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Abstract

The double membrane architecture of Gram-negative bacteria forms a barrier
that is effectively impermeable to extracellular threats. Accordingly, researchers have
shown increasing interest in developing antibiotics that target the accessible, surface-
exposed proteins embedded in the outer membrane. TolC forms the outer membrane
channel of an antibiotic efflux pump in Escherichia coli. Drawing from prior observations
that colicin E1, a toxin produced by and lethal to E. coli, can bind to the TolC channel,
we investigate the capacity of colicin E1 fragments to ‘plug’ TolC and inhibit its efflux
function. First, using single-molecule fluorescence, we show that colicin E1 fragments
that do not include the cytotoxic domain localize at the cell surface. Next, using real-time
efflux measurements and minimum inhibitory concentration assays, we show that
exposure of wild-type E. coli to fragments of colicin E1 indeed disrupts TolC efflux and
heightens bacterial susceptibility to four common classes of antibiotics. This work
demonstrates that extracellular plugging of outer membrane transporters can serve as a
novel method to increase antibiotic susceptibility. In addition to the utility of these protein
fragments as starting points for the development of novel antibiotic potentiators, the
variety of outer membrane protein colicin binding partners provides an array of options
that would allow our method to be used to inhibit other outer membrane protein

functions.

Significance

We find that fragments of a protein natively involved in intraspecies bacterial
warfare can be exploited to plug the E. coli outer membrane antibiotic efflux machinery.
This plugging disables a primary form of antibiotic resistance. Given the diversity of

bacterial species of similar bacterial warfare protein targets, we anticipate that this
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method of plugging is generalizable to disabling the antibiotic efflux of other
proteobacteria. Moreover, given the diversity of the targets of bacterial warfare proteins,
this method could be used for disabling the function of a wide variety of other bacterial

outer membrane proteins.

Introduction

In Gram-negative bacteria, the concentric structures of the outer membrane, cell
wall, and cytoplasmic membrane protect the cell from extracellular threats. Of these
protective structures, the outer membrane is a particularly formidable barrier (1), owing
to the impermeable structure of the lipopolysaccharide (LPS) that constitutes the outer
membrane’s outer leaflet (2). The primary means by which external molecules can gain
access to the cell is through the ~100 varieties of barrel-shaped proteins that are
embedded in each bacterium’s outer membrane (outer membrane proteins, OMPs) (3),
and whose diverse functions include the transport of molecules across the membrane—
specifically, the import of nutrients and metabolites and the export of toxins and waste.

Because they are accessible from outside the cell, OMPs are attractive targets for
the development of novel antibiotics, and research in this vein has begun to reveal the
therapeutic potential of interfering with OMP structure and function. One recent study in
Escherichia coli, for example, showed that exposing bacteria to a monoclonal antibody
that inhibits OMP folding produces bactericidal effects (4). An alternative approach for
targeting OMP's is the development of molecular plugs that block the pores of these
proteins: such a plug would allow for the manipulation of bacterial transport, providing a
means of either starving the bacterium (by preventing the influx of valuable nutrients) or
poisoning it (by preventing the outflow of toxins). This idea of blocking the channel of

outer membrane efflux pumps has been previously proposed for increasing bacterial
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susceptibility to antibiotics (5). However, no successful examples to date have been
reported.

In this study, we find that fragments of colicin E1—a bactericidal toxin produced by
and lethal to E. coli—can block the capacity of TolC, an OMP in E. coli, to eliminate
antibiotics.

TolC is the outer membrane component of the acridine efflux pump (along with AcrA
in the periplasm and AcrB in the inner membrane) (6), which extrudes multiple classes of
antibiotics such as erythromycin, chloramphenicol, tetracycline, doxorubicin, and
acriflavine (7, 8), as well as other compounds such as bile salts and detergents (9).
Deletion of TolC has been shown to render E. coli vulnerable to a wide variety of
antibiotics (10). Moreover, expression of TolC is linearly correlated to antibiotic
resistance in clinical isolates of E. coli (11). These observations suggest that identifying
means of targeting TolC might provide insights that can contribute towards disabling
antibiotic resistance, which is becoming a world-wide threat (12, 13).

Colicins are E. coli-specific bacteriocins, which are protein toxin systems through
which bacteria engage in ‘bacterial warfare’ with other, similar bacteria. Bacteriocins
hijack the OMPs of a target bacterium to cross its impermeable outer membrane and Kkill
the bacterium. E. coli produces numerous types of colicins, which vary in their receptor
targets and killing mechanisms. Yet, all colicins share a common triadic domain
architecture, comprising the following components: (i) an N-terminal translocation (T)
domain, (ii) a receptor-binding (R) domain, and (iii) a C-terminal cytotoxic (C) domain
(Fig. 1A). Colicin import is initialized by the binding of the R domain to an OMP target
with high affinity (14, 15); this binding localizes the colicin onto the outer membrane.
Once colicin is tethered to the outer membrane surface, the T domain initiates

translocation using a secondary OMP receptor that is, in most cases, distinct from the R
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92  domain’s OMP target (16). Colicin E1 uses TolC as the receptor of the T domain and

93  BtuB as the receptor of the R domain (17).

94 Prior studies have suggested that segments of colicin E1’s T domain can bind the

95  TolC channel (18). In particular, peptides including residues 100-120 of colicin E1

96 (termed the ‘TolC box’), with additional amino acids at the C-terminus of the ‘box’, have

97  been shown to co-elute with TolC (18) and to disrupt channel conductance (19). A

98  subsequent study confirmed the identity of the minimal T-domain segment that binds

