Discrete molecular dynamics simulations of the pectocin M2
linker region (residues 96–116) were undertaken with

US-SOMO (Brookes et al., 2010; Shirvanyants et al., 2012) in
order to explore pectocin M2 conformational space. The
Andersen thermostat temperature (T) was set to 0.5 kcal mol−1
K−1 to allow for sufficient sampling of conformational dynamics
around the native state without melting the structure of the
linker. The run time and pdb output step were adjusted in order
to generate 5000 models. Next, the pool of 5000 ‘random’
pectocin M2 conformers generated was refined by a genetic
algorithm implemented in the program GAJOE as part of the
ensemble optimization method (Bernadó et al., 2007;
Petoukhov et al., 2012).

Pectocin M2 crystallization and diffraction
data collection
Initial crystallization trials were performed at the high
throughput crystallization facility of the University of Zurich
using the vapour diffusion method (reservoir volume of 50
μl, drop size: 100 nl protein, 100 nl reservoir solution) with
pectocin M2 at a final concentration of 15 mg ml−1. Pectocin
M2 formed crystals or spherulites in a number of conditions
containing ammonium sulphate and PEG 3350. Crystals
were extracted from one of these conditions [15% PEG
3350, 0.2 M ammonium sulphate, 3% 2-methyl-2,4pentanediol (MPD), 0.1 M bis-tris pH 6.5], cryoprotected by
increasing PEG 3350 to 30% and data were collected at 100
K to 2.3 Å in the space group P21, at the SLS (Zurich).
Re-crystallization screening of pectocin M2 was performed,
using a custom screen with variations in the concentration/
ratio of precipitants from the original condition (ammonium
sulphate and PEG 3350), pH and additives. Clusters of large
rod-shaped crystals formed at high ammonium sulphate
concentrations. This was optimized giving a final condition of
1.8 M ammonium sulphate, 3% MPD, 0.1 M MES, pH 6.5.
These crystals were manually separated and cryoprotected
with 15–20% glycerol. Data were collected at 100 K on
beamlines I02 and I03 at the Diamond Light Source (Oxfordshire, UK). Automatic data-processing was performed with
Xia2 within the EDNA package (Incardona et al., 2009).
Datasets for experimental phasing using the iron–sulphur
cluster of pectocin M2 were collected at the iron K-edge
(1.7433 Å) and high-resolution data were collected at 0.9796
Å. Data collection statistics from both crystal forms are
reported in Table 1.

Pectocin M2 structure solution and refinement
Phases for the P21 and P3121 datasets were obtained from the
anomalously scattering substructure from the pectocin–
ferredoxin domain iron–sulphur cluster, determined for the
iron-edge dataset using the Hybrid Substructure Search from
the Phenix package (Adams et al., 2010). Four positions were
located per ASU corresponding to two iron–sulphur clusters
(correlation coefficient = 0.5) from two pectocin M2 molecules.
These positions were then utilized by Phaser-EP (McCoy
et al., 2007; Adams et al., 2010; Winn et al., 2011) phases
were improved using RESOLVE density modification from the
Phenix package, and the initial model was built and refined
using Phenix Autobuild (Adams et al., 2010). The model was
then built and refined manually using Coot 0.7 and Refmac5
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Table 1. Crystallographic data collection and refinement statistics.

Data collectiona
Space group
Cell dimensions
a, b, c (Å)
α, β, γ (°)
Resolution (Å)
Rmerge (%)
Rpim (%)b
Mean I/sigma(I)
Completeness (%)
Redundancy
Refinement
Resolution (Å)
No. of reflections
Rwork/Rfree (%)
No. of atoms
Protein
Ligand/ion
Water
B factors
Protein
2Fe-2S
SO42−/Cl−
Glycerol/MPD
Water
Root mean square deviations
Bond lengths (Å)
Bond angles (°)
PDB identifier

