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Abstract

Many Gram-negative bacterial species use contact-dependent growth inhibition (CDI) systems to
compete with neighboring cells. CDI* strains express cell-surface CdiA effector proteins, which
carry a toxic C-terminal region (CdiA-CT) that is cleaved from the effector upon transfer into the
periplasm of target bacteria. The released CdiA-CT consists of two domains. The C-terminal
domain is typically a nuclease that inhibits cell growth, and the N-terminal “cytoplasm-entry”
domain mediates toxin translocation into the target-cell cytosol. Here, we use nuclear magnetic
resonance and circular dichroism spectroscopic approaches to probe the structure, stability and
dynamics of the cytoplasm-entry domain from Escherichia coli STEC_MHI813. Chemical shift
analysis reveals that the CdiA-CTMHI813 entry domain is composed of a C-terminal helical bundle
and a dynamic N-terminal region containing two disulfide linkages. Disruption of the disulfides by
mutagenesis or chemical reduction destabilizes secondary structure over the N-terminus, but has
no effect on the C-terminal helices. Though critical for N-terminal structure, the disulfides have
only modest effects on global thermodynamic stability, and the entry domain exhibits
characteristics of a molten globule. We find that the disulfides form /n vivo as the entry domain
dwells in the periplasm of inhibitor cells prior to target-cell recognition. CdiA-CTMHI813 yariants
lacking either disulfide still kill target bacteria, but disruption of both bonds abrogates growth
inhibition activity. We propose that the entry domain’s dynamic structural features are critical for
function. In its molten globule-like state, the domain resists degradation after delivery, yet remains
pliable enough to unfold for membrane translocation.
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INTRODUCTION

Bacteria use many strategies to communicate and compete with other microorganisms in the
environment. One widespread competitive mechanism is contact-dependent growth
inhibition (CDI), in which Gram-negative bacteria use CdiB/CdiA two-partner secretion
(TPS) proteins to deliver protein toxins directly into neighboring target cells [1, 2]. CdiB is
an outer-membrane B-barrel protein that exports and presents the CdiA effector protein on
the surface of CDI* bacteria. CdiA forms a filament that projects from the inhibitor cell to
recognize receptors on the surface of neighboring target bacteria [3—7]. Receptor-
interactions initiate a series of conformational changes that ultimately transfer the C-
terminal toxin region of CdiA (CdiA-CT) into the target cell [7]. CdiA-CT sequences are
highly variable between bacteria, though the region is typically demarcated by a conserved
peptide motif, exemplified by the Val-Glu-Asn-Asn (VENN) sequence commonly found in
CdiA proteins from the Enterobacteriaceae [1, 8]. CdiA-CT polymorphism corresponds to
many distinct toxin activities. For example, CdiA-CTEC3 from Escherichia coli EC93
dissipates the proton gradient across the cytoplasmic membrane of target cells [9], whereas
CdiA-CTSTECO3L from £, coli STEC_031 contains an EndoU RNase domain that cleaves
the anticodon loop of tRNAC!U molecules [10]. CDI* bacteria protect themselves from self-
intoxication with specific Cdil immunity proteins, which bind and neutralize cognate toxin
domains [1, 2]. Thus, CDI enables bacteria to inhibit the growth of non-isogenic
competitors. Because neighboring sibling cells are immune to intoxication, these systems are
thought to play a significant role in kin selection and self-nonself discrimination in bacteria
[11, 12].

CdiA proteins vary considerably in size and sequence between species, but all share the
same general architecture with constituent domains arranged in the order that they act
temporally during toxin delivery (Fig. 1a) [1, 2, 7]. The N-terminus of CdiA contains
sequences required for export from the inhibitor cell. These include a signal peptide for sec-
dependent secretion into the periplasm, and the TPS transport domain, which is required for
CdiB-dependent export to the cell surface (Fig. 1a). Remarkably, CdiA export across the
outer membrane is halted at a specific site, and the entire C-terminal half of the effector is
retained within the periplasm of the inhibitor cell (Fig. 1b). The extracellular portion of
CdiA forms a thin filament that projects several hundred A from the cell surface [7, 13, 14].
This filament corresponds primarily to the FHA-1 domain, which comprises numerous
filamentous hemagglutinin (FHA) peptide repeats. These degenerate sequences fold into a
right-handed B-helix, with each 19-residue FHA-1 motif extending the filament
approximately 4.8 A [13, 14]. The receptor-binding domain resides at the distal tip of this
filament (Fig. 1b), where it is poised to interact with target bacteria. The CdiA chain then
reverses course and returns to the cell to sequester its C-terminal half in the periplasm [7].
The periplasmic region includes the toxic CdiA-CT, as well as a second FHA-2 peptide-
repeat domain that is distinct from the FHA-1 filament (Figs. 1a & 1b). CdiA remains in this
state of arrested secretion until it binds a target bacterium, after which export resumes and
the FHA-2 domain is deposited directly onto the target cell. FHA-2 becomes stably
associated with target-cell outer membrane and is hypothesized to form a transmembrane
conduit to deliver toxin [7]. Once inside the target-cell periplasm, the CdiA-CT is released
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by cleavage near the VENN sequence. The CdiA-CT region is composed of two domains,
each with a distinct function in the CDI pathway. The C-terminal domain is typically a toxic
nuclease that inhibits target-cell growth, whereas the N-terminal “cytoplasm-entry” domain
guides the nuclease across the target-cell inner membrane into the cytosol [15]. Genetic
evidence indicates that cytoplasm-entry domains hijack specific integral membrane proteins
to mediate translocation. For example, the entry domain from £. col/i STEC_MHI813
requires Metl — a component of the ABC transporter for methionine — to deliver the C-
terminal Endonuclease NS_2 domain into target bacteria (Fig. 1a) [15]. Entry domains are
often linked to different nuclease domains in CdiA proteins. The CdiA-CT regions from £.
coli strains 3006 and NC101 contain unrelated tRNase toxin domains, yet share nearly
identical cytoplasm-entry domains that exploit the PtsG glucose transporter [15]. Thus, entry
domains are modular and capable of guiding different toxic payloads across the cytoplasmic
membrane.

