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ABSTRACT: The RelE and RelB proteins constitute the RNA interferase (toxin) and its cognate inhibitor
(antitoxin) components of thEscherichia colirelBE toxin—antitoxin system. Despite the well-described
functionality and physiological activity of this systemBn coli, no structural study was performed on the
folding and stability of the protein pair in solution. Here we structurally and thermodynamically characterize
the RelBE system components frdin coliin solution, both separately and in their complexed state. The
RelB antitoxin, ana-helical protein according to circular dichroism and infrared spectroscopy, forms
oligomers in solution, exhibits high thermostability witia of 58.5°C, has a considerable heat resistance,
and has high unfolding reversibility. In contrast, the RelE toxin includes a large portion of antiparallel
p-sheets, displays lower thermostability witff@ of 52.5°C, and exhibits exceptional sensitivity to heat.
Complex formation, accompanied by a structural transition, leads to &€Clidcrease in thely and
substantial heat resistance. Moreover, in vivo interaction and protein footprint experiments indicate that
the C-terminal part of RelB is responsible for RelBelE interaction, being protease sensitive in its free
state, while it becomes protected from proteolysis when complexed with RelE. Overall, our findings support
the notion that RelB lacks a well-organized hydrophobic core in solution whereas RelE is a well-folded
protein. Furthermore, our results support that RelB protein fEancoli is similar to ParD and CcdA
antitoxins in both fold and thermodynamic properties. The differential folding state of the proteins is
discussed in the context of their physiological activities.

Prokaryotic toxir-antitoxin (TA): systems constitute a dramatically (2). Owing to the proteolytic sensitivity of
diverse group of two-protein systems in which one compo- RelB antitoxin to Lon, RelE toxin is released, consequently
nent is a toxin protein and the other is an antitoxin protein eliciting a severe cellular translation arres2), Conversely,
that abrogates the effect of the first compondntd). When recent study explicitly shows that no selective advantage can
encoded on plasmids, TA systems are considered to functionbe attributed to TA systems under stress conditions, thereby
as “addiction modules”, ensuring a stable vertical plasmid questioning their influence on bacterial fithness and competi-
inheritance by postsegregational killing of cells that become tiveness {3). Recently, TA systems were shown to play a
plasmid-free {—3). Families of TA systems were also role in the occurrence of bacterial persistence, multidrug
identified on chromosomes of eubacteria and archaea. Theseolerance, and biofilm survivalléd—16).
systems act by down-regulating the global level of protein  The functionality of both chromosomal and extrachromo-
synthesis, through the cleavage of mMRNA transcripts, leading some-encoded TA systems is based on the differential
to cell growth arrest or even cell death §). However, their  metabolic stability of the two system components; whereas
physiological role is still under debate. The general opinion the toxins are rather proteolytically stable, the antitoxins
suggests that they act as metabolic stress response elemengfsplay a short half-life, being rapidly degraded by specific
(2, 6-9). For instance, physiological studies provided proteasesi(l, 12, 17—23). The instability of the antitoxin
evidence that theelBE TA locus acts as a stress response g|jows the subsequent release of the toxins. The difference
element in bacterial(, 11). Upon entering nutritional stress i the metabolic stability was suggested to stem from their
conditions, transcription from theelBE locus is increased  stryctural and thermodynamic properties. Various studies
indicated that the toxins are globular, well-folded, and
" This work was supported by the Danish Centre for mrNP thermodynamically stable proteins, whereas the antitoxins
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structural resemblance of their toxins, tiaJ—yafQ, yefM—
yoeB (E. coli), pas (plasmid pTF-FC2)parDE (plasmid
RK2), andhigBA (plasmid Rts1) systems were considered
to belong to thaelBE TA superfamily as well 2, 41, 42).
The activity of RelE is expressed in the cleavage of mMRNA
transcripts promoted by RelE binding at the ribosomal A-site.
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tablets of Complete EDTA-free protease inhibitor cocktail
(Roche Molecular Biochemicals)). The cells were disrupted
by passing them three times through a French press cell, and
the soluble fraction was isolated by centrifugation for 30 min
at 4840@. The cleared lysate was incubated with-NTA
agarose resin (Qiagen) in batch according to the manufac-

The cleavage occurs at the second position of the A-siteturer’s instructions and subsequently loaded onto a gravity

codon, preferentially in stop codons (UAG, UAA, UGA),
but in sense codons as well (UCG, CAG). This activity leads
to global inhibition of protein synthesis in the cell and
eventually to cell growth arresiLQ, 29, 43).

A detailed structure of the RelBE complex from the
archaeorPyrococcus horikoshiDT3 (aRelBE) was resolved
by X-ray crystallography29). Accordingly, the aRelB/aRelE
complex forms a 2:2 heterotetramer, where aRelE is a
globular protein, well-folded, with a structural content of 33%
o, 34% B, and 33% loops. Its structure shows some
resemblance to those of microbial RNasés The aRelB
antitoxin, which is predominantly am-helical protein (60%
o-helix), is mainly composed of two helical regions separated
by a long turn. It clearly lacks a hydrophobic core and wraps

flow column at 4°C. The Ni agarose resin was washed
extensively in buffer B (50 mM NajPQ,, 0.3 M NacCl, 35
mM imidazole, 1 mMp-mercaptoethanol, pH 8). Finally,
the RelB:His-RelE complex was eluted in buffer B, 250
mM imidazole, and dialyzed against PBS (10 mM;NBQ;,

2 mM KH;PO,, 137 mM NacCl, 27 mM KCI, pH 7.4), 10%
glycerol, 5 mM DTT.

