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NMR and CD spectroscopy have been used to characterize, both

structurally and dynamically, the 82-amino-acid ParD protein of

the post-segregational killing module of the broad-host-range

plasmid RP4}RK2. ParD occurs as a dimer in solution and

exercises two different control functions; an autoregulatory

function by binding to its own promoter P
parDE

and a plasmid-

stabilizing function by inhibiting ParE toxicity in cells that

express ParD and ParE. Analysis of the secondary structure

based on the chemical-shift indices, sequential nuclear Over-

hauser enhancements (NOEs) and $J
Hα-NH

scalar coupling con-

stants showed that the N-terminal domain of ParD consists of a

short β-ribbon followed by three α-helices, demonstrating that

ParD contains a ribbon-helix-helix fold, a DNA-binding motif

found in a family of small prokaryotic repressors. "&Nlongitudinal

INTRODUCTION

Plasmid-addiction systems are genetic entities of low-copy-

number plasmids (for reviews, see [1–6]) that selectively kill

plasmid-free cells and thus mediate stable inheritance of

the plasmid in bacteria. They consist of an operon coding for

two small proteins, acting as a toxin and an anti-toxin. The com-

paratively less stable anti-toxin counteracts toxicity by forming a

toxin–antidote complex and exhibits negative autoregulatory

activity through DNA binding to its promoter region. Plasmid-

cured cells cannot produce the antidote, leaving the stable toxin

uncomplexed, which consequently causes cell killing or growth

retardation [7]. The parDE operon of broad-host-range plasmid

RP4}RK2 constitutes such a plasmid-addiction system and has

been characterized in terms of genetics and function [8,9], together

with other killingmodules of extrachromosomal elements. Recent

studies include ccd of plasmid F [10], parD and pem of plasmids

R1 and R100 [11], phd}doc of prophage P1 [12] and pas of

plasmid pTF-FC2 [4].

Homologous host-addiction gene systems have also been found

on the linear plasmid pCLP from the opportunistic pathogen

Mycobacterium celatum [13] and on the chromosomes of Escheri-

chia coli [14], the human pathogen Vibrio cholerae [15] and the

plant pathogen Xylella fastidiosa [16]. It has been suggested that

chromosomally encoded addiction systems are responsible for

programmed cell death under conditions of environmental or

nutritional stress [3].

ParD exhibits two functions: (i) inhibition or reversal of the

toxic effect of ParE and (ii) regulation of the parDE operon. The

first task is accomplished by building a ParD–ParE complex,

Abbreviations used: NOE, nuclear Overhauser enhancement ; HSQC, heteronuclear single quantum coherence ; CSI, chemical-shift index ; TFE, 2,2,2-
trifluoroethanol ; MALDI–TOF MS, matrix-assisted laser-desorption ionization–time-of-flight MS; 2D, two-dimensional ; 3D, three-dimensional.
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(T
"
) and transverse (T

#
) relaxation measurements and hetero-

nuclear NOEs showed that ParD is divided into two separate

domains, a well-ordered N-terminal domain and a very flexible

C-terminal domain. An increase in secondary structure was ob-

served upon addition of trifluoroethanol, suggested to result

from the formation of structured stretches in the C-terminal part

of the protein. This is the first experimental evidence that the

DNA-binding domain of ParD belongs to the ribbon-helix-helix

fold family, and this structural motif is proposed to be present in

functionally similar antidote proteins.

Key words: autoregulation, CD, NMR, plasmid-addiction sys-

tem, relaxation.

whereas the regulatory function results from ParD binding to a

site in its own promoter region. A repression-defective mutant of

ParD showing an insertion in the N-terminal region of ParD was

isolated. This mutant had lost its DNA binding [17], but still

exhibited anti-toxic activity, suggesting that the ParD protein is

composed of two separate functional regions. A similar dis-

tribution of functional domains has been suggested for the CcdA

protein [18] and other anti-toxins of plasmid-addiction systems.