Entry domains play a key role in CDI toxin delivery, but the underlying molecular
mechanisms are largely unexplored. Though metabolite transporters are commonly hijacked
in this process, it seems unlikely that protein toxins could be imported in the same manner as
small molecules. This conclusion is consistent with data showing that transport-defective
Metl and PtsG proteins still support CDI toxin translocation [15]. Moreover, entry domains
exploit several classes of integral membrane proteins including the major facilitator
superfamily (MFS), resistance-nodulation-division (RND), phosphotransferase system (PTS)
and AAA+ superfamily [15, 16]. These membrane protein families differ from one another
in structure and function, further suggesting that they act as passive receptors rather than
active translocators during CDI. Though translocation is poorly understood, there is
evidence that the proton gradient across the target-cell inner membrane is required for toxin
entry [17]. Dissipation of the proton gradient blocks toxins from reaching the cytoplasm, but
still allows delivery into the target-cell periplasm. Remarkably, delivered CdiA-CTs can
dwell in the periplasm of de-energized target bacteria for up to 20 minutes and still remain
competent to enter the cytoplasm once the proton gradient is reestablished [17]. These
findings indicate that CDI toxins cross target-cell membranes in discrete steps, and further
suggest that the proton gradient powers the final translocation step into the cytosol.

Crystal structures are available for several CdiA-CT nuclease domains, but the cytoplasm-
entry domains are usually not resolved in these models [18-21]. Therefore, we have turned
to nuclear magnetic resonance (NMR) and circular dichroism (CD) spectroscopy to gain
insights into the structure and thermodynamic stability of cytoplasm-entry domains. We find
that the Metl-dependent entry domain from Escherichia coli STEC_MHI813 is a dynamic
a-helical bundle that exhibits relatively low thermodynamic stability. Two disulfide linkages
stabilize a-helices near the N-terminus, and this region becomes largely disordered when the
bonds are reduced or disrupted through mutagenesis. These disulfide bonds are important for
efficient toxin delivery during CDI, and inspection of several different entry domain families
reveals paired Cys residues in the same relative positions as in CdiA-CTMHI813 Taken
together, our results suggest that cytoplasm-entry domains are under selective pressure to
maintain low global stability. We propose that the dynamic, molten globule-like properties of
the CdiA-CTMHIB13 entry domain are critical for toxin translocation and are likely a general
feature of all cytoplasm-entry domains.

J Mol Biol. Author manuscript; available in PMC 2020 August 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bartelli et al.

RESULTS

Page 4

The cytoplasm-entry domain of CdiA-CTMHI813 js g-helical

1H-15N HSQC spectra of the oxidized cytoplasm-entry domain from CdiA-CTMHI813
revealed considerable structural heterogeneity consistent with mixed, non-native disulfide
bonds (data not shown). However, the domain exhibited well resolved resonances and
favorable spectral dispersion when reduced with dithiothreitol (Fig. S1a). Therefore, we
probed the structural features of the CdiA-CTMHI813 entry domain under reducing
conditions using triple-resonance HNCACB and HN(CO)CACB experiments [22]. 13Ca
resonance assignments were made for 143 of the domain’s 150 residues (Table S3).
Differences in 13Ca chemical shift relative to random coil can be used to identify secondary
structure elements, with positive and negative ACa values characteristic of a-helices and
B-strands, respectively [23]. The A13Ca plot reveals four regions of continuous positive
chemical shift (Fig. 2a), suggesting that Ala65-Val77, Ala85-Alal00, Ser106-Arg116 and
Lys121-Alal34 form a-helices (Fig. 1c). These helical regions are separated by short
stretches of negative A13Ca (Fig. 2a), suggesting that Leu78-Val82, Glu101-Thr105 and
Tyr117-Asp120 form connecting turns. In contrast, the N-terminal portion (Val1-Phe60) of
the reduced domain exhibits small-range A13Ca fluctuations (Fig. 2a), which are indicative
of a predominately disordered structure. However, we note that moderately positive A13Ca
values over Ala8-Alal6 and Glu36-GIn42 suggest that these regions may be in rapid
exchange between random-coil and a-helix (Fig. 2a).

We next measured 15N relaxation parameters (T1, T2, 1H-1°N NOE), which reflect the
molecular tumbling and internal motions of the entry domain. We obtained 124 T1 and T2
curves for the wild-type domain under reducing conditions (Figs. 3a & 3b). In general, the
C-terminal region shows greater T1/T2 ratios (Fig. 3d) and higher 1H-15N NOE values (Fig.
3c) relative to the N-terminal region. These data again suggest that the C-terminal region
from Ala65 — Alal34 is structured [24]. Local T2 increases at Asp75, GIn97, Asp120 and
Lys121 (Fig. 3b), coupled with decreased 1H-1°N NOE and invariant T1 values (Figs. 3¢ &
3a), suggest that these residues form flexible turns that connect helices [24]. T1 values for
the C-terminal helical region (Ala65-Alal34) are relatively constant (Fig. 3a), suggesting
that the helices tumble as a unit with an overall correlation time of about 8.7 ns. By contrast,
N-terminal residues Val1-Phe60 have significantly lower T1/T2 values (Fig. 3d), which are
indicative of increased internal motion. Moreover, decreased 1H-1°N NOE values over the
N-terminus indicate increased mobility relative to the C-terminal four-helix bundle (Fig. 3c).
Within the N-terminal region, residues Gly20-Lys28 and Val48-Lys57 display increased T1
relaxation times (Fig. 3a), suggesting that they constitute highly flexible loops [24].
Residues Gly20-Lys28 and Cys49-Lys57 have relatively uniform 1H-1°N NOE values near
zero (Fig. 3c), and increased T1 values (Fig. 3a). Taken together with the small A13Ca
values (Fig. 2a), these data suggest that Gly20-Lys28 and Cys49-Lys57 are in dynamic
equilibrium between ordered and unfolded conformations [24]. Given that the T2 values for
these regions do not show dramatic rate enhancements (Fig. 3b), the interconversion must be
fast enough (>103 s71) to have little effect on T2.
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Disulfide bonds stabilize N-terminal a-helices