High resolution dataset

Iron edge dataset

P21

P3121

P3121

44.65, 116.75, 60.78
90, 94.96, 90
50.00–2.30 (2.44–2.30)
5.0 (59.9)
–
12.41 (1.85)
96.6 (95.7)
3.2 (2.8)

117.45, 117.45, 128.45
90, 90, 120
64.22–1.86 (1.91–1.86)
3.4 (68.3)
0.9 (15.7)
47.1 (5.5)
100.0 (99.9)
20 (20.8)

117.26, 117.26, 128.53
90, 90, 120
43.31–2.01 (2.06–2.01)
3.8 (69.3)
2.0 (31.0)
28.9 (3.1)
99.4 (98.7)
8 (6.6)

50.00–2.30 (2.44–2.30)
52652 (8438)
21.0/27.2

64.22–1.86 (1.91–1.86)
86092 (6304)
16.8/19.1

4093
34
49

4175
388
438

69.1
74.6
95
–
42.4

45.5
35.4
68.2
70.7
56.0

0.016
1.757
4N59

0.024
2.55
4N58

a. Values in parentheses refer to the highest resolution shell.
b. Rpim = Σhkl[1/(N − 1)1/2Σi|Ii(hkl) − < I(hkl) > |/ΣhklΣiIi(hkl)

(McCoy et al., 2007; Emsley et al., 2010; Murshudov et al.,
2011). Validation of refined structures was performed using the
Molprobity web server and Procheck from CCP4i (Laskowski
et al., 1993; Chen et al., 2010). Refinement statistics for both
datasets are reported in Table 1.

Lipid II cleavage assay
Lipid II hydrolysis assays were performed and visualized as
previously described by (Grinter et al., 2012b), with nonradiolabelled lipid II substrate obtained from the UK Bacterial
Cell Wall Biosynthesis Network (Lloyd et al., 2008; Clarke
et al., 2009). A band corresponding to lipid II was observed
with an Rf of 0.7 as reported previously (Barreteau et al.,
2009).

Acknowledgements
We thank the Diamond Light Source for access to beamlines
I02 and I03 (proposal numbers MX6638 and MX8659), We
acknowledge funding from P-CUBE for initial crystallization
trials performed at HT-X Zurich and were are grateful to Beat
Blattmann for technical assistance. R.G. is supported by a
Kelvin-Smith Scholarships from the University of Glasgow.
I.J. and L.M. are supported by studentships from the Wellcome Trust, award numbers 093592/Z/10/Z and 093597/Z/
10/Z respectively.

References
Adams, P.D., Afonine, P.V., Bunkoczi, G., Chen, V.B., Davis,
I.W., Echols, N., et al. (2010) PHENIX: a comprehensive
Python-based system for macromolecular structure solution. Acta Crystallogr D Biol Crystallogr 66: 213–221.
Barreteau, H., Bouhss, A., Fourgeaud, M., Mainardi, J.-L.,
Touzé, T., Gérard, F., et al. (2009) Human- and plantpathogenic pseudomonas species produce bacteriocins
exhibiting colicin M-like hydrolase activity towards peptidoglycan precursors. J Bacteriol 191: 3657–3664.
Barreteau, H., Bouhss, A., Gérard, F., Duché, D., Boussaid,
B., Blanot, D., et al. (2010) Deciphering the catalytic
domain of colicin M, a peptidoglycan lipid II-degrading
enzyme. J Biol Chem 285: 12378–12389.
Barreteau, H., Ghachi, M.E., Barnéoud-Arnoulet, A., Sacco,
E., Touzé, T., Duché, D., et al. (2012a) Characterization of
colicin M and its orthologs targeting bacterial cell wall peptidoglycan biosynthesis. Microb Drug Resist 18: 222–
229.
Barreteau, H., Tiouajni, M., Graille, M., Josseaume, N.,
Bouhss, A., Patin, D., et al. (2012b) Functional and structural characterization of PaeM, a colicin M-like bacteriocin
produced by Pseudomonas aeruginosa. J Biol Chem 287:
37395–37405.
Bernadó, P., Mylonas, E., Petoukhov, M.V., Blackledge, M.,
and Svergun, D.I. (2007) Structural characterization of flex-