99  TolC, showing that E. coli exposure to peptides comprising residues 100-120 is
100  sufficient to prevent subsequent binding of full-length colicin E1 (as reflected in the fact
101  that the bacteria were protected from the colicin’s cytotoxic effects (20)). Notably, none
102  of these studies investigated the effects of exposure to colicin E1 fragments on TolC’s
103 efflux activity.
104 Accordingly, here we use specific fragments of colicin E1 to determine whether the
105  binding event between the N-terminal T domain and the TolC pore can disrupt the
106  OMP’s native export function. In particular, we suggest that this binding event is likely to
107  plug the pore, in light of observations, obtained through circular dichroism, that colicin E1
108  inserts into the TolC B-barrel as a helical hairpin (18). The proposed plugging
109  mechanism is further supported by co-crystal structures of colicin E3 and E9 fragments
110  bound to the outer membrane porin OmpF, which revealed that the peptides obstruct the
111 OmpF barrel (21, 22).
112 We investigate minimal truncations of colicin E1 that include the entirety of the T and
113 R domains (colE1-TR), the T domain alone (colE1-T), and a peptide containing residues
114 100-143 (colE1-T100-143), i.€., the TolC box together with 23 additional residues (Fig. 1B).
115 Inclusion of the additional residues in the latter peptide was motivated by the observation
116  that colE1-T forms a helical hairpin and that colicin E1 is theorized to also insert into

117  TolC as a helical hairpin (23), and a transmembrane hairpin requires ~43 amino acids.
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Through real-time efflux assays,
minimum inhibitory concentration (MIC)
experiments, and single-molecule
microscopy, we find that colE1-TR and
colE1-T are able to inhibit TolC-
mediated efflux. Importantly, we find that
extracellular plugging of TolC reduces
the amount of antibiotics required to
inhibit the growth of these bacteria—
indicating that this colicin E1 fragment
reduces the antibiotic resistance
conferred by TolC. This work points to
the potential for using colicin fragments
for bacterial species-specific antibiotic
potentiation and, more broadly, for
species-specific blocking of the

import/export functions of OMPs.

Results

Colicin E1 Localization. To determine
the utility of our colicin E1 truncations as
plugs for antibiotic efflux, we used an
extracellular protease digestion assay to
assess whether colE1-T and colE1-TR

localize on the cell surface or

A full-length WT colicin E1
H,N - BRUELE =TT ETIS Receptor-binding domain (SO T ET I - COOH
1-190 191-364 365-522
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Fig. 1: Colicin E1 domains and cellular
localization. Domain architecture of colicin
E1. (A) Full-length colicin E1, showing
sections known to bind to OMP targets. The T
domain (blue) interacts with TolC; the R
domain (yellow) interacts with BtuB; and the C
domain is delivered to the inner membrane.
(B) Truncation constructs used in this study to
evaluate TolC plugging. colE1-TR lacks the C-
terminal cytotoxic domain; colE1-T lacks both
the cytotoxic and R domains; and colE1-T+1go-
143 includes the TolC box, a stretch of amino
acids (residues 100-120) required for binding
to TolC (grey box). (C) Extracellular protease
digest assay. SurA used as a periplasmic
localization and membrane integrity control (D)
Fluorescence image of Cy3-labeled colE1-TR
overlaid on outlines of living E. coli cells from
phase-contrast microscopy for WT and AtolC.
Red arrow indicates a punctum of 12-20
colE1-TR molecules on the cell surface. Scale
bar: 2 um. (E) Counts of cells where colE1-TR-
Cy3 punctum formation was observed for WT
and AtolC.

cell count

translocate across the outer membrane. Stalling on the outer membrane surface would
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render the proteins susceptible to digestion when trypsin is in the extracellular
environment. Conversely, if the protein translocates into the intracellular environment,
the outer membrane should shield the protein from digestion.

Colicin localization was probed through western blot analysis of specific colicin
fragments with C-terminal polyhistidine-tags. Cells were incubated with these colicin
fragments and subsequently exposed to two increasing concentrations of trypsin. If the
protein enters the cell, the outer membrane shields it from trypsin digestion and a
corresponding band is present on the western blot under conditions with trypsin (intact
cell condition). Periplasmic protein SurA was used as a membrane integrity control to
identify if trypsin entered cells. As a trypsin activity control, half of the cell sample was
lysed (lysed cell condition) exposing all cellular compartments to trypsin.

When we probed colE1-T for interaction with the cell, there was no detectable
level of the protein either in the presence or in the absence of trypsin (Fig. 1C, left),
indicating lack of binding. When cells were incubated with colE1-TR, a band
corresponding to colE1-TR appeared on intact cells that were not exposed to trypsin.
When we increased the amount of trypsin, colE1-TR was digested at each trypsin
concentration, indicating that the colicin E1 fragment was localized to the outer
membrane surface (Fig. 1C, right). In contrast, the control, periplasmic chaperone SurA,
was not degraded at any trypsin concentration unless the cells were lysed before the
digestion reaction (24).

After determining that colE1-TR remains at the cell surface, we probed binding
and cell localization through single-molecule fluorescence microscopy. C-terminal
cysteines were incorporated into colE1-T and colE1-TR to enable thiol coupling to the
fluorescent dye cyanine 3 (Cy3). When colE1-TR-Cy3 was added to the extracellular
environment of WT BW25113 E. coli cells (containing TolC), distinct puncta (Fig. 1D,

left) formed on 94% of the cells (n = 111) (Fig. 1E). In strain JW5503-1, a population of
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cells lacking TolC (AtolC), puncta were observed in only 18% of cells (n = 99) (Fig. 1D,
right, Fig. 1E). In WT and AtolC cells that did feature puncta, colE1-TR formed clusters
of 12—20 molecules per punctum, where each cluster had a diameter of less than the
microscope’s 0.5 ym resolution. The quantity of molecules and the size of the puncta
were in agreement with previous studies of BtuB clusters (25, 26), supporting the
assumption that the puncta comprised clusters of colE1-TR bound to BtuB. We further
verified that punctum formation and localization was not an artifact of Cy3 conjugation: a
fusion construct of GFP to the C-terminus of colE1-TR also displayed the same cluster
formation characteristics (Fig. 1E, S/ Appendix, Fig. S1A). No other single protein
binding events were detected aside from the observed puncta formation in either WT or
AfolC cells. A AbtuB strain is not commercially available. Both strains of the Keio
collection marked AbtuB were found to have reverted by the Coli Genetic Stock Center
(personal communication). Although there have been truncations described in the
literature, we anticipate that at least some of the protein is required for survival.

