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Abstract

The Salmonella FliS flagellar export chaperone ikighly a-helical protein. Proteolytic
experiments suggest that FliS has a compact careekr, the calorimetric melting profile
of FIliS does not show any melting transition in tB8-110°C temperature range. CD
measurements reveal that FIliS is losing its hektalcture over a broad temperature range
upon heating. These observations indicate that ii®lds in a non-cooperative way and its
native state shows features reminiscent of the anoflobule state of proteins possessing
substantial structural plasticity. As FliS has salebinding partners within the cell,

conformational adaptability seems to be an esdestimirement to fulfill its multiple roles.
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Highlights
* The FIiS flagellar export chaperone is an antipar&ur-helix-bundle protein.
» Salmonella FliS does not show cooperative meltiagsition.
* The native state of FliS exhibits molten-globukelfeatures.

* Non-cooperative unfolding suggests structural plagtessential for function.
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I ntroduction

Flagella are locomotion organelles of the bactexidlls. The flagellum consists of three main
parts: the basal body which is embedded into tHhermmbrane, the long helical filament and
the flexible hook, that connects the basal bodytaedilament. External flagellar proteins are
synthesized in the cytoplasm and translocateddalistal end of the growing structure by a
specific type-lll secretion apparatus [1]. A narr¢v2 nm wide) central channel spans the
whole flagellum through which the flagellar axialopeins are transported to their site of
polymerization. Premature assembly of flagellanctiral proteins must be prevented in the
cytoplasm. The substrate specific flagellar chapesare believed to play this role within the
cell [2-4]. The main function of the chaperonesoignaintain their cognate substrates in the
secretion-competent monomeric form and promoter thelivery to the gate of flagellar
export machinery [5-9].

FIiS is the specific chaperone for the major fléayefilament component protein, flagellin
(FIiC) [2, 10, 11]. It is a small protein, consigdi of about 135 amino acids, which has
multiple functions within the flagellar export sgst Besides facilitating flagellin export it
has been demonstrated that FliS also interactsotfiér flagella-related proteins [12-14] and
plays a role in the transcriptional regulationlagtllar biosynthesis, too [15-17].

The X-ray structure of FliS fromAquifex aeolicusrevealed that the protein contains an
antiparallel four-helix-bundle with a quasi-helicap formed by 16 N-terminal amino acid
residues [18]. The crystal structures Hélicobacter pyloriand Bacillus subtilisFliS also
show a highly helical structure [12,19]. The 3Dusture of the 14.7 kD&almonella
typhimuriumFIliS has not been determined yet but suggestbd fwredominantly-helical as
well [2,16]. Proteins with a framework consisting @ pair of antiparallel helical bundles
typically show high thermal stability and a cleawotstate folding/unfolding behavior [20]. In
contrast, our results demonstrate tBatmonellaFliS does not show a cooperative melting

transition and exhibits features reminiscent ofterolglobular proteins.



Materials and Methods

Protein expression and purification

Hiss-tagged FliS was expressed in BL21(DE3)pLysS d&lsvagen-Merck), and purified as
described previously [21]. FliC monomers were pedifas described by Vonderviszt al
[22]. Protein concentrations were determined frdosoaption measurements at 280 nm using
molar extinction coefficientsefs=17880 M'cmi® for flagellin andexs=11460 M'cm™® for
FliS) calculated from the known aromatic amino amdtents of the molecules [23]. Purity of

protein samples was checked using SDS-PAGE folldwye@oomassie blue R-250 staining.