Given that regions surrounding the reduced Cys residues appear to be in dynamic
equilibrium between structured and unstructured states, we tested whether disulfide linkages
promote N-terminal secondary structure. Because the wild-type domain is not tractable
under oxidizing conditions, we generated domain variants that retain either the Cys21-Cys27
or Cys49-Cys56 pair. The resulting C21S/C27S and C49S/C56S domains show well-
resolved resonances and good spectral dispersion under both reducing and oxidizing
conditions (Figs. 4a, 4b, S1b & S1c). Moreover, 1H-15N HSQC spectra for the reduced
C21S/C27S and C49S/C56S domains are nearly identical to that of the wild-type domain
under reducing conditions, except for amide resonance shifts corresponding to the Ser
substitutions and adjacent residues (Fig. S2). These data suggest that each domain variant
adopts the same overall conformation in the absence of disulfide bonds.

We then examined changes in the IH-1°N HSQC spectra when the C21S/C27S and C49S/
C56S domains form disulfides under oxidizing conditions (Figs. 4a & 4b). In general, the
most significant chemical shift perturbations occurred within the N-terminal region (Fig. 5).
A3Ca plots of the oxidized C21S/C27S and C49S/C56S domains indicate that disulfide
bonds promote significant a-helix formation over the N-terminus (Figs. 2b & 2c¢). The
Cys49-Cys56 bond in the oxidized C21S/C27S domain stabilizes a-helices over residues
Leu39-Ala50 and Pro53-Lys59 (Fig. 2b). Similarly, formation of the Cys21-Cys27 bond in
oxidized C49S/C56S induces two continuous stretches of positive A13Ca over residues
Ala8-Arg24 and Lys28-Glu44 (Fig. 2c). These latter helices appear to be separated by a turn
at Asp26 and Cys27, which exhibit negative A13Ca values (Fig. 2c). These data suggest that
the two disulfides induce the formation of three a-helices at Ala8-Arg24 (helix 1), Lys28-
Ala50 (helix 1) and Pro53-Lys59 (helix 111) in the wild-type domain (Fig. 1c). Disulfide
bond formation also disrupts the continuous stretch of positive A3Ca values observed over
residues Ala65-Val77 under reducing conditions. This region appears to be split into two
smaller helices of Pro64-Gly67 (helix IV) and Glu72-Val77 (helix V) when either disulfide
forms (Figs. 2a, 2b & 2c¢). Residues Met68-Arg71 appear to undergo a disulfide-dependent
transition from a-helix to linker. The amide resonances for Leu69 and Arg71 show
particularly large chemical shift changes between reducing and oxidizing conditions (Fig. 5),
consistent with a pronounced change in local structure upon disulfide formation. Thus, eight
distinct a-helices are observable in the cytoplasm-entry domain. The formation of N-
terminal helices I, Il and 111 is disulfide dependent, and these linkages also significantly
influence the central IV and V helices. By contrast, helices VI, VIl and VIII at the C-
terminus of the domain are unaffected by oxidation state.

The CdiA-CTMHI813 cytoplasm-entry domain has features of a molten globule

Disulfide-dependent structural features suggest that the entry domain requires these bonds to
maintain global stability. To test this hypothesis, we used circular dichroism (CD)
spectroscopy to monitor domain stability during chemical denaturation with urea. Because
DTT absorbs strongly at the wavelengths used to measure protein secondary structure, we
generated a “Cys-free” (C21S/C27S/C49S/C56S) domain to mimic the wild-type domain
under reducing conditions. As anticipated from the NMR data, the CD spectra for oxidized
C21S/C27S, oxidized C49S/C56S and Cys-free domains are all characteristic of a-helical
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proteins with minima at 208 and 222 nm (Fig. 6a) [25, 26]. We note that the C49S/C56S
domain exhibits more pronounced molar ellipticity than the C21S/C27S and Cys-free
domains (Fig. 6a). This suggests that the C49S/C56S domain has greater a-helical content,
consistent with the number of helical residues predicted from A13Ca analyses (Fig. 2).
Though the transitions were not cooperative (Fig. 6b), we fitted a two-state model to
estimate the free energies of domain unfolding (AG,) (Table 1, Fig. S7). Surprisingly,
individual disulfides provide little stability to the cytoplasm-entry domain. For example, the
C49S/C56S domain retains the Cys21-Cys27 disulfide that stabilizes helices | and 11, yet it
has the same AG, as the Cys-free domain lacking this bond (Table 1). Moreover, stable
globular proteins typically have AG, values of 5-9 kcal/mol [27], and therefore the entry
domains exhibit relatively low thermodynamic stabilities. Low AG, values and non-
cooperative unfolding transitions are characteristic of molten globules [28, 29], which
contain native-like secondary structure, but have loosely packed hydrophobic cores [30-32].
We note that the entry domain CD spectra show greater ellipticity at 208 nm relative to 222
nm (Fig. 6a), which is often a feature of molten globules (Fig. 6a) [30]. In addition, the /m,ea
values for chemical denaturation (0.7-1.0) are fairly low for a protein of this size (expected
~1.7) (Table 1) [33, 34]. This latter parameter is also consistent with a molten globule-like
state [30].

