Dielectric constant of flagellin proteins measured
by scanning dielectric microscopy+
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The dielectric constant of flagellin proteins in flagellar bacterial filaments ~10-20 nm in diameter is
measured using scanning dielectric microscopy. We obtained for two different bacterial species
(Shewanella oneidensis MR-1 and Pseudomonas aeruginosa PAO1) similar relative dielectric constant
values eso = 4.3 + 0.6 and ep, = 4.5 + 0.7, respectively, despite their different structure and amino acid
sequence. The present results show the applicability of scanning dielectric microscopy to nanoscale
filamentous protein complexes and to general 3D macromolecular protein geometries, thus opening new
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Introduction

The electric polarizability of proteins, represented in mean
field theories by the relative dielectric constant,"” has long
been recognized as a key parameter in determining the protein
structure and their electrostatic interactions with charged bio-
molecules and ligands.>® The dielectric constant determines
the degree by which electric fields are screened by the protein
microscopic electric dipoles themselves. As such, it has a
strong effect on charge-charge and charge-dipole interactions
in, and between, proteins, and hence, on the electrostatic
energy contribution to protein folding, protein-protein,
protein-DNA and protein-charged ligand interactions.”
Recently, we have developed a technique that we refer to here
as scanning dielectric microscopy able to access directly the
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avenues to study the relationship between the dielectric response and protein structure and function.

dielectric constant of small scale macromolecular biological
systems.®® The method has already enabled determining the
dielectric constant of proteins in empty virus capsids and in
virus tails®® as well as of proteins in sub-micrometric protein
mono-layer patches.'® In all cases, the obtained protein relative
dielectric constants under dry air conditions were &, ~ 3-4, in
good agreement with the values reported from bulk measure-
ments on dry protein powders, &, ~ 2-5'"'* and with theoretical
predictions excluding charged side chains, &, ~ 4.

In the present work, we extend the applicability of scanning
dielectric microscopy to measure the dielectric constant of
macromolecular protein complexes forming sub-10 nm dia-
meter nanoscale filamentous structures (and in general, to any
sub-10 nm size 3D geometry). The present study, by dealing
with low polarizable sub-10 nm nanofilaments, goes well
beyond earlier studies on the conducting (rather than dielec-
tric) properties of organic and inorganic nanofilament struc-
tures, such as DNA,"”* carbon nanotubes,”™ or semi-
conductor nanowires.'® Filamentous macromolecular protein
complexes include important protein systems like actin or
myosin filaments, microtubules, intermediate filaments,
amyloid fibers or bacterial polar flagella, which is the specific
case considered in the present work. These systems are
fundamental in the biology of cells and, in some cases, play a
central role in important diseases."”

Results and discussion

We measured the dielectric constant of the flagellin proteins
in bacterial polar flagella of two different bacterial species,
namely, Shewanella oneidensis MR-1 and Pseudomonas aerugi-


http://orcid.org/0000-0002-3751-8853
http://orcid.org/0000-0002-1949-1757
http://crossmark.crossref.org/dialog/?doi=10.1039/c8nr06190d&domain=pdf&date_stamp=2018-10-16

Fig. 1 Example of the electric potential distribution obtained by solving
the 3D tip-flagellum electrostatic model by means of finite element
numerical calculations. The simulations show that only a narrow portion
of the flagellum, containing a few hundreds of flagellin protein mono-
mers, is probed. Parameters used in the numerical calculations: cone
height H = 12.5 pm, cantilever width W, = 3000 nm and length L. =
3000 nm, half cone angle ¢ = 11.5°, apex radius R = 24 nm, tip—substrate
distance zcy = 28 nm, applied voltage V = 1V, flagellum height h =
8 nm, width w = 18 nm, length [ = 1 pm, and relative dielectric constant,
& = 4. Inset: electric potential distribution of a cross-section cut of the
axial plane of the flagellum.
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nosa PAO1. Flagella are long-thin (~10-20 nm diameter) whip
like appendages that bacteria use to move towards the nutri-
ents. They are composed of 11 flagellin protein monomers
twisting every ~5 nm.'® To measure the dielectric constant, we
used Scanning Dielectric Microscopy (SDM) as introduced in
ref. 8 (see the Materials and methods section). Briefly, SDM
combines Electrostatic Force Microscopy (EFM) measure-
ments'®?° and finite element numerical calculations made
with realistic geometrical models. Here, given the filamentous
nature of the polar flagella we needed to use 3D electrostatic
models. The dielectric constant measured in this way corres-
ponds to a region of the flagellum containing a few hundreds
of flagellin protein monomers, as illustrated in the example of
the calculated electric potential distribution shown in Fig. 1
(see also discussion below).