© 2014 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology, 93, 234–246

Structure of atypical bacteriocin pectocin M2 245

ible proteins using small-angle X-ray scattering. J Am
Chem Soc 129: 5656–5664.
Brookes, E., Demeler, B., Rosano, C., and Rocco, M. (2010)
The implementation of SOMO (SOlution MOdeller) in the
UltraScan analytical ultracentrifugation data analysis suite:
enhanced capabilities allow the reliable hydrodynamic
modeling of virtually any kind of biomacromolecule. Eur
Biophys J 39: 423–435.
Buchanan, S.K., Lukacik, P., Grizot, S., Ghirlando, R., Ali,
M.M.U., Barnard, T.J., et al. (2007) Structure of colicin I
receptor bound to the R-domain of colicin Ia: implications
for protein import. EMBO J 26: 2594–2604.
Cascales, E., Buchanan, S.K., Duché, D., Kleanthous, C.,
Lloubès, R., Postle, K., et al. (2007) Colicin biology. Microbiol Mol Biol Rev 71: 158–229.
Chen, V.B., Arendall, W.B., III, Headd, J.J., Keedy, D.A.,
Immormino, R.M., Kapral, G.J., et al. (2010) MolProbity:
all-atom structure validation for macromolecular crystallography. Acta Crystallogr D Biol Crystallogr 66: 12–21.
Clarke, T.B., Kawai, F., Park, S.-Y., Tame, J.R.H., Dowson,
C.G., and Roper, D.I. (2009) Mutational analysis of the
substrate specificity of Escherichia coli penicillin binding
protein 4. Biochemistry 48: 2675–2683.
Denayer, S., Matthijs, S., and Cornelis, P. (2007) Pyocin S2
(Sa) kills Pseudomonas aeruginosa strains via the FpvA
Type I ferripyoverdine receptor. J Bacteriol 189: 7663–
7668.
Devanathan, S., and Postle, K. (2007) Studies on colicin B
translocation: FepA is gated by TonB. Mol Microbiol 65:
441–453.
Durand, D., Vivès, C., Cannella, D., Pérez, J., PebayPeyroula, E., Vachette, P., and Fieschi, F. (2010) NADPH
oxidase activator p67phox behaves in solution as a multidomain protein with semi-flexible linkers. J Struct Biol 169:
45–53.
Elfarash, A., Wei, Q., and Cornelis, P. (2012) The soluble
pyocins S2 and S4 from Pseudomonas aeruginosa bind to
the same FpvAI receptor. MicrobiologyOpen 1: 268–275.
Emsley, P., Lohkamp, B., Scott, W.G., and Cowtan, K. (2010)
Features and development of Coot. Acta Crystallogr D Biol
Crystallogr 66: 486–501.
Faraldo-Gomez, J.D., and Sansom, M.S.P. (2003) Acquisition
of siderophores in Gram-negative bacteria. Nat Rev Mol
Cell Biol 4: 105–116.
Fyfe, J.A., Harris, G., and Govan, J.R. (1984) Revised pyocin
typing method for Pseudomonas aeruginosa. J Clin Microbiol 20: 47–50.
Grinter, R., Milner, J., and Walker, D. (2012a) Ferredoxin
containing bacteriocins suggest a novel mechanism of iron
uptake in Pectobacterium spp. PLoS ONE 7: e33033.
Grinter, R., Roszak, A.W., Cogdell, R.J., Milner, J.J., and
Walker, D. (2012b) The crystal structure of the lipid
II-degrading bacteriocin syringacin M suggests unexpected
evolutionary relationships between colicin M-like bacteriocins. J Biol Chem 287: 38876–38888.
Grinter, R., Milner, J., and Walker, D. (2013) Beware of proteins bearing gifts: protein antibiotics that use iron as a
Trojan horse. FEMS Microbiol Lett 338: 1–9.
Helbig, S., and Braun, V. (2011) Mapping functional domains
of colicin M. J Bacteriol 193: 815–821.
Housden, N.G., Wojdyla, J.A., Korczynska, J., Grishkovskaya,