Homology modeling and molecular dynamics simulations

The protein sequence &almonella typhimuriunkliS without the Histag was uploaded to
the IntFOLD Server, Version 2.0 [24]. We have clmo#ee homology model from the top 5
models, which were based on the structurebi@fcobacter pylori(Lam et al. [12], PDB:
31QC) andAquifex aeolicusliS (Evdokimovet al.[18], PDB: 10RJ). The homology model
was subjected to molecular dynamics (MD) simulagsnmplemented in GROMACS [25],
using the AMBER-ff99SB*-ILDNP force field [26]. Thesystem was solvated by
approximately 10000 water molecules with TIP4P petsization [27]. The total charge of
the system was neutralized, and the physiologiailc®ncentration was set by placing"™Na
and CT ions. Energy minimization of starting structuresswollowed by sequential relaxation
of constraints on protein atoms in three stepsanddditional NVT step (all of 200 ps) to
stabilize pressure. Trajectories of subsequentribBIPT simulations at 300 K, 373 K and
300 K at 1 bar were recorded (collecting snapshotsvery 20 ps). The molecule reached
equilibrium conformation in 30 ns in the simulasofror comparisorA. aeolicusFliS X-ray
structure (1ORJ) and globular helical proteins sasHysozyme (193L) and human growth
hormone (1HGU) were also subjected to MD simulaiddecondary structure of the frames
of MD simulation was determined by the DSSP alponif28]. Flexibility of the structure at
the residue level was evaluated by the root meaaregfluctuation (RMSF) which is the
square root of the variance of the fluctuation artbthe average position of the backbone
[25]. Molecular graphics was performed with the WCShimera package (University of
California, San Francisco) supported by NIGMS P411G3311 [29].



CD and fluorescence measurements

All samples were dialyzed against 10 mM Na-phosplaiffer (pH 7.4). CD measurements
were performed in sealable quartz cells of 1 mnhlpagth using a Jasco J-810 (Jasco,
Tokyo, Japan) spectropolarimeter. Far-UV CD speestee recorded in the range of 185-260
nm between 5 and 110 °C in 7 °C steps. A contindnaa-up of the sample was recorded at
192 nm from 5 °C to 110 °C with scanning rates 20 2C/hour or 40 °C/hour. Temperature
was controlled using a PTE Peltier unit. The thérmematuration profile was fitted according
to the Gibbs-Helmholtz equation assuming a twcestabdel, which is represented by a
sigmoidal curve [30]. Helical content as a functadnTFE concentration was investigated by
Synchrotron Radiation (SR) CD at DISCO beamling8yaichrotron SOLEIL at 0.4 mg/ml (26
KM) concentration in a Cakcell of 40 um pathlength in the range of 185-21. nCD
spectra were quantitatively analyzed by the regediveloped BeStSel method [31].
Similarly to some other algorithms, BeStSel makekstinction between the regular, middle
part of a-helices (helix 1), where all the backbone H-boads formed, and the spectrally
different ends of the-helices (two-two residues at both ends, named B¢liHelix 2 content
and the ratio of the two components can be usedtimate the number and average length of
a-helices.

Intrinsic fluorescence experiments were carried @uta Jobin Yvon FluoroMax-3 (Horiba
Jobin Yvon, Edison, NJ) spectrofluorimeter at 25Bmission spectra were recorded in the
range of 300-400 nm by selective excitation of Tflnorescence at 297 nm.
Emission/excitation slits of 5/5 nm were used. FFHC or the FIliS:FIIC complex were
measured at 6.5 uM concentration for each protégat-induced changes were measured in
the temperature range of 20-90 °C by thermostativegy samples by the built-in Peltier

element of the fluorimeter.

Differential scanning calorimetry (DSC)
DSC experiments were performed with a VP-DSC imsaut (MicroCal, Northampton, MA)
with a scanning rate of 1°C/min in the range of12®°C using a protein concentration of
0.34 mg/ml for both FIiS and FliC. The samples wexéensively dialyzed against 10 mM
Na-phosphate buffer (pH 7.4). The dialysis buffeaswused as reference during the
measurements. Data were analyzed with the Oridifb&sed MicroCal software package.
Both after the DSC and the CD measurements thelesamere analyzed by SDS-PAGE to
verify that no degradation occurred during the expent.
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Limited proteolysis

