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Gene clusters encoding various type III secretion system
(T3SS) injectisomes, frequently code downstream of the con-
served atpase gene for small hydrophilic proteins whose amino
acid sequences display a propensity for intrinsic disorder and
coiled-coil formation. These properties were confirmed experi-
mentally for a member of this class, the HrpO protein from the
T3SS of Pseudomonas syringae pv phaseolicola: HrpO exhibits
high �-helical content with coiled-coil characteristics, strik-
ingly low melting temperature, structural properties that are
typical for disordered proteins, and a pronounced self-associa-
tion propensity, most likely via coiled-coil interactions, result-
ing in heterogeneous populations of quaternary complexes.
HrpO interacts in vivo with HrpE, a T3SS protein for which
coiled-coil formation is also strongly predicted. Evidence from
HrpO analogues from all T3SS families and the flagellum sug-
gests that the extreme flexibility and propensity for coiled-coil
interactions of this diverse class of small, intrinsically disor-
dered proteins, whose structures may alter as they bind to their
cognate folded protein targets, might be important elements in
the establishment of protein-protein interaction networks
required for T3SS function.

Type III secretion systems (T3SS)4 are essential mediators of
the interaction of many Gram-negative pathogenic proteobac-
teria (�, �, �, and � subdivisions) with their human, animal, or
plant hosts and are evolutionarily related to bacterial flagella
(1–3). They act as multiprotein nanomachines (injectisomes)

that translocate a diverse repertoire of proteins (effectors)
either to extracellular locations or directly into eukaryotic cells,
in a Sec-independent manner (interkingdom protein transfer).
The effectors modulate the function of crucial host regulatory
molecules and trigger a range of highly dynamic cellular
responses, which determine pathogen-host recognition, patho-
gen/symbiont accommodation and elicitation or suppression
of defense responses by the eukaryotic hosts. T3SShave evolved
into seven families distributed among Gram-negative pro-
teobacteria by horizontal gene transfer (3).
The core of the T3SS apparatus is formed by a set of nine

widely conserved proteins that share sequence and structural
homologies that span the divide between flagellar and non-
flagellar systems, as evidenced by the structural similarities
between the homologous domains of HrcQB (4) and FliN (5), or
the ATPases EscN (6) and FliI (7). On the other hand, despite
considerable sequence diversity (2), many secreted T3SS com-
ponents, exhibit sequence motifs strongly favoring coiled-coil
formation, a property that they sharewith effectors and numer-
ous other proteins involved in translocation and secretion reg-
ulation (8, 9).
The coiled-coil tertiary motif in proteins consists of 2–5

amphipathic �-helices winding around each other to form a
supercoil structure and is associatedwith specific sequence pat-
terns (heptad repeats) that reflect repeating variations of phys-
icochemical properties (10, 11). The motif is highly versatile,
serving a broad range of functions, and occurring both in
monomeric form and a variety of oligomeric assemblies; its
prevalence in T3SS suggests that it may contribute to funda-
mental requirements of their function in a manner that is not
yet understood. In various biological systems, coiled-coils are
frequently unfolded as monomers and fold only upon associa-
tion and formation of quaternary complexes (12), while coiled-
coil structures from early folding intermediates are frequently
essential for molecular recognition (13, 14).
In this study the in vitro folding of HrpO, a soluble protein