To date, no three-dimensional (3D) structural information is

available for any of these anti-toxins. Previously we have shown

that ParD exists as a dimer in solution (18 kDa) and binds to

double-stranded oligonucleotides containing the native binding

site [8]. Here we report experimental evidence that the proposed

two-domain structure of ParD consists of a well-structured

N-terminal domain and a relatively unstructured C-terminal

domain, and for its classification as a member of the ribbon-helix-

helix DNA-binding protein family, similar to the prokaryotic

transcriptional repressors Arc, MetJ, Mnt and CopG [19,20],

based on the complete assignments of "H, "&N and "$C resonances

and backbone-relaxation data. These data provide the basis

for determining the 3D structure of the ParD protein and for

understanding its dual role in plasmid stabilization.

EXPERIMENTAL

Protein expression and purification

The uniformly "&N- and "$C-labelled ParD protein was expressed

and purified using a slightly modified version of the procedure

described in [8], in order to avoid proteolytic degradation. In
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brief, the induced cells were harvested, lysed by sonication and

after centrifugation the soluble fraction was heated to 85–90 °C
for 3–5 min. After slowly cooling to room temperature and

centrifugation the degraded impurities remained in the insoluble

pellet, whereas refoldedParD remained in the soluble supernatant

and was purified according to the described protocol [8], compri-

sing a heparin column chromatography step followed by anion-

exchange and size-exclusion chromatography.Uniformly labelled

samples were produced in minimal medium (6.8 g}l Na
#
HPO

%
}

3.0 g}l KH
#
PO

%
}0.5 g}l NaCl) containing 1.5 g}l ("&NH

%
)
#
SO

%
and 2.0 g}l ["$C]glucose as the sole nitrogen and carbon

sources, respectively. The medium was complemented with 1 µg}l

biotin, 1 µg}l thiamin and 1 ml of 1000¬microsalts [1 M

MgCl
#
}150 mM CaCl

#
}20 mM FeCl

$
}50 mM H

$
BO

$
}150 µM

CoCl
#
}800 µM CuCl

#
}1 mM MnCl

#
}1.5 mM ZnCl

#
}

15 µM (NH
%
)
'
-Mo

(
O

#%
,4H

#
O].

The molecular mass of the protein was determined by

matrix-assisted laser-desorption ionization–time-of-flight MS

(MALDI–TOF MS) on a Shimadzu Kompakt MALDI II mass

spectrometer. ParD (0.4 mg}ml) was applied to a reversed-

phase HPLC column and eluted with an acetonitrile gradient and

0.1% trifluoracetic acid. α-Cyano-4-hydroxy-cinnamic acid was

used as the matrix.

The NMR samples contained about 0.6 mM ParD protein

based on the molecular mass of monomeric ParD in 90% buffer

(20 mM phosphate, pH 6.0}50 mM KCl) and 10% #H
#
O.

NMR spectroscopy

All NMR measurements were performed at 30 °C on a Varian

Unity INOVA 600 MHz spectrometer equipped with a triple-

resonance z-gradient probe. The assignment of "H, "&N

and "$C resonances was based on the following experiments :

two-dimensional (2D) "H-"&N-heteronuclear single quantum

coherence (HSQC), 2D TOCSY, 3D HNCACB, 3D

CBCA(CO)NH, 3D HNCO, 3D HN(CA)CO, "&N-edited

TOCSY-HSQC and 3D HCCH-TOCSY (for a review, see [21]).

The correctness of the NMR backbone assignments was con-

firmed by sequential nuclear Overhauser enhancements (NOEs)

in the "&N-edited NOESY-HSQC spectra. The "H chemical

shifts were calibrated relative to 2,2-dimethyl-2-silapentane-5-

sulphonate, sodium salt ; "&N and "$C shifts were indirectly

referenced [21]. The data were processed using NMRPipe soft-

ware [22], and visualized and analysed with the XEASY program

suite [23] as well as NMRView [24]. $JαH-NH
coupling constants

were calculated from the integrated peaks of an HNHA

experiment. "&N longitudinal (T
"
) and transverse (T

#
) relaxation

times were obtained by measuring peak heights and using the two-

parameter fit I(t)¯ I
!

exp(®t}T ). The ["H]-"&N-heteronuclear

NOEs were obtained from the ratio of peak intensity for "H-

saturated and -unsaturated spectra (saturation time, 2.5 s).

Slowly exchanging NH protons were detected by recording two
"H-"&N-HSQC spectra after dissolution of lyophilized "&N-

labelled ParD protein (20 mM phosphate, pH 6.0}50 mM KCl)

in #H
#
O after 45 and 120 min.