I., Kirkpatrick, N., Brzozowski, A.M., and Kleanthous, C.
(2010) Directed epitope delivery across the Escherichia coli
outer membrane through the porin OmpF. Proc Natl Acad
Sci USA 107: 21412–21417.
Housden, N.G., Hopper, J.T.S., Lukoyanova, N., RodriguezLarrea, D., Wojdyla, J.A., Klein, A., et al. (2013) Intrinsically
disordered protein threads through the bacterial outermembrane porin OmpF. Science 340: 1570–1574.
Incardona, M.-F., Bourenkov, G.P., Levik, K., Pieritz, R.A.,
Popov, A.N., and Svensson, O. (2009) EDNA: a framework
for plugin-based applications applied to X-ray experiment
online data analysis. J Synchrotron Radiat 16: 872–879.
Jakes, K.S., and Finkelstein, A. (2010) The colicin Ia receptor, Cir, is also the translocator for colicin Ia. Mol Microbiol
75: 567–578.
Kleanthous, C. (2010) Swimming against the tide: progress
and challenges in our understanding of colicin translocation. Nat Rev Microbiol 8: 843–848.
Konarev, P.V., Volkov, V.V., Sokolova, A.V., Koch, M.H.J., and
Svergun, D.I. (2003) PRIMUS: a Windows PC-based
system for small-angle scattering data analysis. J Appl
Crystallogr 36: 1277–1282.
Laskowski, R.A., Macarthur, M.W., Moss, D.S., and
Thornton, J.M. (1993) PROCHECK – a program to check
the stereochemical quality of protein structures. J Appl
Crystallogr 26: 283–291.
Lloyd, A.J., Gilbey, A.M., Blewett, A.M., De Pascale, G.,
El Zoeiby, A., Levesque, R.C., et al. (2008) Characterization of tRNA-dependent peptide bond formation by MurM in
the synthesis of Streptococcus pneumoniae peptidoglycan.
J Biol Chem 283: 6402–6417.
Loftus, S.R., Walker, D., Maté, M.J., Bonsor, D.A., James, R.,
Moore, G.R., and Kleanthous, C. (2006) Competitive
recruitment of the periplasmic translocation portal TolB by a
natively disordered domain of colicin E9. Proc Natl Acad
Sci USA 103: 12353–12358.
Lukacik, P., Barnard, T.J., Keller, P.W., Chaturvedi, K.S.,
Seddiki, N., Fairman, J.W., et al. (2012) Structural engineering of a phage lysin that targets Gram-negative pathogens. Proc Natl Acad Sci USA 109: 9857–9862.
McCoy, A.J., Grosse-Kunstleve, R.W., Adams, P.D., Winn,
M.D., Storoni, L.C., and Read, R.J. (2007) Phaser crystallographic software. J Appl Crystallogr 40: 658–674.
Michel-Briand, Y., and Baysse, C. (2002) The pyocins of
Pseudomonas aeruginosa. Biochimie 84: 499–510.
Murshudov, G.N., Skubak, P., Lebedev, A.A., Pannu, N.S.,
Steiner, R.A., Nicholls, R.A., et al. (2011) REFMAC5 for the
refinement of macromolecular crystal structures. Acta
Crystallogr D Biol Crystallogr 67: 355–367.
Noinaj, N., Guillier, M., Barnard, T.J., and Buchanan, S.K.
(2010) TonB-dependent transporters: regulation, structure,
and function. Annu Rev Microbiol 64: 43–60.
Noinaj, N., Easley, N.C., Oke, M., Mizuno, N., Gumbart, J.,
Boura, E., et al. (2012) Structural basis for iron piracy by
pathogenic Neisseria. Nature 483: 53–58.
Patzer, S.I., Albrecht, R., Braun, V., and Zeth, K. (2012)
Structure and mechanistic studies of pesticin, a bacterial
homolog of phage lysozymes. J Biol Chem 287: 23381–
23396.
Petoukhov, M.V., Franke, D., Shkumatov, A.V., Tria, G.,
Kikhney, A.G., Gajda, M., et al. (2012) New developments