Purification of RelB RelB was purified essentially as
described for the RelB:HisRelE complex but with the
following modifications: After the resin was washed in
buffer B, RelB was eluted in two column volumes of buffer
C (100 mM NaHPQ,, 10 mM Tris—HCI, 9.8 M urea, 1 mM
p-mercaptoethanol, pH 8). The protein was concentrated,
dialyzed against buffer Q (20 mM TrHCI, pH 8, 20 mM

around the aRelE toxin in the complexed state, suggestingNaCl), and appliedd a 1 mLHiTrap Q HP anion exchange
that it is less structurally ordered in the free or monomeric column (Amersham Pharmacia). RelB was eluted using

state. The aRelBaRelE interaction was assumed to simply
act to enlarge the volume of the toxin to disable it from
entering into the ribosome A-sit9). Protein sequences

stepwise elution in buffer @ NaCl and dialyzed against
RelB storage buffer (25 mM Tris, pH 8, 100 mM KCI, 1
mM EDTA, 1 mM DTT, 10% glycerol).

wrapping around their partner is a rather common occurrence  Purification of His—RelE The remaining Hig-RelE

among natively unfolded regions. This binding is usually
accompanied by a conformationally induced fit (also known
as “coupled folding and binding”), leading to stabilization
of the fluctuating disordered region. The thermodynamic
driving force is attributed to a favorable enthalpic contribu-
tion, which compensates for the lack of a hydrophobic core
(44—46).

In this study we examined the structural, thermodynamic,
and oligomerization properties of the RelB antitoxin, RelE
toxin, and RelBE complex fronk. coli in solution. We

provide experimental evidence that the RelB protein lacks a

well-ordered conformation in solution, whereas RelE is more
rigid. This difference is also expressed in their differential
thermal stabilities. We further demonstrated that a confor-
mational fit is induced by the interaction of RelB and RelE,
leading to significant thermodynamic and proteolytic stabi-
lization of the system components. We verified that the

bacterial RelB and RelE components share a similar second-

ary structure content with their orthologue archeal proteins.
Nevertheless, we suggest that RelB is more similar to the
CcdA family of antitoxins.

EXPERIMENTAL PROCEDURES

Expression and Purification of the RelB:HiRelE Protein
Complex RelB and Hig—RelE proteins were purified in
complex from strain TOP10 harboring pSC2524HE (pAl/
04/03::SDoptrelB;SDopt:hiss::relE) (to be published else-
where) A 5 mL overnight culture was dilutechi2 L of 2x
YT medium containing 100 mg/mL ampicillin (Amp) and
was cultured at 37C. At OD450 ~ 0.5, the expression was
induced by addition of 1 mM IPTG. After 4 h, the culture

bound to the column from the above protocol was eluted in
buffer D (100 mM NaHPQ;, 10 mM Tris—HCI, 9.8 M urea,
250 mM imidazole, 1 mM3-mercaptoethanol, pH 8). The
protein was diluted and dialyzed against buffer SP (50 mM
Hepes, pH 6, 50 mM NacCl), applied 8 1 mLHiTrap SP
HP cation exchange column, and eluted using stepwise
elution in buffer SP+ NaCl. His—RelE was dialyzed into
RelE storage buffer (8 PBS, pH 7.4, 10% glycerol, 5 mM
DTT). Each purified protein was at least 95% pure as
estimated by silver staining of SB®AGE gels. The
molecular masses of the proteins were verified by matrix-
assisted laser desorption ionization time-of-flight MS (MALDI-
TOF MS). Prior to further analysis, all protein samples were
dialyzed against PBS, pH 7.3, at°€ and centrifuged for
10 min at 12009 to remove insoluble protein aggregates.

Circular Dichroism (CD) SpectroscopgD spectra were
obtained using an AVIV 202 spectropolarimeter equipped
with a temperature-controlled sample holder and a 10 mm
path length cuvette. The mean residual elliptici®}, was
calculated asf] = (1009m)/(cL), where# is the observed
ellipticity, mis the mean residual weigtt,is the concentra-
tion (mg/mL), andL is the path length (cm). All experiments
were performed in PBS, pH 7.3. For wavelength scan
experiments, each spectrum represents the average of at least
two scans. For thermal denaturation experiments, samples
were equilibrated at each temperature step for at least 1 min,
and the CD ellipticity was averaged for 1 min. Evaluation
of the secondary structure composition obtained from far-
UV CD spectra was facilitated by using the K2d, Selcon3,
ContinLL, and CDsstr programgl{—50).