from the T3SS of the plant pathogen Pseudomonas syringae pv
phaseolicola (15) will be presented, along with its interactions
and relations to other T3SS proteins. Our interest in HrpOwas
provoked by recent insights into the function of soluble com-
ponents of the export apparatus (16, 17), and in particular by its
analogies to the flagellar export protein FliJ that has an essential
function at the level of the export ATPase complex (18). HrpO
and FliJ have similar size, are encoded by genes located imme-
diately downstream of the atpase gene of their respective gene
clusters and despite the absence of significant sequence homol-
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ogy, are predicted to contain coiled-coil segments. FliJ partici-
pates in an interaction network involving FliH (regulator of the
FliI ATPase), the core proteins FlhA (19) and FliM (20) and the
chaperones FlgN and FliT (18). Despite the progress already
mentioned (16, 17), there are still many unresolved issues con-
cerning in particular the structural basis of T3SS interaction
networks associated with the export mechanism.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification—N-terminally His6-
tagged HrpO was expressed in Escherichia coli DH5� cells and
purified using a Ni-NTA-agarose column and a Sephacryl
S-100 gel filtration column.C-terminallyHis6-taggedHrpEwas
expressed in E. coli BL21(DE3) cells and purified using a Ni-
NTA-agarose column (see supplemental data for details).
Gel Filtration Analysis—Gel filtration was performed at

20 °C using an ÄKTA purifier system (Amersham Biosciences)
with a calibrated XK16/100 column packed with Sephacryl
S100. The flow rate was 0.8 ml/min, and elution wasmonitored
at 280 nm. Sample solutions were prepared to a concentration
of 5–30 mg/ml and loaded using a 2-ml loop.
Small Angle X-ray Scattering (SAXS)—Data were collected at

4 °C for three different HrpO concentrations (1.8, 3.6, and 7.3
mg/ml) at beamline X33 at EMBL/DESY using a MAR345
detector (21) at a sample-detector distance of�3m (covering a
momentum transfer range of 0.08 � s � 0.45 Å�1), mica cells
with 1-mmpath length, and a collection time of 2min per frame
(21). Using PRIMUS (22) the data were analyzed for radiation
damage, averaged after normalization to the intensity of the
incident beam, and corrected for the detector response. PRI-
MUS was also used for the buffer subtraction, data scaling, cal-
culation of the radius of gyration Rg from the slope of the
Guinier plot (lnI(s) versus s2) (23) and the radius of gyration of
the cross section (Rg,CS) (24), based on the Guinier approxima-
tion for a rod particle (scattering intensity: I; momentum trans-
fer: s � 4�sin(�)/�; 2�: scattering angle; � � 1.5 Å: wavelength
of x-rays). The forward scattering intensity I(0) (proportional to
the number of electrons of the particle) was estimated through
extrapolation of the Guinier plot at 2� � 0o and used to deduce
molecularmass ofHrpO in solution.MWcalibrationwas based
on scattering data from a 5 mg/ml bovine serum albumin solu-
tion in 20 mM HEPES, pH 7.5. The GNOM package (25) was
used to calculate the pair distribution function P(r) and to esti-
mate the maximum particle dimension (Lmax). Kratky plots
were obtained by plotting I(s)� s2 versus s and used to judge the
folding of the protein.
EOM (26), was used to quantitatively characterize the disor-

der of HrpO by allowing for the coexistence of different confor-
mations contributing to the experimental scattering pattern.
These conformers were selected using a genetic algorithm
(GAJOE) from a pool containing 10,000 models randomly gen-
erated by RanCh (26) to cover the conformational space.
Circular Dichroism—CD spectra were acquired using a J-815

CD spectropolarimeter (Jasco Inc., Easton, MD) with a 1-mm
path length quartz cuvette, at HrpO concentrations of 0.02–
0.21 mg/ml, 20 mM phosphate buffer, pH 8.5, 50 mM KF.
Far-UV spectra were measured with 50 nm/min scanning
speed, 1 min response time, and 3 accumulations. Far-UV CD