Cysteines are important for CdiAMHI813 mediated growth inhibition

We next asked whether Cys residues in the entry domain form disulfides under physiological
conditions. CdiA has an unusual surface topology in which its C-terminal half is held within
the periplasm prior to target-cell recognition (Fig. 1b) [7]. Because the periplasm is an
oxidizing environment, we reasoned that Cys residues in the entry domain should form
disulfides. We tested this prediction by treating cells with maleimide-conjugated fluorescent
dye to label reduced Cys residues /n vivo. To ensure that CdiA is maintained in the pre-
delivery state, we used an E. coli strain that lacks CdiA-receptors and therefore cannot
deliver toxin to sibling cells [4]. Because the outer membrane of £. coliis impermeable to
maleimide-dye [7], we also treated cells with polymyxin B to allow dye into the periplasm.
Total protein was then isolated for immunoblotting with antibodies to the N-terminal TPS
transport domain, and the blots were analyzed by two-color fluorimaging to detect dye-
labeled CdiA. Immunoblotting showed that CdiA is produced in both full-length and
truncated forms as described previously (Figs. 7a & 7b) [7, 35]. Truncated CdiA lacks the
FHA-2 and CdiA-CT regions (Fig. 7a), but is still presented on the cell surface where it
functions as an adhesin [7, 35]. Neither full-length nor truncated CdiA was labeled with
maleimide dye, even when cells were permeabilized with polymyxin B (Fig. 7b, lanes 1 &
2). This result suggests that the eight Cys residues of CdiAMHI813 _ two in the N-terminal
TPS transport domain, four in the entry domain, and two in the C-terminal Endonuclease
NS_2 domain — are all oxidized (Fig. 7a). Similar results were obtained with CdiA proteins
that contain C21S/C27S, C49S/C56S and Cys-free versions of the cytoplasm-entry domain
(Fig. 7b, lanes 4, 6 & 8). To demonstrate that reduced Cys residues can actually be detected
using this approach, we also tested CdiA proteins that contain single Cys residues
corresponding to Cys21 and Cys49 of the entry domain. These latter CdiA proteins were
only labeled when the cells were permeabilized (Fig. 7b, lanes 10 & 12), consistent with the
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periplasmic localization of the entry domain. Taken together, these data indicate that Cys21-
Cys27 and Cys49-Cys56 form disulfide bonds /n vivo.

The CdiA-CT region is cleaved from full-length CdiA after transfer into the target-cell
periplasm (Fig. 7a) [7]. To determine whether entry domain disulfides influence this
processing, we used immunoblot analysis to monitor CdiA-CT cleavage in response to
target-cell recognition. Wild-type CdiA is processed efficiently when inhibitors are mixed
with target bacteria that express the bamA gene from E. coli (bamAE<°), which encodes the
receptor for CdiA (Fig. 7c, lane 2). By contrast, the CdiA-CT region is not cleaved during
co-culture with mock target cells that express bamA from Enterobacter cloacae (bamAECL)
(Fig. 7c, lane 1), because the BamAECL protein is not recognized as a receptor by CdiA [4].
Mutation of Cys residues within the cytoplasm-entry domain has no discernable effect on
processing, and even the Cys-free domain was efficiently cleaved from CdiA (Fig. 7c, lane
8), demonstrating that the N-terminal a-helices are not required for CdiA-CT cleavage.

Finally, we tested whether the disulfides are required for toxin delivery into the cytoplasm of
target bacteria. We incubated inhibitor cells with target bacteria at a 1:1 ratio and tracked
viable target cells over 60 min of co-culture. Target bacteria were killed rapidly by the wild-
type CdiA, with viable target cells decreasing 100-fold after 15 min and ~104-fold after 45
min (Fig. 7d). CdiA proteins carrying the C21S/C27S and C49S/C56S mutations killed
target bacteria with somewhat slower kinetics, but the number of viable targets was about the
same as wild-type after 60 min of co-culture (Fig. 7d). By contrast, CdiA carrying the Cys-
free cytoplasm-entry domain showed no growth inhibition activity (Fig. 7d). Thus, the
CdiA-CTMHIBI3 entry domain requires at least one disulfide linkage to maintain function,
though the identity of the stabilizing bond does not appear to be critical.

DISCUSSION

CdiA proteins collectively deliver a variety of nuclease toxins into Gram-negative bacteria
[8, 10, 18, 20, 36-38]. Delivery requires two discrete translocation steps that pass the toxin
domain across the outer and inner membranes of target cells. Recent work suggests that
toxin transfer into the target-cell periplasm is mediated by the FHA-2 domain of CdiA,
which is proposed to form a conduit through the outer membrane of target bacteria [7]. Once
inside the periplasm, the CdiA-CT region is cleaved for subsequent transport into the target-
cell cytoplasm. This latter translocation step requires the cytoplasm-entry domain, which
exploits integral membrane proteins to guide the toxin into the cytosol [15]. Here, we show
that the cytoplasm-entry domain of CdiA-CTMHI813 js predominately a-helical and contains
a dynamic N-terminal region that is organized by two disulfide bonds. The bond linking
Cys21 and Cys27 stabilizes N-terminal helices | and 11, and the Cys49-Cys56 linkage
extends helix Il and promotes the formation of helix 11l (Fig. 8). When these disulfides are
reduced, the N-terminal region undergoes rapid interconversion between disordered and a-
helical conformations. The C-terminal portion of the entry domain forms a relatively
cohesive helical bundle that folds independently from the dynamic N-terminal region.
Though we were unable to directly examine the wild-type entry domain under oxidizing
conditions, our data strongly suggest that it contains both disulfides and is composed of
eight a-helices (Fig. 8). Moreover, the disulfide-stabilized form is physiologically relevant,
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because the entry domain resides in the oxidizing environment of the inhibitor-cell
periplasm prior to delivery. Therefore, the disulfides must not impede export through CdiB,
nor do they interfere with translocation into target bacteria. In fact, these bonds are clearly
important for function, because CdiA-CTMH!813 containing the Cys-free entry domain is
unable to inhibit target bacteria in competition co-culture. Taken together, these results
indicate that one or more of the disulfide-stabilized helical elements is critical for efficient
toxin delivery.