Fourier Transform Infrared (FTIR) Spectroscopyfrared
spectra were recorded using a Nicolet Nexus 470 FTIR

was harvested by centrifugation and resuspended in ice-coldspectrometer with a DTGS detector. The protein sample,

buffer A (50 mM NaHPQ,, 0.3 M NaCl, 10 mM imidazole,
5 mM f-mercaptoethanol, pH 8; supplemented with two

dissolved in PBS, pH 7.3, was suspended on a,(@édte.
The peptide deposit was resuspended i@ and then dried.
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The resuspension procedure was repeated twice to ensur
maximal hydrogen/deuterium exchange. The measurements
of the 1600-1700 amide | region were taken ugin 4 cnt
resolution and 2000 scan average. The absorbance spectrur
was deconvulated, and maximum values were determined
by the PeakFit analysis software by autofitting the peaks
using the first derivative (Seasolve). The secondary structure
composition was estimated according to Byler and SaHi (
and Haris and Chapma3).

o
1

3

MREx103
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&

Size Exclusion Chromatography (SEC) AnalyBigor to ?
each SEC analysis, protein samples were centrifuged (10 min, 12 -
1500@, 4 °C) to remove insoluble material. The SEC column
used was a Superdex 75 10/300 (GE Healthcare Bio- 15 : : : :
Sciences). The samples were eluted at a flow rate of 1 mL/ 200 210 220 230 240 250

min at ambient temperature with PBS, pH 7.3. Protein elution
was monitored at 280 nm.

Cloning, Expression, and Growth Rate Analysis of Trun-
cated RelB and RelE ProteinBNA fragments containing B

Wavelength (nm)

the coding sequence of thielB—relE gene pair, truncated 0.06 1652
relB—relE gene pair, andelE gene were produced by PCR :
using the chromosomal DNA d. coli K-12 MG1655 as a 0.05 - '
template and the primers RelBdgd)for (5'-TACCATGGG- u,
TAGCATTAACCTGC-3), RelB36{cd)for (5'-TCCCATG- o 0.04 1
GTCGAGTATATCGCTGAC-3), RelB52BsrGl)for (5'- 8
CATGTACAAGTGATGAAGATGCTGAAC-3), RelE(Ncd)for 6 0.03 1
(5-TCCCATGGCGTATTTTCTGG-3, and RelEHindlll)- 2
rev (3-CTTAAGCTTTCAGAGAATGCGTTTGACCG-3). < 0.02 1
The PCR fragments were cloned into the pBAD vector
(Invitrogen) using suitable restriction enzymes to generate 0.01 1
pBAD—RelBE, pBAD-RelBssE, pBAD—RelBs;E, and
pBAD—RelE. The plasmids were transformed intoEarcoli 0
TOP10 strain (Invitrogen). For the growth rate analysis 1600 1620 1640 1660 1680 1700
experiment, the bacteria were cultured overnight in LB broth Wavenumber (cm)
supplemented with 10@g/mL ampicillin at 37°C added
with 0.4%pb-glucose. The next day, the cultures were diluted -12 A
and adjusted to an absorbance ©0.01 (Aso) in LB— 00%°
ampicillin. Next, each culture was divided into two equal -14 o°°
volumes; at time zero, the first half was added with 0.2% 4 o°
L-arabinose to induce expression of the target gene and the & -16 O°
second half with 0.2%-glucose to suppress low transcrip- E 18 o
tion from the pBAD promoter. All cultures were grown at > 00
37 °C/200 rpm, and samples were taken sequentially ap- ‘g .aq o0
proximately every 30 min. The cell density was measured g o
by its absorbance at 600 nm. u=-.| =22 o
Enzymatic FootprintingTrypsin proteolysis of RelB, His oooo
RelE, and the RelB:HisRelE complex was carried out by -24 000000
incubating 6Qug of purified protein with 0.6:g of porcine 0000000000%°
trypsin (Promega) in trypsin resuspension buffer (50 mM -26
acetic acid) in a total volume of 186 in 1x reaction buffer 0 10 20 30 40 S50 60 70 80
(50 mM Tris—HCI, pH 7.6, 1 mM CaG)) at 37°C. Aliquots Temperature ("C)

of 30 uL were Wlthdra\_/vn from each_r_eacnon mixture, and Ficure 1: Structural analysis of RelB. (A) Far-UV CD analysis at
the reaction was terminated by addition of 10% TCA. The 4 °c (plue), 37°C (pink), 50°C (red), 60°C (turquoise), 70°C

samples were stored on ice and subsequently centrifuged atviolet), and 80°C (brown). The protein concentration was 4M.
14000 rpm for 20 min at £C. The protein pellet was (B) FT-IR characterization at room temperature. The obtained
resuspended inxl SDS loading buffer, 50 mM DTT, loaded spectrum of RelB (dashed line) was deconvoluted into three

j ) . . Gaussian-shaped spectra (solid lines), displaying maximum points
onto a NUPAGE (Invitrogen) 10% Bis-Tris gel, and subjected wavenumee)rs az indic(ated. (©) )TherPnaBI/ rr?elt analys1'sp 3

to electrophoresis in MES running buffer. The gels were g5 °C) of RelB monitored by CD  ellipticity at 220 nm. The
finally stained with Coomassie Brilliant Blue R250. For the temperature step was°Z.