Colicin constructs lacking the R domain (colE1-T-Cy3) showed no detectable
binding either to WT cells containing TolC or to the TolC knockout strain of cells (S/
Appendix, Fig. S1B), indicating that the TolC:colE1-T interaction is much weaker than
the BtuB:colE1-TR interaction. Moreover, when we observed time courses of bound
colE1-TR, all puncta remained immobile for > 5 minutes (Movie S1), further supporting
the proposition that colE1-TR does not translocate (27) and that it binds to BtuB. Limited
mobility of BtuB in the membrane has previously been observed; specifically,
fluorescently-labeled BtuB did not show fluorescence recovery after photobleaching
(FRAP) on long time scales (28).

Taken together, our observations are consistent with a model in which colicin E1
initially binds to BtuB, and in which TolC subsequently improves the interaction, and thus

increases the frequency of cluster formation. Because the T-domain did not show any
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195  binding in either localization experiment, we did not test the TolC box containing peptide
196  colE1-T1g0-143.

197

198  Colicin E1 Binding to TolC. Since binding of colE1-T to TolC was not detectable in our
199 cell-based experiments, we wanted to ensure that our colicin E1 constructs indeed bind
200  to TolC in vitro. The interaction of TolC and colicin E1 fragments has previously been
201  characterized in vitro through co-elution of the peptides by size exclusion chromatograph
202  (SEC) (18). We used a similar approach and assessed peak shifts for both colE1-T and
203  colE1-TR when mixed with TolC. ColE1-T alone and TolC alone eluted from the SEC at
204  14.7 mL and 10.7 mL, respectively (Fig. 2A, right). When the two were mixed together,
205  we observed shift in the TolC peak to 10.2 mL and a decrease in intensity associated
206  with the colE1-T peak indicating that a subset of the population has migrated with TolC.
207  We analyzed the peak (arrow) using sodium dodecyl sulfate polyacrylamide gel

208  electrophoresis (SDS-PAGE) (Fig. 2A, left) and found the presence of both colE1-T (red

209  triangle) and TolC (purple triangle), indicating the colE1-T co-elutes with TolC. ColE1-TR

A N B C
50 — ColEf-T 50 — ColE1-T a — colE1-TR
N < s =TdIe o | = = Toic g 50 . 1 _ — TolC
- 37 < — TolC+colE1-T = 37 2 — TolC+colE1-T 7 37 2 — TolC+colE1-TR
w E - E o E
825 < & 825. <<§ S 25 g
20 20 A © 20 <

8 10 12 14 16 8 10 12 14 16 8 10 12 14 16
Elution Volume (mL) - 40 mM NaCl Elution Volume (mL) - 200 mM NaCl Elution Volume (mL) - 200 mM Na(

Fig. 2: Colicin E1 fragments bind to TolC in vitro. Co-elution experiment to determine
binding of colE1-T (red line) and colE1-TR (red line) to TolC (purple line). The arrow indicates
the co-elution (black line) fractions that were analyzed by SDS-PAGE. TolC runs as a double
band at ~50kDa as a monomer. Red arrows indicate the presence of colicin E1 constructs
that have co-eluted with TolC (purple arrows). (A) Co-elution of colE1-T with TolC at 40mM
NaCl (B) Co-elution of colE1-T with TolC at 200mM NaCl (C) Co-elution of colE1-TR with
TolC at 200mM NaCl. The T domain did not show binding in our in vivo experiments but binds
to TolC in vitro. colicinE1-TR precipitates in 40mM NaCl so it could not be evaluated for
binding with TolC under these conditions.

210  precipitates in the NaCl concentration (40 mM) used to co-elute colE1-T so we increased
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the salt concentration to 200 mM. Under the higher salt concentration, when TolC and
colE1-T are mixed there is a smaller peak shift and the presence of a shoulder (Fig. 2B,
right). Although we could detect binding, the higher salt concentration prevents full
binding as indicated by a much fainter band for colE1-T (Fig. 2B, left).

When TolC and colE1-TR were mixed (Fig. 2C, right), we observed a peak shift
from 11.0 mL for colE1-TR alone to 10.0 mL for colE1-TR in the presence of TolC. The
more drastic shift (as compared with the shift observed for colE1-T) can be attributed to
the additional mass associated with the R domain. Again, analysis with SDS-PAGE (Fig.
2C, left) revealed that both colE1-TR (red) and TolC (purple triangle) bands were

present.

Colicin E1 Inhibits Active Efflux. Real-time efflux inhibition by colicin E1 fragments
was assessed using a live-cell assay with N-(2-naphthyl)-1-naphthylamine (NNN)-dye,
which is effluxed by the acridine efflux pump and fluoresces when it is localized inside
the cell (29). Efflux of NNN can be turned off by the protonophore CCCP, which
neutralizes the proton motive force allowing for accumulation of the dye within the cell.
Active efflux can then be monitored by the decay in fluorescent signal once proton
motive force is reenergized by the addition of glucose (29-33).

We assessed the ability of colicin E1 truncations to plug TolC by monitoring real-
time efflux of NNN. Cells exposed to colE1-T1g0-143 (comprising colicin E1 residues 100-
143; Fig. 1B) did not show lower real-time efflux of the fluorescent probe molecule NNN
(i.e., weaker decay in fluorescence), as compared with untreated cells (Fig. 3A). This
observation is notable in light of the fact that, in previous studies, similar peptides were

shown to bind TolC (18, 20) and to occlude the channel, as reflected in diminished

10
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conductance (18, 19). These
studies, however, did not
investigate the effects of colicin E1
fragments on the efflux function of
the pump.

Cells exposed to colE1-T,
comprising the full T domain, did
show a distinctly lower decay in
final fluorescence compared with
untreated cells, though the treated
cells did not retain their baseline
fluorescence. These results
indicate that colE1-T partially
inhibited efflux (Fig. 3B). Finally,
exposure to colE1-TR produced
full inhibition of the acridine efflux
pump, as fluorescence did not
decrease after the addition of

glucose (Fig. 3C).