spectra were also collected for the HrpE protein at concentra-
tions 0.16 and 0.33 mg/ml in 20 mM phosphate buffer, pH 8.5,
50 mM KF. The Spectra Manager program (Jasco Corp.) was
used for buffer subtraction and unit conversions tomolar resid-
ual ellipticities. Thermal denaturation data were collected
monitoring the CD signal at 222 nm in the range of 0–90 °C
with a temperature increase of 80 °C/h and a waiting time of 3 s
for stabilization. Full far-UV CD spectra (260–195 nm) were
also recorded in the range of 4–64 °C during the above proce-
dure in steps of 4 °C. Singular Value Decomposition (SVD) (27)
of the thermal denaturation spectra using the program SVD1
was performed to determine significant independent states in
the unfolding transition. The significant species needed to
model the CD data as a function of temperature were deter-
mined on the basis of the characteristics of the SVD basis vec-
tors ui[�] and the temperature dependence of their associated
coefficients vi. The thermal unfolding curve was fitted using
SigmaPlot, assuming a two-state model (N3 U) (28). Far-UV
CD spectra were also recorded at 4 °C after the sample was
heated at 90 °C to verify the reversibility of the thermal unfold-
ing transition.
Yeast Two-hybrid System—Yeast two-hybrid assay was per-

formed using MATCHMAKER Two-hybrid System 2 (Clon-
tech). The hrpO gene was inserted into the pAS2-1 plasmid to
create an in-frame fusion with the GAL4 DNA-binding
domain. The hrpE gene was cloned in the pACT2 plasmid and
fused in frame with the transcription activation domain of
GAL4. The plasmids were transformed into Saccharomy-
ces cerevisiae strain PJ69–4A carrying three different GAL4-
responsive reporter genes (ade, his, and lacZ), each driven by a
different GAL4-responsive promoter, to reduce the incidence
of false positives. The interaction of hybrid proteins was exam-
ined by growing the transformed cells on complete minimal
medium lacking Trp, Leu, Ade, and His for 3 days at 30 °C.
Plasmids pVA3-1 and pTD1-1 are DNA-binding domain and
activation domain fusion plasmids that provide a positive con-
trol for interacting proteins.
Co-purification of HrpE and HrpO—Co-expressed His10-

HrpE and HrpO were co-purified by metal affinity chromatog-
raphy from E. coli BL21(DE3) cells co-expressing His10-HrpE
and HrpO. Details are given in supplemental data.
Sequence Analysis—T3SS gene clusters were retrieved from

GenBankTM. For all T3SS families products of genes located
immediately downstream the T3SS atpase gene, and having a
comparable size to HrpO were analyzed for the detection of
intrinsic unfolding (program FoldIndex, Ref. 29), coiled-coil
propensities (COILS (11) and MATCHER (30)) and secondary
structure (PSIPRED (31)). Three-dimensional structural profile
recognition from sequences was performed with PHYRE (32).
Homologues of HrpE were found using PSI-BLAST. Protein
physicochemical parameters were calculated with ProtParam
(33).

RESULTS

HrpOFormsHeterogeneous Populations ofOligomers inVitro—
When subjected to size-exclusion chromatography at high pro-
tein concentrations, the 147-residue HrpO protein elutes with
an asymmetric peak profile at an apparent molecular weight

Coiled-coil Interactions of Disordered Proteins from T3SS

DECEMBER 5, 2008 • VOLUME 283 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 34063

http://www.jbc.org/cgi/content/full/M803408200/DC1
http://www.jbc.org/cgi/content/full/M803408200/DC1


(MW) of�51 kDa (Fig. 1A), corresponding either to a dimer or
trimer (assuming globularity) or to a highly extended non-glob-
ular conformation. The broadness of the peak indicates poly-
dispersity. At lower concentrations the elution profiles shifts
toward smaller apparent MW.