mass spectrometric peptide mass mapping of limited diges-

tion, 4 uL of RelB or RelBE complex (both at 0.25 mg/mL  Biosystems) packed in the capillary end of a restricted
in 150 mM KCI, 50 mM Tris, pH 8.0) was loaded onto a Eppendorf GELoader pipet tib8) at 25°C and a flow of

5 mm column of immobilized trypsin (Poroszyme, Applied 25 ulL/min, controlled by a peristaltic pump (P-1 from
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Table 1: Secondary Structure Contents (%) Determined from CD Spectra

RelB RelE RelBE
method o B t c o B t c o B t c
K2d 34 16 50 13 33 54 44 17 39
Selcon3 29 8 26 37 21 41 18 20 43 12 19 26
ContinLL 26 9 27 38 13 29 24 34 43 14 17 26
CDsstr 40 18 24 18 9 35 25 31 44 14 18 24
av 32.25 12.75 55 14 345 51.5 43.5 14.25 42.25

aKey: a, o-helix; B8, f-strand; t,5-turn or bend; c, random coit.K2d, program developed by Andrade et @7); Selcon3, method developed
by Sreerama et al4@); ContinLL, method developed by Provencher and Glockd&); (CDsstr, method developed by Johns&®)( ¢ Value

includes random conformations and turns.

Pharmacia). A 0.5L portion of the digest was deposited
onto a polished stainless steel MALDI target using the
sandwich method with sinapinic acid (Fluka) as the matrix
(53). The spectra were recorded on a Bruker Ultraflex
MALDI-TOF instrument (Bruker) in the positive linear ion
mode with delayed extraction.

Sequence Alignments and Structure Predict®equence

located at 208 and 217 nm. Deconvolution of the CD spectra
at 4 °C yielded an estimate of roughly 35fand 14%oao
content (Table 1), suggesting thAtstructures are more
predominant. A high occurrence of turn and coil conforma-

tions (51%) was also reflected from the deconvolution

analysis. FTIR analysis of purified HigRelE supported these

findings, since the majority of wavenumber amide | bands

alignments were performed and similarity fractions were were located between 1660 and 1700 énwith a major

calculated using the T-COFFEE methda4) on the EBI

maximum at 1679 cmt and a minor band at 1636 cr

server (http://www.ebi.ac.uk/t-coffee/). Secondary structure (Figure 2B), indicating a high amount gfconformations
prediction was performed using the PSIPRED secondary (especially antiparallgd-sheets)f-turns, and bends, with a

structure prediction progranb$) on the PSIPRED server
(56).

RESULTS

RelB Antitoxin CharacterizatioTo estimate the structure
and thermodynamic stability of RelB antitoxin in solution,
purified RelB was analyzed by FT-IR and far-UV CD

spectroscopy at different temperatures. At low temperatures

(4 °C) the far-UV spectral signatures of RelB antitoxin
correspond to a typicab-helical pattern, indicated by
minimum points at 208 and 222 nm (Figure 1A). Calculation

of the secondary structure content was estimated to be

approximately 32%-helix, 13%/-sheet, and 55% turn and
coil conformations (Table 1). The FT-IR spectrum of RelB
at ambient temperature correlated with this finding, with a
major amide | peak at 1652 crhcorresponding to predomi-
nantly o-helix content. The minor bands at 1683 and 1622
cm ! correspond tg-strands as well as-turns and bends
(Figure 1B). The major band at 1652 chris rather broad

notably low number ofo-structures and random coils
(reflected by their low intensity from 1640 to 1660 ch

CD thermal melt analysis revealed that the secondary
structure content of RelE is rather stable and fully reversible
between low and physiological temperatures (Figure 2C).

At this temperature range, the observed structural changes

may be ascribed to a modest decrease-helix content. At
approximately 40C and above, an aggregation of RelE into
insoluble sediments is observed, manifested by a sharp
increase in CD ellipticity at 220 nm, with a thermal melting
point of 52.5°C. The RelE protein did not display structural
refolding above 40C. Analyzing the soluble fraction of RelE

at 4°C after exposure to 58C revealed that the remaining
soluble proteins (48% of the total proteins) could correctly
refold (Figure 2A). However, such a partial refolding could
not be observed after melting to 8C (data not shown).

His—RelE:RelB (RelBE) ToxinAntitoxin Characteriza-

tion. The far-UV CD and FTIR spectral patterns (Figure
3A,B and Table 1) show that the RelBE complex largely

and overlaps other bands. Indeed, second-derivative spectraontainsa-helices, coils, and a smaller amount/®struc-
of RelB revealed more minor bands at 1639, 1643, and tures. Minimum bands at 208 nm and in the vicinity of

1666 cm! of unordered and turn portions (data not shown).