Structure prediction and sequence alignments

A multiple sequence alignment of ParD, other known members

of the ribbon-helix-helix family of proteins and the antidote

PasA [25] was generated using CLUSTAL W (version 1.8, June

1999) [26] with the following parameters : weight matrix, blosum;

gap-opening penalty, 15; gap-extension penalty, 0.05; hydro-

philic gaps and residue-specific gap penalties, on; hydrophilic

residues, GPSDQERK. In addition, secondary-structure predic-

tions and database threading were performed using the programs

PSIPred [27] and GenTHREADER [28]. GenTHREADER

yielded an alignment of the N-terminal part of ParD (Met"–Lys&!)

with CopG protein (PDB code, 2cpg [29]). This alignment,

however, contained a 3-amino-acid gap inserted between helices

A and B. Closing this gap resulted in an intact short turn and

conserved hydrophobic positions in helix B, in agreement with

the multiple alignment.

Conformational changes under hydrophobic conditions

The influence of 2,2,2-trifluoroethanol (TFE) was monitored by

titrating TFE into the "&N-labelled sample to reach final concen-

trations of 1, 3, 5, 10 and 15% TFE. The normalized shift

differences were calculated for each residue that could be

unambiguously identified using the equation:

norm∆δ¯∆δ r "H r­0.2[∆δ r "&N r

where ∆δ r "H r and ∆δ r "&N r are the absolute values of the

chemical-shift differences of amide protons and nitrogen atoms,

respectively. Unlabelled ParD protein at a final concentration of

23 µM, in 20 mM potassium phosphate buffer, pH 7.5}20 mM

KCl, incubated with increasing amounts of TFE (0–80%), was

used for CD measurements carried out on a Jasco J-715

spectropolarimeter. Five averages were taken for each spectrum

with the following parameters : step resolution, 0.2 nm; speed,

50 nm}min; response, 1 s ; bandwidth, 1.0 nm. The secondary-

structure contents were estimated using the secondary-structure

estimation program provided by Jasco.

RESULTS

Protein purification

Expression and purification of labelled and unlabelled ParD were

performed essentially as described in [8] except that a heat-

denaturation and refolding step was introduced prior to the first

chromatography step. It has been shown previously by gel-shift

analysis [17], CD spectroscopy and differential scanning

calorimetry [8] that ParD regains its DNA-binding activity and

its native fold after heat treatment. The existence of the dimeric

form of ParD was verified using glutaraldehyde cross-linking

and gel-permeation chromatography (results not shown). The

susceptibility to proteolytic degradation formed a serious obstacle

to NMR spectroscopic investigations because data had to be

collected with several preparations of ParD and the integrity of

the protein had to be checked frequently by recording "&N-

HSQC spectra. The initial experiments for the assignment of the

backbone were carried out with ParD purified according to

the established protocol. All subsequently performed NMR

spectra were obtained with heat-treated ParD, which exhibited

stability and intactness even over extended measurement times.

The agreement of the chemical shifts between both sets of ex-

periments indicated clearly that the native fold of ParD was

recovered after heat treatment.

The integrity and uniform labelling of ParD protein were

confirmed by MALDI–TOF MS (Figure 1). The experimentally

obtained molecular mass of 9467 Da corresponds to a fully "$C-

and "&N-labelled protein devoid of Met". The theoretical mol-

ecular mass was 9470 Da.

Resonance assignment and structural features

For ParD protein, 79 out of 80 possible backbone amide

resonances (83 residues minus Pro$(, the missing Met" and N-

terminal Ser#) in the "&N-HSQC spectrum were assigned un-
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Figure 1 MALDI–TOF spectra of unlabelled and 13C- and 15N-labelled ParD

The mass spectra of purified ParD show the main peaks at m/z ¯ 9126 and 9467 Da, corresponding to the integer unlabelled and labelled proteins, respectively. %Int, relative peak intensity.