>
o

ColE1-T

100-143

ColE1-T

(a.u.)
(au)

Normalized Fluoresence
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F T T T ! F T T T 1
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o

ColE1-TR

— No treatment
— AtolC

----- 10 uM protein
— 100 uM protein
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Normalized Fluoresence

Time (s)
Fig. 3: Colicin E1 fragments inhibit active efflux.
Effect of colicin E1 fragments on real-time efflux of
N-(2-naphthyl)-1- naphthylamine (NNN) in E. coli
WT and AtolC: (A) An N-terminal peptide fragment
composed of residues 100-143 encompassing the
“TolC box” (B) The entirety of colE1-T domain (C)
The entirety of the T and R domains. In each case,
fluorescence in WT E. coli with no protein is
represented by a green line; AtolC is represented by
a black line; WT + 10 uM protein is represented by
purple dots; WT + 100 uM protein is represented by
purple lines. The TolC box peptide does not show
activity against NNN efflux. ColE1-T moderately
inhibits NNN efflux at 100 uM. ColE1-TR shows
partial inhibition at 10 uM and full inhibition at 100
MM.

Colicin E1 Increases E. coli Susceptibility to Antibiotics. Because exposure of cells

to colE1-TR completely inhibited NNN efflux, we evaluated the capacity of this colicin E1

truncation to potentiate antibiotics through MICs. An effective TolC plug will reduce the

concentration required to inhibit growth as antibiotics remain trapped within the cell. We

chose representative antibiotics from four different antibiotic classes that are known TolC

substrates: kanamycin, ciprofloxacin, erythromycin, and the antimicrobial agent

benzalkonium chloride (corresponding to the classes aminoglycosides, fluoroquinolones,

11
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macrolides, and quaternary ammonium
compounds, respectively). Specifically,
WT E. coli cells that were exposed to
100 yM colE1-TR in combination with
each of these antibiotic substances
showed substantially lower MICs (Fig. 4)
compared with cells exposed to the
antibiotics alone: Exposure to 100 yM
colE1-TR made WT E. coli ~1.5-2.0-fold
more susceptible to these antibiotics (Sl

Appendix, Table S1).

Discussion

In this study, we explored a
novel method of modulating OMP
function in E. coli by plugging an outer
membrane protein channel using a
fragment of a protein that is produced by
and lethal to these bacteria. Specifically,
we leveraged the observed capacity of
colicin E1’'s T domain to occlude TolC,

and proposed that the colicin might also
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Fig. 4: ColE1-TR makes antibiotics more
potent: Antibiotic susceptibility was determined in
the absence (green) and presence of colE1-TR at
1 UM (blue), 10 uM (purple), 25 uM (pink), 50 uM
(orange), 100 uM (yellow) for erythromycin,
ciprofloxacin, kanamycin, and benzalkonium
chloride in E. coli WT. MICs for AtolC (red) are
included as a reference for total loss of TolC. For
kanamycin, the MIC for Ato/C was not determined
since the deletion of the to/C gene is
accomplished by insertion of a kanamycin
resistance cassette. Kanamycin was collected
with more replicates as the data was more
variable. All data for WT were collected with
biological replicates, and error bars correspond to
the standard error of the mean. Clusters indicated
have a statistically significant difference in their
mean values relative to WT (* with P < .050,

** with P <.010, *** with P <.001)

serve as a molecular plug that disrupts the channel’s native efflux function, which

facilitates the elimination of antibiotics. We found that a fragment of colicin E1 that lacks
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the cytotoxic C domain potentiates antibiotics of various classes, including
aminoglycosides, fluoroquinolones, macrolides, and quaternary ammonium compounds.

We first showed that colicin E1 truncations composed of the T or the TR
domains, without the C domain, do not fully enter into cells. Through single-molecule
microscopy we were able to observe the TR domain bind to the WT cell surface. In
contrast, for colE1-T, a truncation that did not include the R domain, we did not observe
binding to the cell surface. Notably, however, TolC binding did seem to have a significant
role in the binding of colE1-TR to the cell surface: binding occurred in a substantially
higher proportion of WT E. coli than in cells deleted of TolC. In AfolC cells, the few
binding events that were observed were localized to puncta, and were assumed to
reflect binding of the R domain to BtuB. Taken together, these observations suggest that
the T domain:TolC interaction enhances colicin E1’s ability to stay bound to the surface
but is not sufficient on its own to show binding events. Indeed, this proposition is
supported by the results of the real-time efflux functional assay, where colE1-T only
partially inhibited efflux of antibiotics, whereas colE1-TR achieved full inhibition. We infer
from these observations that the relative affinity of the T domain for TolC is weaker than
the affinity of the R domain to BtuB. Avidity by the additional interaction of the R domain
with BtuB is required for full inhibition of efflux. This is not surprising since colicin E1
functions as part of a mechanism to deliver a cytotoxic domain and not specifically for
TolC plugging.

In addition to pointing to a means of manipulating TolC efflux, our observations
enable us to draw conclusions regarding the mechanism of efflux inhibition. Previous
functional studies have proposed two alternative models for colicin E1’s utilization of
TolC to enter and poison the cell (18, 34). The first is the ‘total thread’ model in which the
entire colicin is unfolded, and TolC serves as a channel for it to thread through (34). The

second, ‘pillar’ model, based on structural studies of the binding interaction between
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TolC and N-terminal peptides of colicin E1, proposes that colicin E1 inserts into TolC as
a helical hairpin, which serves as a buttress to facilitate the entry of the colicin’s cytotoxic
domain (18). In this model, the intrinsic properties of the cytotoxic domain itself are
proposed to allow it to cross the outer membrane, potentially with mediation by anionic
LPS. The results presented herein support the latter model. Specifically, we observed
that, without the cytotoxic domain, colE1-TR remains stalled on the outer membrane
exposed to the extracellular environment, instead of entering the cell, as would be
expected with the total thread model.