SAXS was used to analyze the HrpO oligomerization. From
the forward scattering intensity I(0) a MW of �23 kDa was
determined at low concentrations (�2 mg/ml) suggesting a
prevalence of the monomeric form (supplemental Table S1).
The I(0) values are concentration-dependent (Fig. 1B) suggest-
ing self-association effects. At 7 mg/ml the averageMW is �77
kDa, corresponding to tetramers or higher order oligomers.
Guinier plots of the scattering curves (Fig. 1C) show increasing
deviations from linearity at higher concentrations, an indica-
tion of polydisperse oligomer populations and of self-associa-
tion toward complexes of increasingly higher average size
(Fig. 1C).
HrpO Is Highly �-Helical and Undergoes a Two-state Ther-

mal Unfolding with Very Low Melting Temperature—Far-UV
CD spectra of HrpO show the characteristic minima of
�-helical proteins at 208 and 222 nm (Fig. 2). From the mean
residual ellipticity at 222 nm, an �-helical content of �60% is
estimated (34) at 4 °C, which decreases to �50% at 20 °C and
to �20% at 60 °C (HrpO concentration, 0.1 mg/ml). The
�-helical content is concentration dependent and increases
by �50% when concentration increases from 0.02 to 0.1
mg/ml (supplemental Fig. S1). An increase of the ionic
strength of the solution from 25 to 250 mM Na2SO4 also
increases �-helical content by �50% (Fig. 2D).
The thermal unfolding of HrpO was monitored by the tem-

perature dependence of the CD signal at 222 nm (Fig. 2A). The
1st derivative of the thermal unfolding data reveals an unusually
low transition temperature of 21 °C. Fitting the thermal unfold-
ing data by a curve under the assumption of a two-state transi-
tion (Fig. 2A, red line), yields a melting temperature of 21 �
4 °C, in good agreement with the value obtained by the 1st

FIGURE 1. In vitro polydispersity of HrpO. A, typical asymmetric gel filtration
elution profiles at high (black circles: 30 mg/ml) and low protein concentra-
tion (open circles: 5 mg/ml). The heights of the two elution peaks are normal-
ized to the same A280 value. Arrows indicate the elution position of MW mark-
ers. The first peak (at 75 ml) corresponds to aggregates (void volume). B, SAXS
data (corrected for buffer effects) for three protein concentrations. The shape
of the curves in the small angle range indicates the presence of particles of
different size/mass for the 3 concentrations (self-association phenomena).
C, Guinier plots show deviations from linearity with increasing concentration,
an indication for polydispersity. D, normalized pair distribution functions
(P(r)) showing that the maximum diameter of the protein particle in solution
is concentration-dependent.

FIGURE 2. Thermal unfolding of HrpO monitored by CD. A, variation of the CD signal at 222 nm with the temperature (black dots). The fit (red line) to the
experimental sigmoid curve under assumption of a two-state transition yields a Tm value of 21 °C that agrees with the value determined by the first derivative
(gray dots) of the experimental curve. B, smoothed far-UV CD spectra at different temperatures. The isodichroic point (arrow) at 203 nm indicates an �-helix to
random coil transition in the absence of intermediate states. C, SVD analysis of the thermal unfolding farUV-CD spectra. The first three basis vectors ui, weighted
by the singular values wi, are shown. The first two states suffice to model the CD spectra, while all other states are negligible. D, effects of the ionic strength
effect of the solution on the CD spectra. An increase in salt concentration increases the �-helical content. CD data were collected at a protein concentration of
0.1 mg/ml in 10 mM CAPS, pH 11.0. E, double-wavelength plot of [�]200 versus [�]222 including: (i) colored circles for random coils (yellow), pre-molten globules
(orange), molten globules (blue), and native proteins (green) from previous reports (39). (ii) red squares for �-helical, non coiled-coil proteins (myoglobin,
hemoglobin, human serum albumin, cytochrome c (53). (iii) violet squares for coiled-coils (ROP (54), Jun/Fos dimer (55), GCN4-like leucine zipper (56)). (iv)
black/red and black/violet diamonds for spectra of globin-like (CATH ID: 1.10.490) and coiled-coil proteins (CATH ID: 1.20.120) respectively, from the reference
data base for CD spectroscopy (37). (v) Thermal unfolding data of: the apoptotic coiled-coil protein (gray squares, from right to left: at 0, 10, 20, and 45 °C) (57)
and HrpO (black squares, from right to left: at 4, 20, 40, 64, 90 °C).
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derivative of the thermal unfolding data. The 203-nm isodich-
roic point of the CD spectra collected at different temperatures
(Fig. 2B) is also consistent with a two-state unfolding via an
�-helix to random coil transition (35). The SVD analysis (36) of
the far-UV CD spectra confirms the above transition, as it pro-
duces only two significant species of linearly independent CD
spectra, all other SVD basis vectors being negligible (Fig. 2C).
The first significant species corresponds to coiled-coil (37), the
second one to random coil (38). The temperature dependence
of the coefficients of the basis vectors is shown in supplemental
Fig. S2. The double wavelength plot (39) [�]200 versus [�]222 of
molar residual ellipticities at 200 nm and 222 nm (Fig. 2E)
reflects a propensity for structural disorder (see “Discussion”).
HrpO Does Not Possess a Well Folded Structure in Vitro—