© 2014 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology, 93, 234–246

246 R. Grinter et al. ■

in the ATSAS program package for small-angle scattering
data analysis. J Appl Crystallogr 45: 342–350.
Rai, N., Nöllmann, M., Spotorno, B., Tassara, G., Byron, O.,
and Rocco, M. (2005) SOMO (SOlution MOdeler): differences between X-ray- and NMR-derived bead models
suggest a role for side chain flexibility in protein hydrodynamics. Structure 13: 723–734.
Rambo, R.P., and Tainer, J.A. (2011) Characterizing flexible
and intrinsically unstructured biological macromolecules by
SAS using the Porod-Debye law. Biopolymers 95: 559–571.
Riley, M.A., Pinou, T., Wertz, J.E., Tan, Y., and Valletta, C.M.
(2001) Molecular characterization of the klebicin B plasmid
of Klebsiella pneumoniae. Plasmid 45: 209–221.
Shirvanyants, D., Ding, F., Tsao, D., Ramachandran, S., and
Dokholyan, N.V. (2012) Discrete molecular dynamics: an
efficient and versatile simulation method for fine protein
characterization. J Phys Chem B 116: 8375–8382.
Svergun, D. (1992) Determination of the regularization
parameter in indirect-transform methods using perceptual
criteria. J Appl Crystallogr 25: 495–503.
Svergun, D., Barberato, C., and Koch, M.H.J. (1995)
CRYSOL – a program to evaluate X-ray solution scattering
of biological macromolecules from atomic coordinates. J
Appl Crystallogr 28: 768–773.
Udho, E., Jakes, K.S., Buchanan, S.K., James, K.J., Jiang,
X., Klebba, P.E., and Finkelstein, A. (2009) Reconstitution
of bacterial outer membrane TonB-dependent transporters

in planar lipid bilayer membranes. Proc Natl Acad Sci USA
106: 21990–21995.
Udho, E., Jakes, K.S., and Finkelstein, A. (2012) TonBdependent transporter FhuA in planar lipid bilayers: partial
exit of its plug from the barrel. Biochemistry 51: 6753–
6759.
Usher, K.C., Özkan, E., Gardner, K.H., and Deisenhofer, J.
(2001) The plug domain of FepA, a TonB-dependent transport protein from Escherichia coli, binds its siderophore in
the absence of the transmembrane barrel domain. Proc
Natl Acad Sci USA 98: 10676–10681.
Wandersman, C., and Stojiljkovic, I. (2000) Bacterial heme
sources: the role of heme, hemoprotein receptors and
hemophores. Curr Opin Microbiol 3: 215–220.
Winn, M.D., Ballard, C.C., Cowtan, K.D., Dodson, E.J.,
Emsley, P., Evans, P.R., et al. (2011) Overview of the
CCP4 suite and current developments. Acta Crystallogr D
Biol Crystallogr 67: 235–242.
Zeth, K., Römer, C., Patzer, S.I., and Braun, V. (2008) Crystal
structure of colicin M, a novel phosphatase specifically
imported by Escherichia coli. J Biol Chem 283: 25324–
25331.

Supporting information
Additional supporting information may be found in the online
version of this article at the publisher’s web-site.

© 2014 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology, 93, 234–246