Accordingly, we propose the following mechanism of efflux inhibition based on
the Cramer ‘pillar’ model of colicin E1 interaction with BtuB and TolC. First, the R domain
binds to BtuB with high affinity and acts as an anchoring point for the colicin on the cell
membrane (Fig. 5A). Second, the T domain is able to search for TolC and insert into the
channel, stabilizing its association with the membrane and, more importantly, forming a
plug that blocks the
exit of TolC
substrates (Fig. 5B).

Since the

presence of TolC

Antibiotics

enhances puncta

Fig. 5: Model of colE1-TR inhibition of efflux. The R domain of
colE1-TR (orange) binds to BtuB (cyan) with high affinity and
BtuB and TolC need anchors colE1-TR to the surface of the cell. The T domain (red)
then inserts into TolC (lavender), plugging the channel and
to be in close blocking exit of antibiotics (spheres). We only see this interaction
when 12 or more colE1-TR bind in the same cluster. (A) Before
binding, antibiotics are effluxed (B) the pillar model is depicted as
a possible binding configuration that prevents efflux.

formation, both

proximity for binding
to occur. Given that
BtuB clusters together—potentially excluding TolC—the number of full binding sites

available for the T and R domains of colicin E1 may be substantially lower than simply
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the number of TolC or BtuB proteins. In principle, the resolution of our microscopy
experiments can detect single binding events, yet we only observe puncta with 12
binding events or more of colE1-TR to the cell surface. We speculate that there may be
geometric constraints on a cluster. It may be the case that there are not sufficient TolC
and BtuB oriented in such a way that at least 12 ligands can bind to both TolC and BtuB
at once. To understand the order of the geometric constraint, we can create a simple
model of the problem as a six by four grid allowing for 12 TolCs and 12 BtuBs. If each of
these 24 proteins can be placed in any configuration on the grid, this results in the
number of possible configurations at 24 choose 12 equals 2,704,156 (S Appendix,
methods). The number of configurations in which all 12 TolCs would be adjacent to a
BtuB is a small percentage of these configurations. Using the Hopkraft-Karp algorithm
(SI Appendix, methods) we determined how many of these conformations would have all
TolC paired to a BtuB by being in one of BtuB’s eight adjacent squares. We find only
262,912 confirmations or 10% of the total possible arrangements-- suggesting that the
availability for binding within a cluster is a low probability event.

Though it seems that colicin E1 confers a dose response of antibiotic
potentiation, the relatively high concentration of colE1-TR needed to significantly inhibit
efflux may be at least partially explained by these geometric considerations as well as by
other binding concerns. Although previous studies have identified nanomolar affinities
between BtuB and the R domain of colicin E3 (14, 35), in a competition assay where
excess BtuB was shown to protect cells from colicin E3, no protection from colicin E1
was observed, even at 200 molar excess (36). The latter observation indicates that the
binding affinity between colicin E1 and BtuB is lower than that between colicin E3 and
BtuB, and may reflect the fact that, as observed here, TolC has a significant role in
colicin E1 binding. At an ODego = 1 we anticipate approximately 8 x 108 E. coli cells, each

with approximately 400 BtuBs (37) and 1,500 trimeric TolCs (38). A back-of-the-
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envelope calculation indicates that at a 100uM concentration, colE1-TR has 50,000
colE1-TR domains for every TolC pore in the sample. Though 10 uM colE1-TR was
sufficient to affect efflux of NNN, this quantity did not stop efflux completely, and was not
sufficient to heighten cells’ sensitivity to antibiotics. Though we cannot explain why quite
such a high concentration is necessary for antibiotic potentiation, it is clear that for this
method of antibiotic potentiation to be useful the binding affinity between the T domain
and TolC will need to be increased.

Owing to their limited potency, our colE1-T and colE1-TR fragments are not likely
to be useful in direct practical applications of antibiotic potentiation. However, as a proof
of concept, our findings offer a potential roadmap for further development. A more potent
binder of TolC would not need the R domain anchor. If the interaction between TolC and
colE1-T can be resolved to atomic detail, the colicin T domain would serve as an ideal
candidate for optimization by computational methods and/or by directed evolution to
engineer an effective antibiotic potentiator to prevent the spread of antibiotic resistance.
Moreover, once the atomic structure of the interaction is known, proteins could be
designed for blocking efflux through outer membrane efflux pumps of at least five other
bacterial organisms. Each of these organisms have structurally characterized outer
membrane efflux pumps that have been shown to be homologous and structurally similar
to TolC (39).

More broadly, there are more than 20 known varieties of bacteriocins. These
bacteriocins are known to bind to different bacterial outer membrane proteins with a wide
variety of functions including: adhesion, iron transport, and general import (16, 40).
Applying this method of inhibition using fragments derived from other colicins may

provide insight into inhibition of other bacterial function as well.
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Materials and Methods

A complete description of materials and methods is available as supporting information.
E. coli strains

E. coli strains BW25113 and JW5503-1 were purchased from the Coli Genetic Stock
Center (CGSC). JW5503-1 is a tolC732(del)::kan from the parent strain BW25113.
BL21(DE3) were used for expression of the colicin constructs. BL21(DE3)Omp8 (a

generous gift from the D. Miiller) was used to express TolC.

Expression and Purification

Colicin E1 constructs

Genes for colicin constructs (colE1-T, colE1-TR, colE1-T-E192C, colE1-TR-E366C,
colE1-TR-GFP) were cloned into pET303. Plasmids were transformed into BL21(DE3)
and proteins were expressed in TB media supplemented with 0.4% glycerol, 10 mM
MgCI2. Protein expression was induced with 1mM IPTG at 15 °C for 24 hours. Proteins
were purified by nickel affinity chromatography followed by gel filtration on an AKTA pure
chromatography system.

TolC

Full-length TolC was cloned into pTrcHis with a C-terminal 6x histidine tag and
transformed into BL21(DE3)Omp8. Protein expression was induced with 1mM IPTG at
25 °C for 24hrs. TolC was extracted from the membrane fraction with 1% n-dodecyl-§3-D-
maltoside at 4 °C for 24hrs and purified by nickel affinity chromatography followed by gel

filtration on an AKTA pure chromatography system.