Kratkyplots (40) fromSAXSdatawere used to judge the folding
of HrpO (Fig. 3C). The absence of a bell-shaped curve with a
pronounced peak indicates the absence of globular structure,
although the presence of some residual structure is suggested
by the tail of the plot that reaches a plateau at higher s values. At
1.8 mg/ml an average radius of gyration (Rg) of 35 Å was calcu-
lated from the Guinier plot, which is considerably larger than
the value expected (17 Å) for a monomeric, globular protein of
147 residues. On the other hand, a value of 41 Å is expected for
HrpO in a completely unfolded state (27, 41). We interpret
these results as being consistentwith an unfoldedmolecule that
retains some secondary structure. The radius of gyration of the
cross section (Rg,CS), an estimate of the average transverse

dimensions of the molecule, is 12.9 � 0.1 Å (calculated for the
angular range 0.5 � sRg,CS � 1.01), and is consistent with the
presence of �-helices. Taking into account that high �-helical
content was determined by CD even at lower HrpO concentra-
tions compared with SAXS experiments, we assume that the
Kratky plots reflect a highly disordered structure containing to
a significant extent �-helical segments. To test this hypothesis,
the Ensemble Optimization Method (EOM) (26) was used to
characterize the HrpO disorder, under the constraint that all
HrpO models include four �-helical segments (�50% of the
sequence) strongly predicted by the PHYRE (32) fold recogni-
tion techniques (see “Experimental Procedures”), the rest of the
protein being random chain. An ensemble of 20 models shown
in Fig. 3A was selected on the basis of the best fit to the exper-
imental SAXS data (Fig. 3B). The quality of the fit (� � 1.19)
supports the model of a highly �-helical, highly disordered
structure.
The HrpO Sequence Exhibits Characteristics of an Intrinsi-

cally Disordered Coil-coil and Has Extensive Analogies to Pro-
teins from Other T3SS and the Flagellum—Despite the absence
of a significant homology (the residue identity is less than 18%),
the HrpO and FliJ sequences share specific characteristics,
which suggest similar properties: Based on their average hydro-
phobicity and net charge, both proteins are predicted (29) to be
unfolded and highly �-helical with a pronounced coiled-coil
propensity. For HrpO the predicted properties agree with the
experimental observations. A set of 27 additional proteins (sup-
plemental Table S2) also encoded by genes immediately down-
streamof the atpase gene in various T3SS gene clusters, possess
similar sequence characteristics: They are small (145 � 34 res-
idues) and most probably extensively disordered due to a high
content of disorder-promoting and a low content of order-pro-
moting residues (42). High �-helical content and coiled-coil
propensity is also strongly predicted for all. Despite these anal-
ogies, their sequences are diverse, lacking overall similarities.
Some homologies can be detected if they are compared at the
level of individual T3SS families (3): Members of the Ysc and
Hrc1 families show the highest similarities, although even in
these cases the level residue identities does not exceed 12–18%.
The conserved residues are overwhelmingly either disorder-
promoting (Arg, Gln, Glu, Lys) or Leu and Ala, i.e. amino acids
strongly associated with coiled-coil proteins (10, 11).
HrpO Interacts with the HrpE Protein in Vivo—HrpO was