220 nm correlate with the presence of bothand-struc-

Upon a temperature increase, a gradual structural unfoldingtures, whereas the significant negative CD band at 208 nm

was observed in CD with @y point of 58.5°C, whereas at
80 °C the RelB spectrum predominantly correlated with a
random coil conformation (Figure 1A). In the concentrations
examined (4.8M), the RelB protein exhibited complete
structural refolding, displaying an identical far-UV spectrum
before and after exposure to 8& (data not shown). In

may suggest the contribution of coiled structures. The FTIR
spectrum at the amide | region at ambient temperature is in
line with this finding, exhibiting a major broad band at
1653 cm?, corresponding to the predominanityhelical
content, and minor bands at 1629 and 1682 tnsorre-
sponding to 3-strands, antiparalle]3-sheets, and turns.

addition, RelB CD samples stayed clear after being heatedAccording to the CD thermal melt analysis (Figure 3C), the

to 85°C, suggesting that the RelB protein is thermostable.
However, at higher concentrations Z0 uM), heating the
RelB sample did result in some turbidity, indicating that its
stability is concentration dependent.

His—RelE Toxin CharacterizatiorThe secondary structure
content of the HisRelE protein, estimated by CD spec-
troscopy, featured the occurrence of both the and
B-structures (Figure 2A), since minimum values were mainly

RelBE complex is quite thermostable, displayin@apoint

at 64.3°C. Upon elevation of temperature, tfesheet and

coil structure part was increased on account ofotHeelical
content. Interestingly, following exposure to 9G, about
80% of the RelBE protein complex remained soluble and
displayed refolding (data not shown), suggesting that the
RelB antitoxin thermodynamically stabilized the RelE toxin.
To assess whether the complex underwent a tertiary structural
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. Ficure 3: Structural analysis of the RelB:Hi&kelE complex. (A)
Temperature ('C) Far-UV CD analysis at £C (dark blue), 15°C (pink), 26 °C

Ficure 2: Structural analysis of HisRelE. (A) Far-UV CD (green), 37°C (yellow), 48°C (turquoise), 60°C (violet), 80°C
analysis at 4°C (blue), 15°C (pink), 26 °C (green), 37°C (sea green), and 90C (red). The complex concentration was
(turquoise), 50C (dashed red), and T after 50°C (dark blue). 0.6 uM. (B) FT-IR analysis at room temperature. The obtained
The dashed line represents a turbid sample. The protein concentraspectrum of His-RelE (dashed line) was deconvoluted into three
tion was 2.6uM. (B) FT-IR analysis at room temperature. The Gaussian-shaped spectra (solid lines), displaying maximum points
obtained spectrum of HisRelE (dashed line) was deconvoluted at wavenumbers as indicated. (C) Thermal melt analysi<O(4
into several Gaussian-shaped spectra (solid lines), displaying°C) of RelBE monitored by CD ellipticity at 220 nm. The
maximum points at wavenumbers as indicated. (C) Thermal melt temperature step was°Z.
analysis (580 °C) of RelE monitored by CD ellipticity at
220 nm. The temperature step was 25 292 nm (Figure 4B). Up to a temperature ©80 °C, the
RelBE complex displayed a rather stable fold, with definite
change, the RelBE complex was analyzed in near-UV CD positive bands in the vicinity of 260 and 290 nm. However,
at 4, 37, 60, and 90C (Figure 4A) and the course of the between 30 and 53C a steady increase in ellipticity was
total unfolding between 4 and 98C was monitored at  observed, yet the spectral pattern featuring definite peaks at
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. . " (RelB), (RelB), (RelB), and (RelBj stoichiometries. (B) RelBE
Ficure 4: Near-UV CD analysis of the RelB:HisRelE complex. compiex. Black arrowheads indicate the theoretical elution volumes

(A) The RelBE complex (M) was analyzed at 4C (blue), for His—RelE:RelB and (His RelE):(RelB), stoichiometries. (C)
37°C (green), 60°C (orange), and 90C (red). The sample was  gytion pattern of the protein standard (Bio-Rad). Protein molecular
equilibrated for 5 min at each temperature prior to measurement. yeights are indicated. The void volume retention time was further

(Eﬁ.) lfhﬁrm?lzgglt ana_ll_yhsistféfgo ocz[ of R?BE mgcnzitored by CD  yalidated using blue dextran (MW 2 000 000). InsetKay vs log
ellipticity a nm. The temperature step wa: MW plot.