Figure 2 2D 1H-15N-HSQC spectrum of ParD

The spectrum of 0.6 mM ParD in 90% buffer (20 mM phosphate, pH 6.0/50 mM KCl) and 10%
2H2O is shown with 15N-1H resonance assignments.

ambiguously (Figure 2). The dimeric form is symmetrical,

because only one set of signals was observed. The N-terminal

residue Arg$ could not be found in the "&N-edited spectra but was

observed in "$C-edited spectra. For the other nuclei the percentage

of assignment was 98% for Cα and 97% for Cβ and C«.
The side-chain assignmentwas also essentially completewhere the

missing resonances could be attributed mainly to the less well-

ordered C-terminal part of the protein. A table of the chemical

shifts assigned has been deposited in the BioMagRes data bank

(http:}}www.bmrb.wisc.edu) under the accession number 4792.

The secondary-structure assignment of ParD is based on the

consensus chemical-shift index (CSI) method, including "$Cα,
"$Cβ, "$C« and Hα shifts [30]. These data show very clearly the

formation of a β-strand in the N-terminal region (Leu%–Thr*)

followed by α-helical stretches that are interrupted by short loop

regions (Figure 3). The first three α-helical regions were well

defined in the CSI data, reaching from Gln"" to Ala#", Lys#) to

Leu$& and Ala%! to Leu%*, respectively, which make 35% of the

α-helical regions and 7% of the β-sheet content. Consensus

chemical shifts and NOE data (Figures 3B and 3C) indicate that

the C-terminal region is less well ordered or undergoing rapid

conformational change on the NMR timescale. However, "$Cα

chemical shifts show a tendency for the formation of further α-

helices beyond the well-ordered N-terminal domain.

Unambiguous $JαH-NH
coupling constants characteristic of β-

structures were derived for the residues Leu%, Thr& and Met) ;

small coupling constants characteristic of α-helices were found

clustered in the three α-helical regions of ParD (Figure 3B).

These data are in good agreement with the predicted secondary

structure (Figure 3A) reporting an N-terminal β-ribbon (Arg$–

Ile') followed by α-helical stretches (Asp"! to Gln#$, Ile#( to

Leu$&, Ala%# to Arg&' and Val(! to Leu()), which correspond

to 57% of the α-helices and 5% of the extended structure.

Protein-fold-recognition database searches [28] using only

residues Met"–Lys&! found a match with CopG protein, a known

member of the ribbon-helix-helix family.

The β-ribbon was formed by a typical alternating hydro-

phobic–hydrophilic pattern of amino acids (Leu%-Thr-Ile-Asp-
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Figure 3 Summary of the structural information about ParD obtained from NMR

(A) The amino acid sequence of ParD and its predicted (Pred) secondary structure [27]. The arrow represents the β-strand region and bars represent α-helical regions. (B) Observed short-range

NOEs typical of α-helices and β-structures are depicted, with line thickness representing the strength of NOEs ; NH–NH resonances that were indistinguishable due to overlapping signals are tagged

with *. The amide signals present 45 min after dissolving the lyophilized protein in 2H2O are represented by D, whereas E represents exchanging amides still present after 2 h. Large

(" 7 Hz) and small (! 5 Hz) 3JαH-NH coupling constants typical for extended and helical structural elements are represented by * and +, respectively. (C) The extracted data from chemical-

shift analysis with the consensus CSI data displayed in the bottom row.

Figure 4 Alignment of ParD (Met1–Trp46) with the ribbon-helix-helix proteins CopG, Arc and Mnt and the closest antidote relative PasA

The secondary-structure diagram was derived from the 3D structure of CopG protein. Conserved residues are depicted in bold, conserved hydrophobic residues are shaded in light grey, other

conserved residues are shaded in dark grey. The highly conserved turn connecting helices A and B is shown in italics. Sequence identities (Id) and homologies (Ho) of the pairwise alignments

of the respective proteins with ParD are listed.

Met-Thr*). Further hydrophobic residues at conserved positions

were Leu"', Leu"*, Ala#!, Ala$" and Leu$&. These corresponded

to Leu"(, Met#!, Ala#", Leu$# and Leu$' in CopG, Val##, Val#&,

Ala#', Ile$( and Val%" in Arc and Leu"*, Val##, Ala#$, Leu$% and

Val$) in Mnt (Figure 4). From the known 3D structures of Arc,

Mnt and CopG [20,31–33], it can be seen clearly that these

residues are important for forming the hydrophobic core of this

folding motif. The turn between the first and second helices starts

in all cases with a glycine residue displaying the typical GXT}S

pattern (Figure 4). The N-terminal part of PasA (Met"–Tyr%%) fits

nicely into this pattern of conserved hydrophobic residues, as

demonstrated in Figure 4. After a gap of 5 amino acids

corresponding to Gln%(–Thr&" in ParD, the C-terminal sequence

aligns well with ParD. The sequence identity}homology between

PasA and ParD were 27}50% for the N-terminal domain

(Arg$–Trp%') and 26}47% for the whole sequence, respectively.