found to interact in vivo with the HrpE protein using yeast
2-hybrid system and co-purification assays (Fig. 4). Both pro-
teins are coded by terminal ORFs of separate operons in the
respective pathogenicity islands of P. syringae pathovars and
are not translocated through the T3SS (43), being considered
instead injectisome core components (44). HrpE belongs to the
FliH/YscL-like proteins that are homologous with the second-
stalk components of the FoF1 and vATPases (44). FliH regulates
the activity of the FliI ATPase (45). In addition, FliH interacts
with FliJ (19), which is the HrpO counterpart in the flagellum;
this suggests analogous roles for the FliJ/FliH and HrpO/HrpE
interactions in different systems.
The sequences of HrpE, FliH, and YscL possess extensive

heptad repeat patterns, comparable to those found for their
respective HrpO-like interaction partners (supplemental Table

FIGURE 3. SAXS analysis of HrpO. A, optimized ensemble of HrpO mono-
mers from the EOM software (26). B, fit of the ensemble to the experimen-
tal data. C, Kratky plots for three different concentrations.
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S2). It is thus possible that association via intermolecular
coiled-coil formation underlies the HrpO/HrpE and FliJ/FliH
interactions.
Using an approach that has been used for the study of flagel-

lar protein interactions (46), far-UVCD spectra of HrpO, HrpE
and the HrpO-HrpE complex were recorded and compared.
They reveal possible conformational changes accompanying
complex formation. Both HrpO and HrpE exhibit CD spectra
that are characteristic for proteins with significant �-helical
content, in accordance to secondary structure predictions and
the presence of heptad patterns. Comparison of the sum of the
HrpO and HrpE spectra with the spectrum of the HrpO-HrpE
complex shows a decrease of the CD signal at 222 nm, indicat-
ing �-helical ordering as a result of interaction (supplemental
Fig. S3). Similar �-helical ordering effects were observed for
HrpO with increasing protein concentrations (supplemental
Fig. S4). As these concentrations fall within the range that
favors the monomeric form of HrpO, these effects are probably
due to monomer-monomer interactions.

DISCUSSION

This study shows that the HrpO protein forms low to high
order oligomers at different concentrations. It is highly �-heli-
cal with coiled-coil characteristics, very low melting tempera-
ture, and does not posses a well folded structure. HrpO inter-
actswithHrpE, another�-helical T3SSprotein that is predicted
to possess coiled-coils. This interaction was identified through
yeast two-hybrid data and confirmed by co-purification.
Sequence analysis suggests that HrpO has characteristics of an
intrinsically disordered coiled-coil with extensive analogies to
FliJ and to several other proteins across all T3SS families,
despite low levels of sequence similarities.
Proteins span a continuum from totally disordered to well

folded structures. The extreme flexibility of intrinsically disor-
dered proteins, whose structures may alter dramatically as they
bind to their cognate folded protein target, has been suggested
to represent a strategy for optimizing the search and interaction