260 and 290 nm remained similar, suggesting that the tertiaryweights that are significantly larger than the expected weight
structure of the protein underwent a certain change without of 3 dimer (as many other antitoxins display) and even a
exposure of their hydrophobic cores; otherwise the protein trimer, and more close to that of a tetramer and a pentamer.
would have had a diminished absorbance of the aromatic The SEC technique is less informative for the determination
residues. From 66C and above, a gradual loss in near-UV  of exact stoichiometries when dealing with nonglobular
ellipticity suggested a formation of a molten globule state, proteins. The RelBE complex (1@, MW = 21 119) eluted
until the near-UV spectral pattern was fully lost at 90. in a single peak with an apparent molecular weight of 46 651
Oligomerization States of RelB and HRelE:RelB (RelBE) (Figure 5B), which fit well with the (RelB/HisRelE)
To learn about the oligomerization state and three-dimen- stoichiometry in case the complex is indeed globular. Owing
sional compactness of the RelB and RelE proteins in solution, to the aggregative nature of the RelE protein, we were not
the proteins were loaded onto an analytical size exclusion able to analyze RelE using size exclusion chromatography.
column, using a Superdex 75 10/300 column. A protein An attempt to resolve the HisRelE protein (7Q:g, 12 048
concentration of approximately 1M (0.1 and 0.2 mg/mL Da) resulted in noisy detection of multiple high molecular
RelB and RelBE, respectively) was selected for the analyses,weight aggregates (data not shown).
because such a concentration is sufficiently low to avoid The Antitoxic Actiity Resides in the RelB C-Terminal
nonspecific aggregation, on one hand, yet is suitable for Region To determine the region within RelB that is
providing low but plausible detector readings at 280 nm, on responsible for RelBRelE interaction and antitoxic activity,
the other hand. Size exclusion analysis of RelB antitoxin full-length RelB (RelB-7g) and two N-terminus-truncated
(60 ug, MW = 9071) yielded an asymmetric single broad antitoxin sequences (RelB7s and RelB,-79) were coex-
peak with a maximum at a volume which is in line with an pressed with RelE toxin in a single operon using the pBAD
apparent weight of 49 550 (Figure 5A). Interestingly, the promoter controlE. coli strain TOP10 cells, carrying the
elution profile of RelB corresponds for apparent molecular plasmids, were grown in LB medium, and 0.2% arabinose
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RelB 1-79: MGSINLRIDDELKARSYAALEKMGVTPSEALRLMLEYIADNERLPFKQTLLSDEDAELVEIVKERLRNPKPVRVTLDEL
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Ficure 6: RelB—RelE interaction. (A) Identification of the RelB interaction regioBE: coli strain TOP10 carrying one of the pBAD

vectors expressing full-length RelBRelE @), RelBss-79—RelE (A), and RelB,-7o—RelE @) together in a single operon were grown in

LB —ampicillin medium at 37C, and growth curves were recorded. Transcription of the respective genes was induced by the addition of
0.2% arabinose at time zero (closed symbols). The amino acid sequences of the respective antitoxin components are shown in the lower
panel (amino acids that are derived from the vector and do not belong to the RelB sequence itself are colored in gray). In parallel, equal

culture volumes were added with 0.2% glucose as a negative control (open symbols). As a positive contro®) Redr€ssion was
induced in the same system. (B) Conformational change following complex formation. Far-UV CD spectyagVbR2IB and 2uM
His—RelE before and after mixing in a tandem cell cuvette. The experiment was performé€at 4

was added at time zero. The growth rate observed for His—RelE protects RelB against proteolytic cleavage. Ad-
RelBss-70:RelE- or RelB,_7q:RelE-expressing bacteria was ditional bands appearing after 10 and 30 min of cleavage
indifferent from that of the full-length-RelB:RelE-expressing presumably correspond to intermediates of RelB (upper
bacteria (Figure 6A). As a positive control, expression of arrow) and His-RelE (lower arrow), respectively.
the RelE toxin using the same pBAD system led to  To further determine which part of RelB is sensitive to
significant growth arrest. The result suggests that RelB trypsin cleavage, we performed a MALDI-TOF MS analysis
interacts and neutralizes RelE toxicity via its C-terminal of a tryptic digest of free RelB (Figure 7B, upper panel)
region. The exact binding domain should be therefore locatedand RelB+ His—RelE in equimolar quantities (Figure 7B,
in the last 28 residues of RelB. lower panel). Prior to MALDI ionization, samples were
Conformational Changes during RetRelE Interactions desalted and concentrated on a Poros R1 microcolumn
To determine whether the RelB and RelE proteins undergo (Experimental Procedures). The resulting spectrum contains
a conformational change following their interaction, equimo- a minor peak atvz 8941 which corresponds to the average
lar ratios of RelB and HisRelE proteins were examined mass of a singly charged positive species of RelB lacking
by far-UV CD before and after interaction. The analysis was the N-terminal methionine residue. The base peak with an
facilitated by the use of a tandem CD cuvette. As seen in m/zvalue of 7309 corresponds to a tryptic fragment of RelB
Figure 6B, the two obtained CD spectra did not overlap, lacking the last 14 amino acid residues of the C-terminus
indicating that a structural change occurred following their (Figure 7C). This indicates that the C-terminus of RelB is
interaction. Secondary structure content deconvolution of the more prone to proteolysis than the rest of the protein. In
spectra suggested a moderate transition of random coilscontrast, when the same amount of RelB was preincubated
(28.5% — 24%) to a-helices (38%— 41%) andp-turns with His—RelE prior to trypsin digestion, a significant
(18% — 20.5%). The latter transition may explain the increase in the amount of uncleaved RelB appeared (Figure
observed decrease in the absolute CD signal after interaction7B, lower panel). This is consistent with the above results,
It is likely that interactions induced structural changes that showing His-RelE-mediated protection of RelB cleavage
stabilized the flexible regions mainly within the antitoxin (Figure 7A). Thus, HisRelE protects the C-terminus of
interaction domain. RelB against trypsin cleavage, suggesting that this part of
RelB-Bound HisRelE Protects RelB from Proteolytic RelB interacts and becomes structured upon binding te-His
Cleavage Further structural probing was carried out using RelE.
trypsin-mediated proteolysis of free RelB, HiRelE, and
the RelB:His-RelE complex. RelB degradation occurred DISCUSSION
through a metastable intermediate of a size corresponding Whereas the cellular activity of the RelBE TA system
to approximately 90% of full-length RelB (Figure 7A). components and their physiologic importance were exten-
Degradation of HisRelE went through a defined intermedi- sively studied, the structural and thermodynamic properties
ate of approximately MW= 6000 which is visible after 30  of the E. coli RelB and RelE proteins in solution remain to
min of digestion. In complex with HisRelE, full-length be determined. This characterization is highly important for
RelB is visible even at 60 min of incubation, indicating that a truly mechanistic understanding at the molecular and
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Ficure 7: Structural probing: limited proteolysis with trypsin. (A) SBBAGE analysis of RelB, HisRelE, and the RelB:HisRelE
complex digested with trypsin. The proteins were mixed at & &blar excess with trypsin and incubated at°® Samples were taken