Limited proteolysis by trypsin and subtilisin wasrformed in 20 mM Na/K-phosphate
buffer, pH 7.8, containing 300 mM NaCl at room teargiure at a FliS concentration of 0.4
mg/ml. In a typical digestion experiment the pregeavas added to the protein solution at a
1:300 (w/w) ratio. At various time points, 20 pingales were taken and mixed with 20 pl
electrophoretic sample buffer, containing 0.3 mg/hCK or PMSF protease inhibitor,
followed immediately by heating in a boiling wateath for 10 min. Electrophoresis was
performed on 15% polyacrylamide slab gels. Bandeevaticed out and were subjected to
exhaustive in-gel digestion by trypsin. The extedcpeptides were subjected to LC-MS/MS

analysis to identify the corresponding FIiS fragimen

NMR spectroscopy

One-dimensionalH NMR experiments were carried out on a Varian NB{f&tem (600 MHz
for 'H) (Varian Inc., Palo Alto CA) five-channel speatreter using a 5-mm indirect detection
triple resonance’d**C*N) z-axis gradient probe. Solvent water suppressias achieved
by presaturation. Measurements were done at 0.Bnhpgbtein concentration in 10 mM Na-

phosphate buffer (pH 7.4) at 25°C. FIliS was prongggregation at higher concentrations.



Results

Temperature-induced unfolding of FIiS
Heat denaturation of Salmonella FliS was monitdredifferential scanning calorimetry. For
comparison, the melting profile of flagellin, theam binding partner of FIliS, was also
measured. While the thermal unfolding curve of Rixhibited a sharp peak around 48°C,
FliS did not show any cooperative melting transitim the range of 25-110°C and the
obtained calorimetric curve did not contain anykp@ég. 1). This behavior is characteristic
for intrinsically disordered proteins or proteinsnolten globule state.
Available structural information suggests that ABSa highlya-helical protein [16,18]. The
thermal behavior of FliS was also investigated bgutar dichroism spectroscopy in the far
UV region which provides information about the setary structure of proteins. Far-Uv CD
spectra recorded between 5°C and 110°C are present&igure 2A. Heat denaturation of
FliS was almost completely reversible under the liagpconditions. Close to room
temperature, the CD spectrum of FIliS is charadtered a protein largely dominated loy
helical structure. Upon heating, the CD signal nadgally decreasing over a wide range of
temperature. Analysis of the CD spectra by the BeShethod [31] reveals that at 110 °C the
proportion ofa-helical segments is reduced drastically to ab@% f the original amount.
The measured spectra have an isodichroic poimd&nn, which is a typical characteristic of
two-state transitions. However, detailed analysishe secondary structure by the BeStSel
algorithm shows that with increasing temperatune, length ofo-helices starts to decrease
above 40 °C, while the number of helices decreasg above 60 °C, which is contradictory
to the two-state system model (Fig. 2C). We assilnaiein this case the two distinct states are
not at the overall tertiary structural level copesding to the native and unfolded
conformations, instead we observeahelix to coil transition at the level of the indival
helices as the temperature increases.
Conformational changes were also monitored atedfixavelength of 192 nm at heating rates
of 120 and 40°C/hour (Fig. 2C). In consistence witie calorimetric results, the heat-up
profile does not show a well-defined narrow traosit The a-helical structure is lost
continuously and the most significant changes odoetween 40-100°C, which is an
unusually broad temperature range for heat induc€dlding. The measured curve has a
shape of a broad sigmoidal and can be fitted byoperative two-state model [30] providing
values of 70-80 kJ/mol and 72°C for the enthalpgnge AH) and melting temperaturd ),
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respectively. The fitting was acceptable whed, of unfolding was set to 0-1 kJKmorl ™.
AC, of unfolding of well ordered, stable globular m@iois is reported to be ~50 J/mol per
residue resulting mainly from the hydration effeétnonpolar side chains upon unfolding
[32]. A globular protein with the size of FIiS sHdihave aAC, of ~7 kJ/mol, in contrast to
the observed nearly zetC,. The obtainedAH is also very small as compared to values
typical for globular proteins of similar sizes. A&samples, nativg,-microglobulin, a globular
protein of 12 kDa, exhibits an enthalpy change 40 8J/mol upon heat denaturation around
65°C [33]. Rop, a four-helix-bundle protein haviagrotein fold similar to FliS, exhibits 550
kJ/mol enthalpy change with a midpoint of ~70 °*@mmlenaturation [34]. We suggest that
the very wide range of transition and the exceatigrsmallAH andAC, might be consistent
with a gradual unfolding the FIliS protein losing rdered structure in a non-cooperative
way.