These values differ slightly from the ones published previously

[25] due to minor deviations in alignment. Identities and homo-

logies between ParD and members of the ribbon-helix-helix

family were calculated and showed surprisingly low sequence

identities but high homologies (Figure 4).

Amide hydrogen-exchange data indicated that the most pro-

tected area ranged from Leu$# to Phe$', which resides within the

cluster of slowly exchanging amides covering most of helices A

and B. This region, together with the hydrophobic residues of the

β-ribbon, forms the central core and the dimerization interface of

the protein.

To characterize the dynamic properties of ParD, relaxation

measurements were performed with "&N-labelled protein. Hetero-

nuclear NOEs sensitive to rapid internal motions were calculated

from the ratio of the peak heights in the spectra acquired with

and without "H saturation. The missing resonances (Ser"&, Leu"*,

Met&#, Asn&&, Arg&', Asn&), Asp&* and Glu(# for T
"
, Asp%%, Ala%&,

Gln%( and Leu&$ for T
#

plus Ile&(, Leu'" and Ile($ for the

heteronuclear NOE) could not be obtained reliably owing to

spectral overlap (Figure 5). The negative NOE values for the C-

terminal domain (Asp&*–Ala)$) indicate the presence of significant

flexibility in this region. This is in excellent agreement with the
"&N-T

"
and "&N-T

#
relaxation times, which clearly show two

structurally different moieties ranging from Leu% to Ile&( for

the well-structured N-terminus and from Asn&) to Ala)$ for the

remaining flexible C-terminal region. Cα chemical-shift data
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Figure 5 Relaxation data for the 15N nuclei of ParD

15N-T1,
15N-T2 and [1H]-15N-heteronuclear NOE data are plotted as a function of residue number.

show a down-field shift from the random-coil values for residues

in the C-terminus for residues 58–64, 66, 68–72, 74–81 and 83,

indicating a tendency for the formation of helical structures. The

deviations are, however, smaller than in the N-terminal region,

which again supports the presence of a predominantly unstruc-

tured C-terminal domain. As the C-terminal fragment of ParD

appears to be responsible for ParE binding [17], we expect this

domain to become ordered upon anti-toxin–toxin complex

formation.

TFE-induced secondary-structure changes

TFE was added to a ParD solution and changes in the secondary

structure were monitored by CD spectroscopy. Upon an increase

in the TFE concentration (from 0 to 5, 10, 20, 30, 40, 50, 60,

70 and 80%) the α-helical content rose gradually (from 37

Figure 6 Effect of the hydrophobic agent TFE

The far-UV CD spectra of ParD (23 µM) in 20 mM potassium phosphate buffer, pH 7.5/20 mM

KCl, incubated with increasing amounts of TFE (0%, thin line ; 20%, D ; 80%, thick line), were

monitored.

Figure 7 Titration of ParD with TFE

The chemical-shift differences in the resonances observed in 1H-15N-HSQC spectra between

ParD in phosphate buffer and ParD in buffer plus 15% TFE are plotted against residue number.

Missing bars are either due to spectral overlap or ambiguous shifts after titration.

to 44, 50, 53, 55, 62, 65, 68, 70 and 72%) with an isodichroic

point at 200.4 nm (Figure 6). The same titration was investigated

using NMR spectroscopy. With increasing TFE concentrations

the amide proton line widths were broadened in the acquired 2D
"H-"&N-HSQC spectra and led to high spectral overlap, thus

preventing a more detailed study of the dynamic behaviour

(results not shown). As can be seen from the combined chemical-

shift changes (Figure 7), addition of TFE influenced mainly the

residues starting from Gly$), resulting in major chemical-shift

differences. This indicates a transition from the more flexible and

random-coil C-terminal moiety to an α-helical domain consistent

with the CD experiment.