Peptide Synthesis
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ColE1-T100-143 was synthesized using a CEM liberty blue microwave peptide synthesizer
using standard Fmoc chemistry. The peptides where cleaved using a solution of
92.5:2.5:2.5:2.5 TFA:TIPS:H20:DoDt and the crude peptides where purified using
preparative HPLC. Analytical HPLC traces were acquired using an Agilent 1100
quaternary pump and a Hamilton PRP-1 (polystyrene-divinylbenzene) reverse phase
analytical column (7 um particle size, 4 mm x 25 cm) with UV detection at 215 nm. The
eluents were heated to 45 °C to reduce separation of rotational isomers, and elution was
achieved with gradients of water/ acetonitrile (90:10 to 0:100 containing 0.1% TFA) over
20 min. Low-resolution mass spectra (LRMS) were obtained using a Waters Micromass

ZQ 4000 instrument with ESI+ ionization

Extracellular Protease Digestion

Protein localization after exogenous addition to whole cells was determined as
previously described (24). Briefly, colE1 protein constructs were incubated with whole
cells followed by trypsin digestion. If colE1 enters the cell it would be protected from
trypsin digest by the cell membrane. If colE1 remains localized to the outer membrane it
would by susceptible to trypsin digestion. The presence of ColE1 was probed through

western blot analysis.

Single-Molecule Microscopy

Cysteine mutants were labeled with Cyanine 3 (Cy3) through maleimide chemistry.
BW25113 or AfolC were mixed with Cy3 labeled colicin E1 (T or TR) or colE1-TR-GFP
and imaged (live and unfixed) using epifluorescence microscopy with sensitivity to detect
single dye molecules as described previously (41). Fluorescence was excited by a 561-
nm laser (Coherent Sapphire 560-50) for Cy3 or a 488-nm laser (Coherent Sapphire

488-50) for GFP. Fluorescence was imaged with an Olympus 1X71 inverted microscope
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438  with a 100x, 1.40-NA oil-immersion objective. Images were captured with a Photometrics
439  Evolve electron multiplying charge-coupled device (EMCCD) camera.

440

441  Co-elution

442  The interaction of TolC and colicin E1 T or TR were determined by co-elution on an SEC
443 column. Purified TolC and colicin E1 T or TR were mixed at a 1:2 molar ratio and

444  incubated at room temperature for 1 hour before loading onto a Superdex 200 Increase
445  10/300 GL column (GE Healthcare). The protein was eluted with 1.5 column volumes
446  into 20 mM Tris pH 8.0, 40 mM NaCl, 0.05% n-dodecyl-B-D-maltoside for colE1-T. For
447  colE1-TR the NaCl concentration was increased to 200 mM to prevent precipitation.

448  Elution fractions were collected every 0.5 mL. Peak fractions were concentrated to 20 uL
449  and analyzed by SDS-PAGE.

450

451 Real-time Efflux

452  Real-time efflux activity in the presence of colE1-TR was determined as previously

453  described with some modifications (29, 30). Cells were resuspended to in cold PBS with
454  and without 10-100 pM colicin proteins and incubated for 15 minutes on ice. 100uM

455  carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was added to turn off efflux. After
456  an additional 15 minutes the efflux dye NNN was added to the cells to 10 uM. The cells
457  were incubated at 25 °C with shaking at 140 r.p.m. for 2 hours. Cells were harvested at
458  3,500g for 5 minutes and washed once in 20 mM potassium phosphate buffer pH 7 with
459  1mM MgCl,. Cell were loaded into a quartz cuvette (Agilent Technologies). Fluorescence
460  was measured with an Agilent Cary Eclipse fluorescence spectrophotometer with

461  excitation wavelength of 370 nm and emission wavelength of 415 nm. Fluorescence

462  measurements were taken every 1 second. After 100 seconds, 50 mM glucose was
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added to re-energize the cells and initiate efflux, and fluorescence data were collected

for an additional 600 seconds.

MICs

MICs were determined using the broth dilution method in 96 well plate format using LB
media in 100 pL well volumes. Cultures were grown at 37 °C with shaking at 250 r.p.m.
and ODeoo was read on a Biotek plate reader after 20 hours. P values were determined

using a two-tailed Student’s t-test in GraphPad Prism 7.0.
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594  Supplemental Data
595

596 A colE1-TR-GFP
597
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B colE1-T-Cy3
603
WT AtolC
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Figure S1: Single-molecule microscopy. Fluorescence images of colE1-TR-GFP (A) and
Cy3-labeled colE1-T (B) overlaid on outlines of living E. coli cells from phase-contrast
microscopy for WT and Ato/C. Scale bar: 2 ym. ColE1-TR-GFP forms similar puncta as
Cy3-labeled ColE1-TR. No binding of Cy3-labeled colE1-T to WT or AtolC cells was
detected.
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Colicin E1 TR localizes on, and remains bound to, the extracellular surface of E. coli.
Fluorescence movie of Cy3-labeled colE1-TR on living WT E. coli overlaid on outline of
the E. coli cell from phase-contrast microscopy. Continuous imaging at 25 frames per
second. Scale bar: 2 pm.
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622 Table S1

623 Minimum inhibitor concentrations of antimicrobials in the presence of colE1-TR
Erythromycin Ciprofloxacin Kanamycin Benzalkonium
(nug/mL) (ng/mL) (ng/mL) Chloride (pg/mL)
WT 255.0 £11.7 39.4 £2.7 14.0 £2.3 42.2 +4.0
AtolC 25101 4.0 £0.3 NA 3.310.3
WT + 1 uM 298.7 £13.6 53.517.2 15.7 £3.3 48.49 +7.5
colE1-TR
WT + 10 uM 271.7 £22.9 50.2 £18.0 15.1£5.2 48.3 +0.9
colE1-TR
WT + 25 uM 162.6 £5.8 42.3 £7.3 54 11.2 38.6 £5.5
colE1-TR
WT + 50 uM 167.0 £15.0 34.6 £9.2 19.1 £3.0 455 +0.3
colE1-TR
WT + 100 111.8 £27.6 25.0 4.7 6.8 £2.2 20.7 £2.8
MM colE1-
TR
fold change 2.2x 1.6x 2.0x 2.0x
in MIC at
100 uM
colE1-TR
624 + denote Standard Error of the Mean (SEM)
625
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Supplementary Methods