with their targets (47). This strategymay also apply to the bind-
ing of HrpO to its protein targets, as suggested by its pro-
nounced flexibility and the observed �-helical ordering effects
associated with the HrpO/HrpE interaction. The observed
properties of HrpO and the predicted properties of its ana-
logues fromother T3SS, suggest thatHrpO represents a class of
intrinsically disordered proteins present in all T3SS families
and the flagellum that bind target molecules (e.g.HrpE) proba-
bly via coiled-coil interactions. The pronounced self-associa-
tion propensity of HrpO that produces quaternary complexes
in which coiled-coil interactions play a role, as suggested by CD
spectra, has probably analogies to the interactions of HrpO
with its coiled-coil target proteins. Intrinsic disorder is
reflected in the double wavelength plot (Fig. 2E) of [�]200 versus
[�]222 (39), which reveals that in the temperature range 4–20 °C
HrpOexists at the borderline between a folded (coiled-coil) and
a molten globule-like state, with more features of intrinsic dis-
order (molten globule and pre-molten globule states) being
gradually established beyond 20 °C. Thermal unfolding studies
reveal a two-state transition, with a strikingly low transition
temperature of �21 °C. SAXS data suggest that at low concen-
trations HrpO exists as an ensemble of disordered, highly
�-helical conformers characterized by lack of globularity,
although it is not completely unfolded. We believe that at con-
centrations favoring the monomeric form, HrpO contains a
core formed by some secondary structure elements, with pre-
vailing coiled-coil interactions, as evidenced by the character-
istics of CD spectra. The remainder of the polypeptide chain is
disordered. The lack of globularity i.e. of a tightly packed core,
deduced from the Kratky plot at low concentrations, indicates
that this core is probably small and loosely packed. More glob-
ular features are induced at higher concentrations, probably
due to association effects producing higher order multimers, as
evidenced by the Kratky plot and I(0). Presumably, either the
association ofmonomers occurs first leading to the induction of
additional structure, or under the specific conditions, the pop-
ulation of more structured intermediates increases, which then
associate. It is likely that the association of disordered interme-
diates occurs via coiled-coil interactions, thereby stabilizing
partial secondary structural elements and leading to the forma-
tion of additional helices, as observed by CD. Some analogies
exist with the process via which �-helical peptides stabilize
their helical structures upon association at high concentrations
(48), or with the association-induced folding of partially folded
intermediates of staphylococcal nuclease (49). In contrast to
the above cases however, only limited additional globular char-
acteristics are induced upon increase of the HrpO �-helical
content due to oligomerization.
The properties of HrpO at even relatively low temperatures

resemble those of a molten globule state although it is not clear
how relevant they are physiologically. Intrinsic disorder and the
coiled-coil interactions may play an important role in the rec-
ognition of HrpO binding partners in T3SS, where coiled-coils
containing proteins (e.g. HrpE) are abundant. A more struc-
tured state of HrpO with specific contacts may be established
upon association to its partner, similarly to what we observe in
HrpO oligomerization and in theHrpO-HrpE interaction. This
process could be also comparable to the interaction of the

FIGURE 4. HrpO-HrpE interactions. A, yeast cells expressing the hybrid proteins
DBD-HrpO and activation domain HrpE (area 2) grown in the absence of Trp, Leu,
Ade, and His formed white colonies, as did the positive control cells, indicating
that the hybrid proteins interact with each other. Plasmids pVA3-1 and pTD1-1
were used as positive controls, (area 1) and the vectors pAS2-1 and pACT2 with-
out inserts served as negative controls (area 5). Proteins HrpO and HrpE were also
tested for autoactivation (areas 3 and 4, respectively). B, SDS-PAGE of step-elution
of His10-HrpE and HrpO co-purification experiment stained with Coomassie Bril-
liant Blue. White arrows indicate two MW markers (MWM) of 20.1 and 30 kDa.
Black arrows indicate the His10-HrpE protein at �28 kDa (upper band) and the
HrpO protein at �21 kDa (lower band). Beginning from left, the first lane is loaded
with MWM while the rest with various elution samples from the Ni-NTA-agarose
column with increasing imidazole concentration (80, 100, 150, 200, 250, 300 mM,
respectively).
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intrinsically disordered pKID domain of gene transcription fac-
tor CREB with the KIX domain of the CREB-binding protein in
the cell nucleus (47). Conformational flexibility and coiled-coil
interactions were recently confirmed as necessary require-
ments for complex formation in the case of tropomyosin-actin
binding (13).
Generally, intrinsic disorder is a distinctive and common