Intrinsic fluorescence measurements were appliedveal heat-induced structural changes in
the local environment the lone Trp residue (W122[Fl5. The wavelength of the maximal
fluorescence intensity, which reflects the hydrdpbiby of the environment of the indole ring
of tryptophan, was red-shifted from 342 nm withreasing temperature. The 355/342 nm
fluorescence intensity ratio (Fig. 2D) reveals tyhases of conformational changes
suggesting that heat-induced conformational regeaents within the vicinity of W122
follow a different kinetics as compared to the @lestructural changes shown by far-Uv CD
(Fig. 2C).

Characterization of the functional state of FIiS

Thermal behavior ofSalmonellaFliS exhibited unusual features. It was essentml t
demonstrate that FIiS was in a functional stateeurttie applied conditions. Isothermal
titration calorimetry was used to judge that Fli&swable to recognize and bind its major
partner, flagellin, with a micromolar dissociatioonstant as was reported previously [11].
Fluorescence measurements also confirmed the atimmabetween FIiS and FIiC. Addition
of FIiC to the chaperone resulted in spectral ckargj the intrinsic fluorescence of the single
tryptophan residue W122 of FIiS (Fig. 3A). The flescence emission spectrum of FliS has a
maximum at 341 nm, however, upon complex formatiath FIiC the maximum shifted to
329 nm and the fluorescence intensity significamigreased. These observations clearly
show that under our experimental conditions Fli€aigable of binding FIiC.



The structural integrity of FliS was further evided by one-dimensionatH NMR
measurements performed at room temperature (Fig. 8Bemical shifts in both the
aromatic/amide proton and the aliphatic regionssasignificant dispersion characteristic of
folded proteins. Specifically, downfield-shifted @® protons §n>8.5 ppm) and methyl
proton resonances affected by ring currents nedbatow O ppm indicate an ordered tertiary
structure. Further, the line width of the resolvbiéH side chain resonance of W122
corresponds to that expected for a folded 15 kDé&epr.

Proteolytic experiments also confirmed that Fli$ macompact core part. When FIliS was
digested by trypsin or subtilisin, two small teradisegments were very quickly removed by
the proteases in the early phase of digestion betrésulting roughly 12kDa fragment
displayed significant resistance against furthegraeation (Fig.4). When flagellin was
digested under similar conditions [22], its disoedeterminal regions were fully degraded
within a few minutes, and its F40 compact fragmeas slowly digested further on a similar
time scale. The very similar digestion patternsaotgd by two different proteases indicate
that SalmonellaFliS has a folded core. Mass spectrometry anatgsigaled that the 12 kDa
metastable fragment lacked 14 Ntérminal residues (including the Hitag) and 7 residues
from the C-terminal end of the polypeptide chaiheTeasily degraded terminal segments do
not belong to the conserved helical regions of .FliSey seem to be highly mobile and
unstructured as suggested by MD simulations (Bg. 9he corresponding segments are
often not visible in the electron density maps e for FliS molecules from other bacterial

sources.

Dynamic secondary structureof FliS
The 3D structure of FliS fromSalmonella typhimuriumhas not been experimentally
determined yet. The structures Aduifex aeolicusHelicobacter pyloriandBacillus subtilis
FliS proteins have been determined by X-ray cricgehphy, revealing that all these proteins
consist of an antiparallel four-helix bundle [1219]. There is sequence homology of 28, 35,
and 34% identity betweesalmonellaand A. aeolicus, H. pyloriand B. subtilis FliS
molecules, respectively. A homology model was awieséd by the IntFOLD Server [24] for
SalmonellaFliS. Because the initial model showed stericablués, it was equipped with
hydrogens, solvated with water, and subjected t®rggn minimization, and 150 ns MD
simulations in explicit solvent. First, a simulatiat 300 K was carried out, which was
followed by a heat treatment at 373 K and a fimauation at 300 K. An equilibrium was
9