at the times indicated, and reactions were terminated by TCA precipitation and subsequently analyzee- BAGBSArrows indicate the
presence of degradation intermediates. (B) MALDI-TOF MS of a limited tryptic digest of RelB (upper panel) and-Rei8-RelE
(lower panel). This digestion was performed at’25by applying the proteins through a capillary containing porous beads with immobilized
trypsin at a constant flow. (C) Amino acid sequence of RelB. The sequence corresponding to the truncated prot@B0@in (B) is
marked in bold.

biochemical levels of these systems. Here we characterizedfindings correspond to the estimation of Takagi et al. that
these features and tried to shed light on their strueture aRelB is less structured when it is not binding the toxin,
function relationship and gene divergence. owing to its apparent lack of a distinct hydrophobic core
Our CD and FT-IR analyses of RelB antitoxin indicate (29, 58). It is expected that this feature, as in the case of
that RelB in solution is rich irx-helices and fairly poor in  other antitoxins, guarantees a high turnover rate of free RelB
[-structures and possesses significant amounts of turns andlue to the action of the Lon proteasE?). Indeed, recent
coils (Table 1). This secondary structure composition cor- half-life measurements of RelB expressed from the chromo-
relates somewhat with the structural composition of the some show half-lives in the range of2 min (Overgaard
crystallized aRelB protein, which shares 22% identity and and Gerdes, unpublished data).
48% similarity with its bacterial homologue, RelB (Figure Interestingly, the RelB, ParD, and CcdA antitoxins, despite
8). However, it appears that RelB, at least in the non-toxin- their rather weak amino acid sequence similarity (8% identity
binding state, is more populated with coils (55%) and and 26% similarity according to multiple sequence align-
contains lesso-helix content (32% vs 60%). The high ment), all demonstrate remarkable similarity in their far-Uv
thermal stability of RelB supports the lack of an ordered CD signature, thermal melting pattern, and secondary
fold and the presence of unordered region(s), since proteinsstructure prediction31, 34, 39). ParD and CcdA proteins
including such regions are less susceptible to thermal were structurally and thermodynamically characterized in
aggregation due to the lack of hydrophobic patches being detail and were suggested to belong to the same fold family
exposed to solvents during heatirfg7). Furthermore, the (31, 33, 34, 36, 39, 59). Therefore, it is possible that RelB
presence of disordered regions prevents the protein fromantitoxin is structurally more similar to CcdA and ParD (as
folding into a globular conformation. According to our SEC already had been suggested in the pag})(than to aRelB.
analysis of RelB antitoxin, it displays exceptionally high Similar to RelB, the ParD protein was estimated to be
molecular weights in solution. It is likely that these elevated predominantlyo-helical and include approximately 3586
molecular weights are due to the presence of disorderedand 10%p/-structures. These structures are located in the
regions, occupying a high hydrodynamic radius. These N-terminal region 81, 39). The occurrence of a significant
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Ficure 8: Secondary structure content of RelB, RelE, and related proteins. Assignment of structures to amino acid sequences is based on
secondary structure prediction by the PSIPRED method and according to the X-ray or NMR structure if available (PDB IDs are indicated:
1WMI (29); 2ADL (33); 2A6Q and 2A6S 25), IMVF (27); 3VUB (35); 1UB4 (24)). Theo-helices and extended strands are represented

by rectangles and arrows, respectively. Sequences assigned with similar secondary structure alignment are shaded together in gray boxes.
The asterisk signifies that the presented secondary structure is in a-&¥itoxin complex.
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disordered region in the C-terminus was also evident by suggested a gain of ordered structures at the expense of
NMR relaxation measurements &iN-labeled ParD 31). random caoils. It is plausible that, upon complex formation,
Likewise, the CcdA protein displayed a very similar CD random coil regions within the RelB protein undergo
signature 84). Moreover, the calculated secondary structure structural transition inta-helices that are stabilized by the
content of RelB is in good agreement with the 3D NMR RelE interaction. These are similar to the conformational
secondary structure content of Ccd83|. The melting changes reported with CcdACcdB interactions36) and are
temperatures of RelB, ParD, and CcdA at physiological pH suggested for ParD3() and YefM 9). Moreover, this
values are rather proximate (58.5, 60.7, and 54 interaction stabilized RelE and prevented it from aggregation
respectively), with very similar melting curve patteri®g,(  above physiological temperatures, leading to substantial
39). Furthermore, the secondary structure to sequenceinteraction-dependent stabilization, where the complex is
assignments (predicted and/or determined) of RelB, CcdA, more thermally stable than each of the components are
and ParD are alike, whereas those of RelB and aRelB differ separately. The thermodynamic stabilities of the two proteins
more (Figure 8). Itis therefore possible that aRelB and RelB, separately and in complex may be adjusted to allow them to
despite their sequence homology, diverged to fit their “new” cayry out their functions under different conditions: whereas
hosts. Indeed, examples of such an event were demonstrated gigple complex is required for the regulatory function,

in the case of the pTC-F14 and pTF-Fpas systems §0) sizable differential stabilities are crucial for their toxin/
and recently in the cases of tie coli and Streptococcus  gntitoxin activities.