characteristic of functional interactions (50), and more specif-
ically of hub proteins (proteins that interact with more than 10
partners) in eukaryotic interactomes (51). Disorder could be
thus a determinant of functional interactivity of HrpO and its
analogues from other T3SS gene clusters (supplemental Table
S2) and provide a basis for a widespread coiled-coil interaction
mode between proteins of theHrpO family and their coiled-coil
targets. This possibility is supported by the properties of the
HrpO target HrpE that is �-helical and is predicted to form
extensive coiled-coil regions. These regions could be involved
at the stage of the initial encounter complex betweenHrpO and
HrpE and facilitate the transition toward more structured
states/�-helical ordering, in agreement with the finding that
�-helical molecular recognition elements (interaction-prone
short segments of disorder that become ordered upon specific
binding) are abundant in protein-protein interaction networks
(52). HrpE homologues with coiled-coil propensity are found
for nearly every T3SS in which HrpO-analogues have been
identified (supplemental Table S3).
The structures of the interaction partners of FliJ, the flagel-

lum counterpart of HrpO, also support the concept of a coiled-
coil interaction mode: FliJ interacts with FliH, a HrpE homo-
logue, for which high �-helical and coiled-coil segments are
predicted. In addition, FliJ interacts directly with the flagellar
export chaperone FlgN (18), a 4-�-helical bundle (PDB ID:
2fup). A 20-residue coiled-coil region of FlgN has beenmapped
to be the common binding site for FliJ and for the export sub-
strate FlgK (PDB ID: 2d4y) the structure ofwhich has as itsmost
prominent feature a coiled-coil domain comprising�50% of all
residues. The association of FliJ or FlgK to their common bind-
ing site is thus probablymediated through interactions between
coiled-coil segments.
If the properties ofHrpO can be projected to FliJ (an assump-

tion that is supported by the characteristics of the FliJ protein
(19)), then the properties of intrinsic disorder and coiled-coil
propensity may be also understood under the aspect of the reg-
ulation of the flagellar T3SS export apparatus: At the level of the
export ATPase complex, two activities have been reported for
FliJ, i.e. a T3SS chaperone escort activity and a stimulation of
the FliI ATPase activity (18). The escort mechanism for export
chaperones (FlgN, FliT) clears themembrane FliI ATPase com-
plex of unloaded chaperones, enhances the cycling of chaper-
ones and increases the efficiency of chaperone-export substrate
formation and its docking to the ATPase complex. This activity
is established via interactions between FliJ and chaperones that
are coiled-coil proteins. The stimulation of the FliI ATPase
activity by FliJ occurs either via a transient FliJ-FliI interaction
or via interactions of FliJ with other flagellar components, e.g.
the FliH protein (the flagellar counterpart of HrpE) with a pre-
dicted coiled-coil structure. FliH is a known regulator of FliI
activity that binds to FliI and suppresses its oligomerization and

ATPase activity. ATPhydrolysis, which is increased in the pres-
ence of FliJ, induces the essential dissociation step of the FliH-
FliI complex prior to unfolding and translocation of the export
substrate that is driven proton motive force (17).
FliJ is thus probably involved in T3S regulation through two

activities at theATPase complex, and these require interactions
with several coiled-coil proteins of different structures. Coiled-
coiled propensity and a considerable structural plasticity,
reflected in intrinsic structural disorder, are thus essential pre-
requisites for FliJ function. It should be noted that FliJ also
interacts with further T3SS components, e.g. the C-ring protein
FliM (20), which also exhibits coiled-coil regions, so that this
pronounced interactivity is probably enabled by a considerable
structural disorder (19).
In summary, the observed properties of HrpO, the prop-

erties of the FliJ interactions network, a large body of
sequence and structural data and the prevalence of the
coiled-coil motif, support the hypothesis of the existence of a
widespread coiled-coil interaction mode in all T3SS families
and the flagellum mediated by intrinsically disordered pro-
teins. The functional implications of this interaction mode
are not clear yet; however they may include a role in the
regulation of the T3SS export apparatus.
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