Crystal structures are available for several CdiA-CTeCdil complexes, but none of the models
contains an intact cytoplasm-entry domain [10, 18, 20, 21, 36-38]. The results presented
here provide one possible explanation for these observations, because the dynamic, molten
globule-like features of the CdiA-CTMHI813 entry domain suggest that it should be difficult
to crystallize. In addition, the domain’s low thermodynamic stability could render it
sensitive to limited proteolysis, which is often used to generate compact complexes for
crystallography. Indeed, mass spectrometry and SDS-PAGE analyses have shown that entry
domains are often cleaved from the CdiA-CT in the crystallization liquor and consequently
are not present in CdiA-CTeCdil crystals [10, 18]. The CdiA-CT<Cdil,115°86° complex
from E. colistrain EC869 is a notable exception to this trend [20, 39]. The C-terminal half
of the YciB-dependent entry domain is resolved in the CdiA-CT+Cdily;15859 structure,
where it forms a helical bundle that packs against the toxic DNase domain [20]. These van
der Waals contacts presumably prevented cleavage from the nuclease domain during limited
proteolysis, but the functional significance of inter-domain interactions is not clear. Related
YciB-dependent entry domains are associated with predicted ParB and BECR toxins in other
CdiA proteins, and these domains share no sequence homology with the Zn2*-dependent
DNase found in CdiA-CT,11EC869 (Fig. S3). Moreover, the YciB-dependent entry domain is
able to guide a heterologous tRNase toxin from Burkholderia pseudomallei 1026b into £.
colftarget bacteria [15, 36]. The latter chimeric CdiA-CT is not found in any naturally
occurring CdiA protein, further arguing that the entry domain need not evolve specific
interactions with its toxic cargo. Similarly, the Metl-dependent entry domain analyzed here
is linked to at least seven toxin families in various CdiA proteins (Fig. S4). Most of these
toxins lack functional annotations, though CdiA from Pectobacterium carotovorum PCC21
carries an obvious RNase T1 domain; and the toxin from Pectobacterium atrosepticum
SCRI1043 is homologous to a characterized RNase domain that cleaves 16S rRNA (Fig. S4)
[18]. Collectively, these observations illustrate how cytoplasm-entry and toxic nuclease
domains are rearranged naturally to generate novel delivery modules.

Entry domains have diversified to exploit several import pathways, but they probably share
common structural features required for translocation function. We note that the C-terminal
regions of Metl- and YciB-dependent entry domains both fold into a-helical bundles (Fig.
S5a) [20]. Moreover, all characterized entry domains contain paired Cys residues in the N-
terminal region (Fig. S5b). This conservation is particularly striking given that
enterobacterial CdiA proteins — which typically range from ~2,700 to over 6,000 residues —
are often otherwise devoid of Cys residues [1, 7]. Taken together with data showing that at
least one disulfide is required for CdiA-CTMHIB13.mediated cell killing, these observations
suggest that paired Cys residues are generally important for entry domain function. Our
results show that disulfides are not required for transfer into the target-cell periplasm, nor do
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they contribute to CdiA-CT processing after delivery. Perhaps these bonds protect the
released CdiA-CT fragment from peptidases in the target-cell periplasm. (Fig. S6) CdiA-CT
processing is thought to occur within, or adjacent to, the VENN motif [7], and therefore the
disulfides are well-positioned to stabilize the new free N-terminus (Fig. S4). According to
this model, paired Cys residues are conserved across many different entry domains because
disulfide linkages are an effective and parsimonious way to protect the released CdiA-CT
from degradation.

Proteins are typically secreted in an unfolded state, and therefore must be prevented from
attaining their final tertiary structures prior to export [40]. Many proteins destined for export
are bound by the cytosolic SecB chaperone, which delays folding to ensure the proteins
remain competent for translocation through SecYEG [41-44]. Given that the CdiA-CT
region must cross four membranes as it passes between inhibitor and target cells, it is
perhaps not surprising that the cytoplasm-entry domain unfolds so readily. Further, the
molten globule-like properties of the entry domain could very well be critical for function.
We note that the entry domain can dwell in the periplasm of inhibitor cell for several hours,
yet it remains poised for rapid export once a target cell is encountered [7, 17]. Therefore, the
entry domain must unfold on-demand, because the B-barrel lumen of CdiB is only wide
enough to accommodate an individual a-helix [45]. Low global stability presumably also
contributes to transport across target-cell membranes, though these processes remain poorly
understood. Toxin translocation into the target-cell cytoplasm is particularly enigmatic, but
several studies on colicin import provide a possible framework for this phenomenon.
Colicins are diffusible antibacterial proteins that bind to specific receptors on E. coli and
transfer their C-terminal toxin domains into the cell [46]. Like CdiA, colicins carry a variety
of toxins that either degrade nucleic acids or form ion-conducting pores in the cell
membrane. Upon encountering the cytoplasmic membrane, colicin pore-forming domains
appear to adopt a molten globule-like state that promotes the insertion of hydrophobic core
helices a8 and a9 into the lipid bilayer [47-49]. Kleanthous and coworkers have found that
the nuclease domains of colicins E3 and E9 also adopt a molten globule state when mixed
with anionic lipids and have proposed that these conformational changes enable autonomous
translocation into the cytosol [50-52]. The loosely packed core of the entry domain could
promote the same process, perhaps allowing an individual helix to enter the membrane.
However, entry domains are not particularly hydrophobic, though predicted helices VI and
VI from CdiA-CTMHI813 are somewhat amphipathic. This overall lack of hydrophobicity
may explain why entry domains hijack integral membrane proteins during translocation [15].
According to this model, interactions between the entry domain and its receptor facilitate
insertion into the membrane. Although our study focused on the cytoplasm-entry domain,
nuclease domain cargoes are undoubtedly subject to the same thermodynamic constraints.
Indeed, our unpublished data show that toxin domains have relatively low unfolding
energies. Moreover, many different CDI toxin domains retain nuclease activity after
chemical denaturation and refolding [8, 10, 18, 20, 36-38, 53-55]. Thus, both domains of
the CdiA-CT region undergo facile unfolding transitions, consistent with the ability to be
translocated across multiple membranes.