neumoniae yefMyoeBsystems§1) and the F plasmid and L -
pneu 1as yervly y € b ! From the determination and/or prediction of the structures

E. coliO157:H7ccdsystems§2), where, despite their high . . .
sequence homology, structural divergence prevented theOf seven well-studied TA members (Figure 8), it appears

recognition between antitoxins and toxins of the paralogue Lhat '? many cases (i) related antll':oxms.lof structuraély
systems. According to both CcdA and ParD analyses, the 1omMologous toxins are not structurally similar (e.g., CcdA

unstructured region is included within their C-termini. We 2and MazE) and vice versa (e.g., YoeB and Doc) (this
showed that the RelB interaction domain with RelE resides Phénomenon was comprehensively discussed in the@st (

in the C-terminal third of the protein. Structural probing of &nd proposed to result from mixing and matching events of
RelB, RelE, and the RelBE complex using trypsin confirmed tOXin and antitoxin genes) and (ii) structural homology may
that the C-terminal part of RelB is sensitive to protease Not always guarantee sequence homology (e.g., CcdB and
cleavage in its free state, while when complexed to RelE it MazF) and vice versa (e.g., RelB and YefM). Furthermore,
becomes protected from proteolysis. Taken together, ourhigh homology may also reside within only part of the
results question whether bacterial RelRelE and archeal ~— antitoxin sequences (e.g., the N-terminal regions of YefM
aRelB-aRelE interact similarly. Accordingly, RelB should and Phd, and YefM fromE. coli and S. pneumonige
include an unfolded C-terminus part that binds to the RelE Whereas the rest of the sequence differs to some extent,
toxin rather than the entire molecule (as in the case of aRelB).leading to a marked overall change of structure and dynamic
On this basis, it would be interesting to examine whether characteristics30, 38, 61). We hypothesize that this is the
RelB can complement the activity of aRelB. case in RelB and aRelB antitoxins. We postulate that the
Our spectroscopic analyses indicate that the RelE confor-adjustment of the antitoxin sequence in every host is
mation is compatible with the crystal structure of aRelE that important to achieve DNA binding, thermodynamic and
is enriched in3-structures, particularly antiparallgtsheets, proteolytic stability properties suitable to each host on the
and a large number of turns and inf¢sheet loops. Further ~ one hand, and proper toxtantitoxin recognition on the
supported by their sequence homology (19% identity and other hand.
63% similarity) and predicted secondary structures (Figure
8), it is likely that RelE and aRelE have similar 3D structures. CONCLUSIONS
However, a lowera. content is found in RelE, suggesting ) o )
that part of the helical regions favor f&xconformation or Our study prowdgs structural insights into the structure
coiled conformation in solution or in the nonbound state. @nd thermodynamics of RelB and RelE in solution. We
Intriguingly, aRelE and YoeB display comparable 3D crystal Showed evidence that (i) RelB possesses a high content of
structures, but different thermodynamic properties. While o-helical and flexible regions and exhibits a conformationally
RelE is marginally thermostable above physiological tem- induced fit upon toxin binding, as many proteins featuring
peratures, YoeB exhibits full reversibility up to 56 (22). disordered regions do, (i) RelE is a well-folded protein,
The fact that RelE is very sensitive to elevated temperaturesdisplaying a high content of antiparalf@isheets ang-turns,
suggests that it cannot endure exposure of its hydrophobic(iii) RelB, RelE, and the RelBE complex display considerably
core. A heat-induced conformational change leads to ag-different thermodynamic stabilities that most likely serve as
gregation rather than transition into a molten globule state. an important functional basis that regulates the activity of
Taken together, it is likely that RelE contains a well- the system under different conditions, (iv) the C-terminal
structured hydrophobic core in solution as shown in the part of RelB is responsible for RetBRelE interaction, and
crystallized state of aRelE. Such a conformation is important (iv) the C-terminal part of RelB is likely to be unfolded due
in bestowing RelE with sufficient resistance to degradation to high sensitivity to protease activity and this part interacts
on the one hand and in allowing it to execute an elaborate with RelE to become more resistant to degradation. On the
function on the other hand. basis of our analyses, we further suggest that RelB is
The formation of the RelBRelE complex stabilized the  structurally similar to the CcdA and ParD proteins; however,
toxin, and RelB-RelE actually displayed a higher thermal complementary experiments are required to verify the exact
melting than RelB. The structural analysis of the complex RelB structure.
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