Expression and Purification

Colicin E1 constructs

The gene for WT colE1-TR was synthesized as a double-stranded linear
fragment (Integrated DNA Technologies) and cloned into pET303 using megaprimer
restriction free cloning. Inverse PCR was used to delete the R domain and produce
colicin E1-T. The gene for colicin E1-TR-GFP was produced by inserting GFP upstream
of colE-TR, using Gibson assembly. Plasmids were transformed into E. coli BL21(DE3)
cells and plated on LB + agar + 100 ug/mL carbenicillin. Single colonies were inoculated
into 50 mL LB broth with 100 pg/mL carbenicillin and grown overnight at 37 °C with
shaking at 250 r.p.m. Proteins were expressed by inoculating 1L of TB supplemented
with 0.4% glycerol, 10 mM MgCI2 and 100 ug/mL carbenicillin with 20 mL of the
overnight culture; the culture was grown at 37 °C to an ODeq of 2.0 and induced with 1
mM IPTG. Expression cultures were grown at 15 °C for 24 hours and harvested at
4,000g for 30 minutes at 4 °C. Cell pellets were resuspended in (3 mL/g of cell pellet)
lysis buffer (TBS, 5 mM MgClI2, 10 mM imidazole, 1mM PMSF, 10 uyg/mL DNase, 0.25
mg/mL lysozyme) and lysed via sonication (2 minutes, 2s on, 8s off, 40% amplitude,
QSonica Q500 with 12.7 mm probe) in an ice bath. Lysates were centrifuged at 4,000g
for 10 minutes to remove un-lysed cells and debris. The supernatant was centrifuged
again at 20,000 r.p.m. in a Beckman Coulter J2-21 for 1 hour at 4 °C. Clarified lysates
were applied to a 5 mL HisTrap FF column and purified using an AKTA FPLC system
with a 20 column volume wash step with binding buffer (TBS, 25 mM imidazole) and
eluted using a linear gradient from 0-50% elution buffer (TBS, 500 mM imidazole) in 10
column volumes. Proteins were concentrated in Amicon centrifugal filters with molecular

weight cutoffs of 10K and 30K for colicin E1-T and for colicin E1-TR, respectively.

26


https://doi.org/10.1101/692251

bioRxiv preprint doi: https://doi.org/10.1101/692251; this version posted July 4, 2019. The copyright holder for this preprint (which was not

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Concentrated proteins were loaded onto a HiLoad Superdex 16/60 200 pg gel filtration

column and eluted into phosphate buffered saline (PBS) pH 7.4.

TolC

The gene for full-length TolC (a generous gift from R. Misra) was cloned into
pTrcHis with a C-terminal 6x histidine tag. Plasmids were transformed into
BL21(DE3)Omp8 and plated on LB + agar + 100 ug/mL carbenicillin. A single colony
was picked and grown in LB-Lennox at 30 °C with shaking at 150 r.p.m. overnight. In the
morning, 1L of LB-Lennox was inoculated with 20 mL of the overnight culture and grown
at 30 °C with shaking at 150 r.p.m. until the culture reached an ODeqo of 0.6, at which
point protein expression was induced with 1mM IPTG for an additional 4 hours then
harvested at 4,000g for 30 minutes at 4°C. Cell pellets were resuspended in 30 mL of
Lysis buffer (TBS, 5 mM MgCl,, 5 ug/mL DNase, 1mM PMSF) and lysed via sonication
(2 minutes, 2s on, 8s off, 40% amplitude, QSonica Q500 with 12.7 mm probe) in an ice
bath. Cell lysates were centrifuged at 4,000 g for 30 minutes at 4 °C to remove un-lysed
cells and inclusion bodies. Total membrane fractions were harvested by centrifuging at
20,000 r.p.m. in a Beckman Coulter J2-21 for 1 hour at 4 °C. The resulting membrane
pellet was resuspended in 20 mM Tris, 400 NaCl, 1% n-dodecyl-B-D-maltoside with mild
stirring at 4 °C overnight to extract the protein. The solubilized membrane fraction was
centrifuged at 20,000 r.p.m. in a Beckman Coulter J2-21 for 1 hour at 4 °C. The
supernatant was filtered through 0.22 um and applied to a 1 mL HisTrap FF column and
purified using an AKTA FPLC system with a 20 column volume wash step with binding
buffer (20 mM Tris, 400 NaCl, 0.05% n-dodecyl-B-D-maltoside, 25 mM imidazole) and
eluted using a linear gradient from 0-100% elution buffer (20 mM Tris, 400 NaCl, 0.05%
n-dodecyl-B-D-maltoside, 500 mM imidazole) in 10 column volumes. TolC containing

fractions were pooled and concentrated to 2 mL and applied onto a HiLoad 16/60
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Superdex 200 pg column and eluted with 1.5 column volumes in 20 mM Tris, 400 NaCl,

0.05% n-dodecyl-B-D-maltoside.

Extracellular Protease Digestion

Protein localization after exogenous protein addition to whole cells was
determined as previously described (1). BW25113 cells were grown to an ODggo of ~0.6.
Cells were harvested by centrifugation at 4,000g for 5 minutes and resuspended in 1x
PBS. Cells were incubated with 10 uM protein and incubated for 1 hour at 37 °C with
rocking. After incubation, cells were harvested by centrifugation and washed 2x with
PBS to remove any unbound protein. Cell pellets were resuspended in 5 mL of protease
buffer (50 mM Tris pH=8, 7.5 mM CacCl,) and ODggo normalized. Cultures were split into
two samples for trypsin digestion: 1) intact cells 2) lysed cells. For the lysed cell sample,
0.25 mg/mL lysozyme was added, and the sample was incubated at room temperature
for 15 minutes. The cells were lysed by 5x freeze-thaw cycles by submerging in liquid
nitrogen followed by thawing. For each cell condition (lysed and intact) the sample was
further split into 6 aliquots. Aliquots were incubated with a final concentration of 0, 5, 20
ug/mL trypsin. The reaction was incubated for 30 minutes with intermittent gentle flicking
of the tubes. After 30 minutes 100 mM PMSF was added to stop the digestion reaction.
Samples were snap frozen in liquid nitrogen and stored at -20 °C until western blot

analysis.