reached in the first 30 ns in each simulation.reggngly, in the first 30 ns of the simulation
at 373 K, the four helices were rearranged fornaimgore compact core with helices oriented
more parallel with each other. This conformatiorsvgsable during the simulation and was
also preserved under a final MD simulation at 30qQHg. 5A). The flexible, fluctuating
regions of the FliS molecule were determined frova RMSF values of the MD trajectory
revealing that mainly the N- and C-terminal partsttee molecule exhibit high flexibility
(Fig. 5B). In the final simulation step, the heltontent of the molecule was fluctuating
between 46 and 67% with a maximal frequency at % 5C). For referencéquifexFliS
and globular helical proteins exhibiting cooperatunfolding transition around 70°C, such as
lysozyme (PDB:193L [30]) and human growth hormomDB:1HGU [35]) were also
subjected to MD simulations. The helix contentSaflmonellaand Aquifex FliS molecules
fluctuated significantly more resulting in a broadestribution profile than the cooperatively
folded control proteins (Fig. 5C). A sharp profiléh a half width of ~3% was found for the
helix fluctuations in MD simulation of the coopevaly folded myoglobin [36].

In accordance with the model calculations, theUWsr-CD spectrum ofSalmonellaFliS
obtained at room temperature is characteristic pfemlominantlya-helical protein (Fig. 2,
Fig. 5D). Analysis of the measured CD spectrumheyBeStSel method [31] estimated 51%
a-helical content, which, taking into account thegence of the disordered kitag, agrees
well with the model. However, this value is lowbkah expected compared to the available X-
ray structures of FliS molecules from the above tmerd three organisms exhibitimghelix
contents in the range of 62.5-70.2% as determingdhke DSSP algorithm [28]. This
discrepancy was investigated by applying 2,2,2wroethanol (TFE) which is known to
promote hydrogen bonding. TFE at low or moderateceatrations (< 30 v/v%) stabilizes
helices only in regions that have a high intrirsétical propensity [37,38]. The effect of TFE
on the secondary structure formation in FliS waslisd by SRCD in the 185-250 nm region
(Fig. 5D). Addition of TFE resulted in the increaska-helical signal. At 30% TFE, FIliS
exhibited 74%w-helical structure which is similar to the valuesiid for the available X-ray
structures. Our TFE studies indicate that FliSasaompletely folded at room temperature in

solution.
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Discussion
The FIiS flagellar chaperone fro®almonellais a highlya-helical protein as suggested by
homology modeling and CD measurements. Proteodsteriments indicated that it has a
compact core part. However, scanning calorimeteasarements revealed that FliS does not
show a cooperative melting transition. Monitorihg theat-induced structural changes by CD
spectroscopy demonstrated that the ordered secgomstiarcture is lost over a very broad
temperature range (40-100°C) which may be indieatif’ gradual unfolding of the native
structure. This was further supported by the amalgé the measured CD spectra which
revealed that temperature increase resulted firgteé shortening of helices and their number
decreased only at higher temperatures (Fig. 2). #ifDulations showed relatively large
fluctuations in thex-helix content compared to that of stable prot&xkibiting cooperative
unfolding transitions with similar temperature midus (Fig. 5C).Aquifex FliS showed a
similar broad profile indicating that it might begeneral property of FliS molecules from
various sources. Fluorescence monitoring of thalleavironment of the lone W122 residue
also showed a somewhat different unfolding behavasr compared to the overall
characteristics revealed by CD spectroscopy. Thbservations suggest that various parts of
the molecule unfold in a non-cooperative manner.
Substantial amount of secondary structure but tffc&ooperativity in unfolding are typical
characteristics of the molten globule (MG) statepaiteins [39]. According to the classical
view, proteins in the MG state are associated futittional inactivity, but FliS can strongly
bind its cognate partner FIiC as confirmed by ITi@l dluorescence measurements. Recent
studies have revealed, however, that the MG staés chot necessarily preclude efficient
catalysis [40,41] or specific molecular recognitionctionality [42,43]. MGs are believed to
have fluctuating tertiary structure, while our NMiReasurements indicated a folded core for
FliS. A similar situation was observed for the Mi@ts of nuclear coactivator binding domain
(NCBD) of CREB binding protein, which contains a aimwell-folded core but lacks
cooperative unfolding behavior [42]. The internggyndmics of NCBD is caused by
interconversion between discrete folded conformmatiddespite populating compact folded
conformations, NCBD still has a slowly fluctuatiteytiary structure and thus adheres to the
definition of a MG. Recent studies have also sh@aw exchange between several well
defined conformations in the MG state @factalbumin, representing dynamic ensemble
states with specific tertiary interactions [44].iSFImay also readily assume different
conformations as indicated by the structural hegeneity of subunits even within the unit cell
11