DISCUSSION

The secondary-structure assignment based on the CSI and

sequential NOEs clearly shows the existence of a short N-

terminal β-sheet followed by three α-helices. The overall second-

ary-structure content, as estimated from the consensus CSI,

matched those data determined by CD spectroscopy, namely

37% α-helical regions and 12% β-structure [8]. The small

discrepancy in β-content arises from the difficulty in getting

accurate estimates of the β-structure by CD spectroscopy due

to the less-pronounced contributions of β-structures compared

with the α-helical signal.
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Secondary-structure prediction yields a significantly higher α-

helical content (57%), which results from an additional helix

(Figure 3A). Experimental "$Cα chemical-shift data, however,

only indicate a propensity for α-helical regions in the C-terminus.

We tried to induce this ‘missing’ helicity by the addition of

TFE, which is known to stabilize helical structures but also to

disrupt native tertiary structure by modifying non-local hydro-

phobic interactions in polypeptides and proteins [34–36]. The

structural changes of ParD, which are induced by TFE addition

as observed in the near-UV CD spectrum, indicate the formation

of additional helical structure. As monitored by NMR spec-

troscopy, C-terminal residues appear to be involved mainly in

these changes. However, due to extensive line-broadening and

resulting overlaps the NMR data were only interpretable up to

a TFE concentration of 15%. Therefore a more detailed as-

signment of the TFE-induced changes to particular regions of

the polypeptide chain could not be carried out.

ParD protein can be aligned with CopG and Arc, which

belong to a family of small prokaryotic repressors displaying a

homodimeric ribbon-helix-helix fold in their 3D structures. This

distribution of secondary-structural elements is corroborated by

our experimental data derived from NMR solution studies

(Figure 3).

It has been hypothesized previously that ParD might belong to

this fold family [37], despite lack of experimental evidence and

the low sequence homology between ParD and the mentioned

repressor proteins. On the basis of the alignment of secondary-

structure elements and the pattern of hydrophobic residues it is

now evident that ParD belongs to the ribbon-helix-helix fold

family and that the mode of DNA binding is analogous to that

seen in the crystal structures of the DNA complexes of Arc [31],

MetJ [38] and CopG [20]. Therefore we expect the short

intermolecular β-ribbon to insert into the major groove of the

DNA at the specific binding site.

Secondary-structure predictions for the antidotes Phd, CcdA,

PemI [39], RelB and PasA (results not shown) suggest the

presence of a β-ribbon followed by α-helices. In analogy, antidote

proteins of these functional homologous addiction systems most

probably belong to this fold family as well, even though the

systems are only related weakly at the protein-sequence level.

Homology has been reported for ccdA and pemI [40] as well as

for mazE (chpAI ) [41], and within the large family of relBE

systems [14]. Amongst all the characterized antidote proteins, the

closest related to ParD is PasA from the Gram-negative acido-

philic bacterium Thiobacillus ferrooxidans [25]. The complete

amino acid sequence of PasA (74 residues) can be aligned with

that of ParD and, consequently, the ribbon-helix-helix motif is

proposed for the N-terminal domain (Figure 4).

The relaxation measurements together with the chemical-shift

data indicate clearly that the ParD protein is divided into two

domains: a well-ordered N-terminal domain containing the βαα

secondary-structure elements and a very flexible C-terminal

domain.

These data are in excellent agreement with the two biological

roles of ParD, namely its repressor and antidote functions, and

with biochemical data showing that the DNA-binding function

resides in the N-terminal part of the protein while the toxin-

binding activity is suggested to reside in the C-terminal part [17].

Similar to the conformational changes reported of the CcdA}
CcdB and PhD}Doc modules upon complex formation [42,43],

we expect the C-terminal part of ParD to acquire a higher degree

of order upon binding to the ParE protein.

The availability of an increasing number of complete genomes

has revealed the presence of addiction systems on many chromo-

somes of Gram-positive and Gram-negative bacteria as well as

the Archaea. Although their function has not been elucidated

they are bound to convey some evolutionary advantage to

the host. The low sequence homology between antidotes of the

diverse addiction systems may reflect the necessity to develop a

high specificity (for DNA and target binding) in order to be

useful to the host organism.
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