The evolutionary pressure for cytoplasm-entry domains of low thermodynamic stability is
easy to rationalize, but it is less obvious why these domains almost always contain paired
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Cys residues that presumably form disulfide linkages. The data presented here show that
each disulfide has a modest effect on global domain stability, perhaps indicating that the
bonds act locally to protect the free N-terminus of CdiA-CTMHI813 from peptidases.
However, N-terminal helix stability does not precisely correlate with translocation
efficiency. Helices I and 1l are destabilized in the C21S/C27S domain, yet this variant
supports about the same level of target-cell killing as wild-type (see Fig. 7d). Such
robustness is difficult to reconcile with the conservation of disulfides across entry domains
(Fig. S5b). One possible explanation is that the disulfide bonds function as redox switches
that control the folding state of the N-terminal region. Such disulfide switches have been
identified and characterized in a number of other secreted proteins [56]. In this model,
disulfides are important for the structural integrity of the CdiA-CT immediately after release
into the target-cell periplasm, but the bonds are eventually reduced to initiate membrane
translocation. Though the periplasm is an oxidizing environment, Gram-negative bacteria
express periplasmic protein disulfide isomerases capable of reducing these bonds [57, 58].
Moreover, respiring bacteria contain reduced ubiquinol and menaquinol dissolved in the
cytoplasmic membrane [59]. In principle, electrons from these quinols could be used to
reduce the disulfides [60, 61]. This latter possibility is particularly intriguing because it
would ensure that reduction occurs at the periplasmic surface of the cell membrane. Thus, it
is tempting to speculate that receptor interactions bring the entry domain into close
proximity with the cytoplasmic membrane, where the disulfides are subsequently reduced to
initiate membrane insertion.

MATERIALS AND METHODS

Plasmid constructions

All plasmids and oligonucleotide primers are listed in Supplementary Tables S1 and S2,
respectively. A DNA fragment encoding the cytoplasm-entry domain from CdiAMHI813
(NCBI Reference Sequence: WP_001383049.1) was amplified from plasmid pCH11446
using primers CH4211/CH3734 and ligated to plasmid pET21d using Ncol/Xhol restriction
sites to generate plasmid pCH12234. By convention, £. coli CdiA-CT residues are numbered
from Vall of the VENN peptide motif (Fig. 1c) [18, 53]. Cysteine to serine substitutions
were generated by overlap-extension PCR using primers CH4051, CH4052, CH4053 and
CH4054. The resulting PCR products containing C21S/C27S, C49S/C56S and C21S/C27S/
C49S/C56S mutations were ligated to plasmid pET21d at the Ncol/Xhol restriction sites to
produce plasmids pCH13794, pCH15123 and pCH15122, respectively. The constructions of
plasmids pZS21:: bamAE and pZS21:: bamAECL have been described previously [4].

Chimeric CdiA expression plasmids were constructed by allelic exchange of the counter-
selectable pheS*marker from plasmid pCH10163 as described [20]. The various cdiA-CT/
cdiMHI813 sequences were PCR amplified using primers CH3174/CH3175, then combined
with upstream and downstream homology regions amplified from the caiAEC93 gene. The
caiAEC93 ypstream homology fragment was amplified with primers DL1527/DL2470, and
the downstream fragment amplified with primers DL1663/DL2368. The three PCR products
(cdiA-CT/cdiMHIB13 ypstream cdiAEC?3 and downstream caiAEC93) were then fused to
each other using overlapping-extension PCR [62] using primers DL1527/DL2368. The final
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DNA products (100 ng) were electroporated together with plasmid pCH10163 (300 ng) into
E. coliDY378 cells [63]. Clones with recombinant plasmids were selected on yeast extract
glucose-agar supplemented with 33 pg/mL chloramphenicol and 10 mM D/L-p-
chlorophenylalanine.

Protein expression, purification, and oxidation

Entry domains were over-produced in £. coli Rosetta cells (Novagen) grown at 37 °C with
shaking in either LB media or M9 minimal media supplemented with 1>NH,CI [99% 1°N]
and/or D-glucose [U-13Cg-99%). Cells were grown to ODggg ~0.3 and expression induced
with 1 mM isopropy! p-D-1-thiogalactopyranoside (IPTG). Cell were harvested by
centrifugation after 6 h of culture. Cell pellets were re-suspended in 50 mM sodium
phosphate (pH 8.0), 300 mM sodium chloride, 10 mM imidazole, 10 mM B-mercaptoethanol
(B-ME) and broken by passage through a French pressure cell. Cell debris was removed by
centrifugation at 14,600 x gin a Beckman JA-20 rotor for 1 h. Supernatants were loaded
onto a Sepharose Fast Flow Ni2* column (GE Healthcare) and the column washed with
seven column volumes of lysis buffer supplemented with 35 mM imidazole. Domains were
eluted in lysis buffer supplemented with 250 mM imidazole. Purified proteins were dialyzed
against 50 mM sodium phosphate (pH 6.5), 0.02% NaN3 and concentrated with 10 kDa cut-
off Centriprep centrifugal filter (Millipore). Oxidation was assessed by SDS-PAGE under
reducing and non-reducing conditions.