Fig. 2a shows topographic atomic force microscopy (AFM)
images of two S. oneidensis MR-1 and one P. aeruginosa PAO1
bacterial cells on a Highly Oriented Pyrolithic Graphite
(HOPG) substrate, which show the presence of the polar
flagella. Fig. 2b and c show zoom-ins around the respective
flagella, while Fig. 2d shows the topographic cross-section pro-
files taken along the dashed lines in Fig. 2b and c. The dimen-
sions of the S. oneindensis flagellum obtained from the topo-
graphic images after tip deconvolution (see the Materials and
methods section and the ESIT) are height Ag, = 8.8 + 0.5 nm,
width wg, = 18 + 2 nm, and length I, > 1 pm. For the
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(a) Topographic AFM images of two S. oneidensis MR-1 and one P. aeruginosa PAO1 bacterial cells on a HOPG substrate. (b) and (c) Zoom-

ins of the images in (a) around the respective flagella. (d) Corresponding topographical cross-section profiles along the dashed lines in (b) and (c). (e)
Capacitance gradient EFM contrast images of the S. oneidensis MR-1 flagellum at four different tip—substrate distances. (f) Corresponding capaci-
tance gradient cross-section profiles along the dashed lines in (e). (g) and (h) Idem for a flagellum from P. aeruginosa PAOl. The scale bars in the
images in (a) correspond to a length of 1.5 pm and in (b) and (c) to 150 nm. Parameters of the EFM measurements: applied voltage V,. = 3 V and fre-

quency f = 2 kHz, and scan frequency = 1 line per s.
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P. aeruginosa flagellum, we obtained /p, = 12.8 + 0.5 nm, Wp, =
27 + 2 nm and lp, > 1 pm, where the error is the standard
deviation over five profiles. The measured flagella dimensions
are in good agreement with existing experimental data.
For instance, ref. 18 reports a near-atomic resolution
cryo-Transmission Electron Microscopy (cryo-TEM) structure of
flagellar filaments for different bacteria species, giving for
P. aeruginosa a radius of ~8.5 nm. With the AFM, we have
obtained a half height of ~6.5 nm and a half width of
~13.5 nm, giving an equivalent circular radius of ~9.5 nm, in
excellent agreement with the cryo-TEM measurements. This
result indicates that the drying and adsorption process only
slightly alters the structure of the flagella, producing a slight
flattening at a nearly constant area.

Fig. 2e and g show two sets of four constant height EFM
capacitance gradient images obtained at distances (zcm)
ranging from ~20 nm to ~80 nm for the two types of bacterial
flagella considered, respectively. The corresponding capacitance
gradient cross-section profiles along the dashed lines in the
images are shown in Fig. 2f and h. The dielectric EFM images
clearly show the presence of the flagellum especially at the
closest tip-substrate distances (<40 nm), with dielectric con-
trasts up to 10-20 zF nm™" well above the instrumental noise of
~0.7-2 zF nm™". Note that the dielectric images display regions
showing slightly different contrasts. The reason being that the
flying tip-substrate distance is set at the ends of each line, and
this may slightly change due to the presence of an unavoidable
thin layer of residues <1 nm. However, this issue does not
constitute any problem for the analysis, which is performed line
by line (see the Materials and methods section).

To quantify the dielectric constant of the flagella, we first
calibrated the tip geometries, giving a tip radius Rg, = 23.9 +
0.5 nm, half cone angle 05, = 11.5° and capacitance gradient
offset offsets, = 118.5 = 0.7 zF nm™" for the tip used in the
S. oneidensis MR-1 flagellum measurements, and Rp, = 30.0 *
0.5 nm, Op, = 11.5°, and offsetp, = 128 + 2 zF nm™* for the tip
used in the P aeruginosa PAO1 measurements (see the
Materials and methods section and the ESIt). The tip geome-
tries, together with the deconvoluted flagella geometries
reported above, are used to calculate numerically theoretical
capacitance gradient images (see the Materials and methods
section and the ESIT). Examples of calculated dielectric images
at different tip-substrate distances and for different dielectric
constants are shown in Fig. 3a and b, respectively, together
with the corresponding capacitance gradient cross-section pro-
files shown in Fig. 3¢ and d. For numerical efficiency, we used
a straight “short” ( = 1 pm) flagellum geometry, instead of the
actual long-curved geometry displayed by the flagella (see
Fig. 2b and c). This approximation is justified by the locality of
the EFM measurements and the moderated curvature of the
actual flagella (see the ESIt). Fig. 3e and f show the calculated
capacitance gradient maxima as a function of the dielectric
constant of the S. oneidensis MR-1 and P. aeruginosa PAO1 fla-
gella, respectively, at four tip-substrate distances (zcy) (con-
tinuous lines). The calculated curves are compared with the
experimental measured capacitance gradient values at the

center of the flagella (black symbols). The intercept gives the
dielectric constant. We obtain dielectric constant values of
£5o = 4.3 + 0.6 and ep, = 4.5 + 0.7 for S. oneidensis MR-1 and
P. aeruginosa PAO1 flagella, respectively, where the error rep-
resents, here, the standard deviation of the values obtained at
the four tip-substrate distances in each case.