of the availableAquifexFliS crystal structure (Fig. 6A) [15]. Badger &tdetermined the X-
ray structure oBacillus subtilisFliS [19], which also demonstrates the structptasticity of
the molecule because it forms a dimer of four-hblixdles in a domain swapped manner in
the unit cell (Fig. 6B). The ability to sample @ifént conformations may facilitate binding to
various partners. Our experiments may suggesHifatelongs to the family of atypical MG
proteins.
The a-helical content estimated from the CD spectrumoatn temperature is around 51%.
This value is in good agreement with that of thenbtbgy model subjected to MD
simulations. Our studies revealed that moderateadmation of TFE can stabilize the helical
structure in FliS increasing its content up to 74%is observation may also indicate that FliS
is not fully folded. Recently Galewt al. [16] also measured the CD spectrum of FliS while
studying its interaction with the flagellar antgsia factor FIgM, and reported a significantly
larger amount of helical structure in 50 mM TrisdH@H 7.4) containing 100 mM NacCl.
Although our measurements were generally performigout salt in 10 mM Na-phosphate
buffer (pH 7.4) to allow collection of CD data beld200 nm, we did not observe any
significant salt effect in trial experiments.
FliS is a component of the flagellar export machynghich has several binding partners. Its
major function is to serve as an export chaperandlgellin [2], the main component of
bacterial flagellar filaments. It was demonstratieat flagellin binding results in a significant
conformational rearrangement within the FliS exprvaperone [18]. FliS mediates docking
of the FIiS-FliC complex to the FIhA component dfletexport gate situated in the cell
membrane [6,45]. Through the different binding raffes of various substrate-chaperone
complexes, the strictly regulated assembly ordethefflagellum may be ensured [6]. FIiS
also plays a role in the transcriptional regulatbbrilagellar biosynthesis interacting with the
anti-sigma factor FIgM which inhibits the flagelspecific sigma factor FIiA [16,17]. Laet
al. demonstrated that iRl. pylori FliS also interacts with co-chaperone HP1076 aitdh w
other flagellar associated proteins like FliD angkg displaying general chaperone activity
[12]. Various FliS-interacting partners were preglitin the proteome studies Bf pylori
[13] andC. jejuni[14], suggesting that FIliS is a key export chaperand may be involved in
other cellular processes. As FliS has several bgqngartners within the cell, conformational
adaptability seems to be an essential requiremenrdier to fulfill its various functional roles.
A molten globule ensemble of interconverting fold&ductures may provide a convenient
target for conformational selection by diverse pairs.
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Figure legends

Figure 1.

Temperature induced unfolding of FIliS and FIiC deled by differential scanning
calorimetry. While the calorimetric curve of FliSek not feature any peak corresponding to a
cooperative melting transition, the thermal unfotdicurve of FIliC shows a sharp transition
around 48°C. The curves were corrected by subtigadine buffer baseline. The protein

concentration was 0.34 mg/ml in 10 mM Na-phospbaféer (pH 7.4) for both proteins.

Figure 2.

Thermal unfolding of FIliS followed by CD and fluseence spectroscopy. (A) Series of CD
spectra as a function of temperature in the 5-X20&hge recorded in 7 °C steps. Arrows
show the direction of spectral changes. @helix content of FliS as a function of
temperature estimated by the BeStSel method [31d.0verallo-helix content is divided into
two components by the method. Red circles reprakerpiercentage of residues located at the
ends of helices which is proportional to the nundifelnelices and blue squares represent the
percentage of residues corresponding to the midelgilar part ofi-helices. The ratio of the
two fractions can be used to estimate the averaggth of helices. The temperature
dependence indicates that, upon heating, firstehgth of the helices is decreasing and the
number of helices starts to decrease at higher dmatypes. (C) Heat denaturation of FliS
followed by the CD signal at 192 nm. Two, largelyedapping experiments are shown
corresponding to scanning rates of 40 (red) and “Mour (blue), indicating that the
unfolding process reached equilibrium at each teatpee point. Dashed line represents a
sigmoidal fit regarding a two-state process of d0nol enthalpy change with a midpoint of
72°C and aAC, set to zero. (D) Trp fluorescence excited at P97 as a function of
temperature is presented by the 355/342 nm interddio. Linear fittings reveal two phases

of heat-induced conformational changes.