Single-Molecule Microscopy

Cysteine mutants for microscopy were purified as described above with the
addition of 1 mM TCEP in all buffers to prevent covalent dimer formation. Because of the
use of the fluorophore, all subsequent steps were performed with limited exposure to

light and in amber tubes. Cyanine3 (Cy3) maleimide (Lumiprobe) was reconstituted in
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DMSO. Fluorophore labeling was achieved by mixing a 20-fold molar excess of Cy3
maleimide to protein and incubating overnight at 4 °C. Free dye was removed by gel
filtration on a Sephadex NAP-10 G-25 column. The sample was simultaneously buffer-
exchanged into storage buffer (PBS pH 7.4, 1 mM DTT, 1 mM EDTA). The degree of
labeling was determined spectrophotometrically from the concentrations of the dye and
protein solutions using their respective extinction coefficients, €, as described by their
manufacturers or for the proteins as estimated by Expasy ProtParam (Cy3 €s4gnm =
162,000 L mol-' cm™; colE1-T-E192C €280nm = 9,970 L mol-' cm™"; colE1-TR-E366C £280nm
= 14,440 L mol-' cm™"). Labeling efficiencies were ~75% and ~85% for colE1-T-E192C
and colE1-TR-E366C, respectively. Protein concentrations were adjusted according to
the percentage of labeled protein.

Cultures of E. coli (BW25113 or AtolC) were grown in LB medium at 37 °C with
shaking (180 r.p.m.) overnight, then transferred to MOPS minimal medium (Teknova)
with 0.2% glycerol and 1.32 mM K2HPOs, and grown at 37 °C for 13 h. A sample was
transferred to MOPS medium and grown to turbidity at 37 °C overnight. A 1-mL aliquot of
culture was centrifuged for 2 min at 4850g to pellet the cells. The pellet was washed in 1
mL MOPS and centrifuged a second time. The supernatant was then removed, and the
cell pellet was resuspended in 500 yL MOPS. A 1.0 uL droplet of concentrated cells was
placed onto a glass slide. Then, a 1.0 pL droplet of 1 pg/mL colicin E1 protein construct
stock was added to the cells. The droplet was covered by an agarose pad (1% agarose
in MOPS media) and a second coverslip.

Samples were imaged at room temperature using wide-field epifluorescence
microscopy with sensitivity to detect single dye molecules as described previously (2).
Briefly, fluorescence was excited by a 561-nm laser (Coherent Sapphire 560-50) for Cy3
or a 488-nm laser (Coherent Sapphire 488-50) for GFP. The lasers were operated at low

power densities (1 — 2 W/cm?), and fluorescence was imaged with an Olympus IX71
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inverted microscope with a 100x, 1.40-NA oil-immersion objective and appropriate
excitation, emission, and dichroic filters. A Photometrics Evolve electron multiplying
charge-coupled device (EMCCD) camera with > 90% quantum efficiency captured the
images at a rate of 20 frames per second. Each detector pixel corresponds to a 49 nm x

49 nm area of the sample.

Real-time Efflux

Real-time efflux activity in the presence of colE1-TR was determined as
previously described with some modifications (3,4). A single colony of E. coli BW25113
was inoculated into 10 mL of LB and incubated overnight at 37 °C. The next day, 50 mL
of LB was inoculated with 1 mL of the overnight culture and grown to ODeoo of ~0.8.
Cells were pelleted at 3,500g for 5 minutes. Cells were resuspended to ODggo 1.5 in cold
PBS with and without 10-100 uM colicin proteins and incubated for 15 minutes on ice. To
decouple proton motive force and turn off efflux, 100pM carbonyl cyanide m-
chlorophenyl hydrazone (CCCP) was added. After an additional 15 minutes the efflux
dye NNN was added to the cells to 10 uM. The cells were incubated at 25 °C with
shaking at 140 r.p.m. for 2 hours. Cells were harvested at 3,500g for 5 minutes and
washed once in 20 mM potassium phosphate buffer pH 7 with 1mM MgCl.. Optical
densities were adjusted to ODeggo 1.0 and placed on ice. Then, 2 mL of the cell
suspension was loaded into a quartz cuvette (Agilent Technologies). Fluorescence was
measured with an Agilent Cary Eclipse fluorescence spectrophotometer with slit widths
at 5 and 10 nm for excitation wavelength of 370 nm and emission wavelength of 415 nm.
Fluorescence measurements were taken every 1 second. After 100 seconds, 50 mM
glucose was added to re-energize the cells and initiate efflux, and fluorescence data

were collected for an additional 600 seconds.
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Modeling BtuB and TolC on a grid

To select the configurations where every pair of BtuB and TolC proteins interact,
we transformed each of the 24-choose-12 grid configurations (equation 1) into a bipartite
graph representation where two vertices are connected by an edge if they are neighbors
in the grid. Neighbors are defined as if a BtuB is one of the 8 immediate neighbors of a
TolC. We applied the Hopcroft-Karp algorithm (5) for finding a maximum cardinality
matching on the graph. If a matching was found this was counted as one successful
configuration.

The number of successful configurations was 788,736. Removing the three
symmetries of the rectangle (vertical and horizontal plane flips and 180-degree rotation),
the number is 788,736/3 = 262,912. In neither the 24 choose 12 set nor the neighboring
set if a configuration is the same as its mirror image (vertical or horizontal), these are not

counted as separate instances.

equation 1.

24!

m - 2,704,156
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