Circular dichroism (CD) spectroscopy

Circular dichroism measurements were acquired on a Jasco J-1500 spectrophotometer
coupled to an EXOS Koolance thermoregulator. Spectra were acquired with 10 uM
cytoplasm-entry domain in 20 mM sodium phosphate (pH 6.5) from 180-280 nm ina 1 mm
path-length quartz cuvette. Chemical denaturation measurements were made with 2.5 uM
cytoplasm-entry domain in 20 mM sodium phosphate (pH 6.5) in the presence of increasing
concentrations of urea. The measurements were performed in a 1 cm path-length quartz
cuvette. We monitored the CD signal at 224 nm. Thermodynamic parameters were derived
by linear extrapolation [64], and model fitting was performed in the Mathematica software
suite (Wolfram Research).

NMR spectroscopy

NMR experiments were performed with a Varian Inova 600 MHz spectrometer at 30 °C.
NMR data was processed with the nmrPipe software package [65], and assignments were
made with ANSIG3.3 [66]. Sequential backbone and side chain assignments were obtained
from measurements of 1°N, 13C labeled protein samples from the following two- and three-
dimensional experiments: 1H-13N HSQC, 1H-13C HSQC, HNCACB, and HBCBCACONH.
Disulfide bonds were reduced with 10 mM dithiothreitol (DTT) for 2 h prior to NMR data
acquisition. Resonance assignments were made for most residues of the reduced WT
protein, oxidized C21S/C27S protein, and oxidized C49S/C56S protein (Table S3).
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Relaxation measurements

Measurements of T1 and T2 values for 1°N nuclei used the pulse sequences of Farrow et /.
[67]. T1 measurements were performed with relaxation delays of 11, 55, 110, 220, 440, 660,
880, 1320, and 1650 ms. T2 measurements were acquired with relaxation delays of 16.61,
33.22,49.82, 66.43, 83.04, 99.65, 116.3, 132.9, 149.5, 166.1, 182.7, and 199.3 ms. Recycle
delays were 1.5 s for both T1 and T2 measurements. T1 and T2 values were obtained by
least-squares fitting of peak heights to a single exponential decay function. Steady-state
1H-15N NOE values were determined from spectra recorded in the presence and absence of
3 s of proton saturation. Cross peak heights were used to determine the heteronuclear NOE
in the 1H-15N HSQC spectra. The measurements were performed in triplicate using a
refocused 1H-15N HSQC pulse sequence with gradient coherence selection.

Dye-labeling and immunoblotting

E. coli CH9591 (EP1100 AbamA: cat pZS21:: bamAECL) cells carrying CdiAMHI813
expression plasmids were suspended at ODggg ~ 0.05 in LB media supplemented with 66
ug/mL chloramphenicol and grown to mid-log phase at 37 °C. Cultures were then treated
with spectinomycin (100 pg/mL) for 20 min to block protein synthesis. Cells were harvested
by centrifugation and re-suspended at ODggg ~ 0.3 in 1.0 mL of 1x phosphate buffered
saline supplemented with 1 mM MgSO,4 (PBS-Mg) to probe intact cells, or 100 pg/mL
polymyxin B in PBS-Mg to probe permeabilized cells. IRDye680LT-maleimide (LI-COR)
was added to a final concentration of 40 pM for intact cells and 120 uM for permeabilized
cells. Labeling reactions were incubated in the dark at room temperature for 15 min, then
quenched with 6 mM B-ME. Cells were collected by centrifugation and washed with PBS-
Mg supplemented with 6 mM B-ME. Cell pellets were re-suspended in urea-lysis buffer
[50% urea, 150 mM NaCl, 20 mM Tris-HCI (pH 8.0)] and subjected to a freeze-thaw cycle
to extract proteins for SDS-PAGE and immunoblotting. Urea-soluble proteins (5 pL) were
resolved by SDS-PAGE on Tris-tricine 6% polyacrylamide gels, then blotted to low-
fluorescence PVDF membranes for immunoblotting with polyclonal antisera raised against
the N-terminal TPS transport domain of CdiA [35]. Fluorescence signals from the 800CW-
conjugated goat anti-rabbit 1gG secondary antibody and 680LT-maleimide dye were detected
and visualized using a LI-COR Odyssey infrared imager.

Toxin delivery and competition co-cultures assays

To monitor CdiA-CTMHI813 processing, £. coli CH9591 inhibitor strains carrying
CdiAMHIBI3 expression plasmids were mixed at a 1:2 ratio with £. co/i CH9604 (EP1100
AbamA::catpZS21:: bamAF) or E. coli CH9591 (bamAECE mock targets) for 20 min in LB
media supplemented with 100 pg/mL spectinomycin to block new protein synthesis. Cells
were collected by centrifugation and proteins extracted with urea-lysis buffer. Urea-soluble
proteins (5 uL) were analyzed by immunoblotting with antisera to the CdiA TPS transport
domain. Cell killing assays were performed using rifampicin-resistant £. co/i MC4100 target
cells. Target cells were mixed at a 1:1 ratio in LB media with inhibitor strains that express
CdiAMHI813 yariants. Competition co-cultures were incubated at 37 °C with shaking, and
samples were withdrawn after 0, 15, 30, 45 and 60 min to enumerate viable target cells as
colony forming units (cfu) on LB-agar supplemented with rifampicin. Mean viable target-
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cell counts from three independent experiments are reported together with the standard
deviation.