Figure 3.

Demonstration of the folded core and ligand bindedglity of FIiS. (A) Fluorescence

emission spectra of FliS (black), FliC (red) antbHFIiC complex (green) measured at i3

protein concentrations. The sum of the FliS an€ Hpectra is also presented (blue). The

increase of fluorescence intensity and the shifshiorter wavelengths provide evidence for
19



complex formation, indicating that the local enwineent of the single tryptophan residue
W122 of FIiS became more hydrophobic upon FIiC iigd(B) One-dimensiondH NMR
spectrum of FliS (0.5 mg/ml) in 10 mM Na-phosphateH 7.4 and 25 °C exhibiting well-
dispersed aromatic/amide proton (6.5-10 ppm) anthyheroton (-0.5-1.5 ppm) regions.
Sharp signals at 8.43 and 5.40 ppm arise from igtedime tag. The region between 4.4-5.1
ppm is obscured by residual water signal aftergiueation and digital filtering. Chemical
shifts were referenced to external 4,4-dimethylldpentane-1-sulfonate.

Figure4.

Limited proteolysis of FliS by (A) trypsin and (Bubtilisin. Proteolytic experiments were
done at a protein to protease ratio of 300:1 (wAt)the indicated time points, portions were
removed from the reaction mixture, mixed with elephoresis sample buffer and boiled for
10 min. Experiments were done in 20 mM Na/K-phosplaffer, 150 mM NaCl (pH 7.8) at

room temperature at 0.4 mg/ml protein concentratioiact FliS and the 12 kDa fragment are
indicated by arrows.

Figureb.

a-helix dominated structure of FliS. (Aalmonella typhimuriunkliS homology model was
subjected to energy minimization and MD simulatidhe final average structure is presented
in gradient rainbow colors blue-to-red indicatinge tN-to C-terminal. W122 side-chain is
presented with sticks the environment of whichffeaed by the N-terminal region of the
molecule or the binding substrate of FliS. “ScisSandicate the proteolytic cleavage sites
determined by mass spectrometry. These sites eatehb at the borders of the high flexibility
regions. (B) Flexibility of FIiIS molecule in the 3®0 ns time interval of the final MD
simulation at 300 K is presented by a tube modee @iameter of the tube reflects the
factor values derived from the local fluctuatiofMSF values) upon MD simulation [45].
(C) The distribution of thex-helix content upon MD simulations at 300 K from060
snapshots is presented fBalmonellaFliS (red),AquifexFliS (green), lysozyme (blue) and
human growth hormone (black). (D) CD spectra oSHRt various TFE concentrations. The
measurements were carried out in 10 mM Na-phospbatéer (pH 7.4) at a protein
concentration of 0.4 mg/ml at SOLEIL SynchrotrorheToriginally 51%a-helix content
(including the disordered Hydag) is increased to 59, 68 and 74% upon addiiohO, 20,
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and 30% TFE, respectively. Arrows show the directd spectral changes upon increasing

TFE concentration.

Figure 6

X-ray structures of FliS from different bacteriausces presenting the structural plasticity of
the flagellar chaperone. (A) Structure of the moaomAquifex aeolicus=liS (PDB: 10RJ).
There are two co-existing conformational variamghe unit cell. The difference is clearly
manifested in the N-terminal regions colored bl@me N-terminal is invisible, possibly
disordered, while the other one partly forms hélgtaucture and located between the four
helices of the bundle, which otherwise can be oeclpy the substrate polypeptide chain.
(B) The structure oBacillus subtilisFIliS (PDB: 1VH6) forming a dimer of four-helix-
bundles in a domain swapped manner also showstrhetgal plasticity of FliS. The two

subunits are presented by different colors.
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Figure4
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Figure 6
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