Biological Magnetic Resonance Data Bank Accession Numbers
CdiA-CTMHIBL3 entry domain WT (reduced): BMRB 27753

CdiA-CTMHIBI3 entry domain C21S/C27S: BMRB 27754

CdiA-CTMHIBI3 entry domain C49S/C56S: BMRB 27755

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Antibacterial contact dependent inhibition toxins have conserved pairs of
cysteines in their cytoplasm entry domains.

Cytoplasm entry domain cysteine pairs form disulfides that are important for
translocation into the target cell cytoplasm.

Disulfide formation promotes helical stability in an otherwise disordered
protein region.

Disulfides are formed in the periplasm of the toxin-delivering cell and do not
affect CdiA expression or processing.
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Figure 1. CdiA domain architecture and topology.
(a) CdiA carries an N-terminal signal sequence peptide followed by the two-partner

secretion (TPS) transport domain (Pfam: PF05860). The FHA-1 domain is composed of

filamentous hemagglutinin (FHA) peptide repeats (PF05594). The centrally located

receptor-binding domain (RBD) recognizes £. coliBamA on target bacteria. The FHA-2
domain (PF13332) is composed of a second, distinct class of peptide repeats. The VENN
motif demarcating the C-terminal toxin region (CdiA-CT) is indicated. The CdiA-CT region
from E. coli MHI813 is composed of an N-terminal entry domain that recognizes Metl, and
a C-terminal Endonuclease NS_2 toxin domain (PF13930). (b) Topology of CdiA on the
surface of inhibitor cells. The N-terminal TPS domain of CdiA is thought to interact with
CdiB and the FHA-1 domain forms a filament capped by the RBD. The CdiA chain returns
to the cell to sequester the FHA-2 and CdiA-CT regions in the periplasm. (c) Sequence of

the Metl-dependent cytoplasm-entry domain of CdiA-CTMHI813 Domain residues are

numbered from Vall of the VENN motif (blue font). The positions of a-helices determined
by AL3Ca chemical shift analysis are indicated. Disulfide-dependent helices are rendered in

red.
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Figure 2. A13Ca chemical shift analysis.
The 13Ca differential chemical shift was plotted as a function of residue for: (a) reduced

wild-type cytoplasm-entry domain, (b) oxidized C21S/C27S domain and (c) oxidized C49S/
C56S domain. Vertical orange lines show the positions of Cys residues or Cys to Ser
substitutions. Cys residues are indicated as reduced (SH) or oxidized (S-S).
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Figure 3. NMR relaxation parameters.
The wild-type cytoplasm-entry domain was 15N-labeled and reduced with DTT to determine

15N-relaxation parameters. Plots show (a) T1 relaxation, (b) T2 relaxation and (c) tH1°N-
NOE values for each backbone amide resonance. T1/T2 ratios are plotted in panel (d).
Vertical orange lines show the positions of Cys residues.
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Figure 4. NMR analysis of oxidized entry domain variants.

1H-15N HSQC spectra were acquired for entry domains carrying (a) C21S/C27S and (b)
C49S/C56S mutations. Red spectra correspond to oxidized forms, and black spectra were

acquired under reducing conditions in the presence of 10 mM DTT.
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Figure 5. Disulfides induce local secondary structure formation.
Chemical shift perturbations due to disulfide formation were plotted as a function of residue

number for the (a) C21S/C27S and (b) C49S/C56S entry domain variants. Vertical orange
lines denote the positions of Cys residues in the wild-type entry domain. Disulfide bonds are
indicated as S-S and positions with substitutions indicated with Ser.
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Figure 6. Thermodynamic stability of cytoplasm-entry domains.
(a) Circular dichroism spectra of cytoplasm-entry domain variants. Data are presented as

mean residue ellipticity for three averaged scans. (b) Chemical denaturation of entry domain
variants. Ellipticity at 224 nm was measured as a function of urea concentration.
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Figure 7. Entry domain disulfides form in vivo.
(a) Location of Cys residues in the three major forms of CdiA. CdiA is initially produced by

inhibitor cells in full-length and truncated forms. Upon binding target bacteria, CdiA is
processed at the VENN sequence to release the CdiA-CT region. (b) Maleimide-dye probing
for sulfhydryls. Inhibitor cells expressing the indicated CdiA proteins were treated with
maleimide-conjugated fluorescent dye in the presence or absence of polymyxin B (PMB).
Proteins were analyzed by immunoblotting with antibodies to the N-terminal TPS transport
domain of CdiA. Maleimide-dye fluorescence is rendered in red and antibody fluorescence
in green. The migration positions of full-length and truncated CdiA are indicated on the right
of the blot. (¢) CdiA-CT processing. Inhibitor cells expressing the indicated CdiA proteins
were incubated with bamAE target cells or mock-target bamAECL cells. Proteins were
analyzed by immunablotting with antibodies to the N-terminal TPS transport domain of
CdiA. The migration position of full-length, processed (ACT) and truncated CdiA are
indicated on the right of the blot. (d) Target-cell inhibition. Inhibitor cells expressing the
indicated CdiA proteins were incubated with amAEC° target cells in shaking broth, and
viable target cells were enumerated as colony forming units (cfu) per mL as a function of
time. Data are presented as the average + standard deviation for three independent
experiments.
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Figure 8. A model of cytoplasm-entry domain secondary structure.
(a) Reduced. (b) Oxidized.
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Stability parameters derived from CD.

Protein AG, (kcal/mol) | myeea (kcal/moleM)
Cys free 16+/-0.1 0.8 +/-0.05
C21S/C27S | 2.2+/-0.1 1.0 +/- 0.04
C49S/C56S | 1.6 +/-0.1 0.7 +/-0.03
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