Fig. 3e and f also show the capacitance gradient values
measured on the bare HOPG substrate (grey symbols), which
are used to set the tip-substrate distances (and hence match-
ing the dielectric constant of unity by definition). The
reliability of the extracted dielectric constant values has been
further confirmed by comparing experimental capacitance gra-
dient approach curves recorded on top of the flagella with
theoretically calculated ones, and by comparing the full experi-
mental capacitance gradient EFM profiles with the calculated
ones (see the ESIT). Remarkably, after considering the respect-
ive tip and sample geometries, the dielectric constant values
obtained for the two types of flagella are almost the same.

The same procedure described above was repeated for three
different additional flagella of S. oneidensis, obtaining in all
cases similar values for the extracted dielectric constant (see
Fig. 3g). The overall ensemble average value for the relative
dielectric constant (N = 4) is &g, = 4.1 = 0.4 (see the ESIf for
additional data).

Determining the dielectric constant of proteins is an inher-
ently complex problem, due to their microscopic nature and to
their unavoidable interaction with the solvent or environment
(e.g. solution electrolytes or the cell membrane). In fact,
measurements performed on protein solutions (e.g. by imped-
ance spectroscopy) reflect both the dielectric properties of the
proteins, as well as those of the protein-solvent interface®* and
interfacial water molecules.”” On the other side, measurements
performed on dry crystal powders reflect only partially the struc-
ture and dynamics of proteins under native conditions.®
Scanning dielectric microscopy enables measuring the dielectric
constant under dry conditions, to get rid of solution effects,
and on natural protein macromolecular complexes.

In this work, we measured the dielectric constant of the
filamentous part of polar flagella, composed of flagellin pro-
teins,”® of two distinct types of bacteria, namely S. oneidensis
MR-1 and P. aeruginosa PAO1. The obtained dielectric con-
stants fall within a relatively short range of values ¢, ~ 4-4.5,
well defined by the small uncertainty of the measurements
(less than ~15%, despite the complexity of the measurements
and the small size of the flagella). We note that while the
amino acid sequences of the terminal regions of flagellin,
including about 180 NH,-terminal and 100 COOH-terminal
residues, are known to be well conserved from species to
species of bacteria, the central region can be highly variable.**
In the case of P. aeruginosa flagellin protein (FliC) is 122
amino acids longer in the central region of the protein com-
pared to the S. oneidensis flagellin. Despite that, the dielectric
response of flagella from P. aeruginosa PAO1 and S. oneidensis
MR-1 was very similar.

Furthermore, the dielectric constant found for the flagella
is similar to the values obtained by means of the same tech-
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Fig. 3 (a) Examples of calculated capacitance gradient contrast EFM images at four different distances zcy = 22, 25, 29 and 79 nm of a straight
flagellum with given dielectric constant ¢, = 4.3. The tip and flagellum geometry correspond to the ones used to quantify the S. oneidensis MR-1
flagellum (see below). (b) Idem but for a given tip substrate distance zcy = 22 nm and four different dielectric constants of the flagellum, ¢, = 2, 4, 8,
and 10. (c) and (d) Corresponding capacitance gradient cross-section profiles along the dashed lines shown in (a) and (b). (e) Calculated capacitance
gradient profile maxima as a function of the dielectric constant of the S. oneidensis MR-1 flagellum for four tip—substrate distances (continuous
lines). An offset equal to offsets, obtained during the tip radius calibration and representing the cantilever effects (not simulated) has been added to
the calculated values. The black and grey symbols represent, respectively, the experimental capacitance gradient values obtained from the EFM
images in Fig. 2 at the center of the flagellum and on a bare part of the substrate. The latter ones are used to set the tip sample distance and hence
they are set to ¢, = 1. The average dielectric constant value is e5, = 4.3 + 0.6 (shadowed area). (f) Idem for the case of the P. aeruginosa PAO1
flagellum, giving ep, = 4.5 + 0.7 (shadowed area). (g) Dielectric constant values measured on four different S. oneidensis flagella. The overall average
dielectric constant value is ¢s, = 4.1 + 0.4 (shadowed area). Parameters used in the S. oneidensis calculations: Rs, = 23.9 nm, 0s, = 11.5°, hg, =
8.4 nm, ws, = 18 nm and s, = 1000 nm, offsets, = 118.5 zF nm™ . Parameters used in the P. aeruginosa calculations: Rp, = 30.0 nm, 6p, = 11.5°, hp, =

13.0 nm, wp, = 27 nm and [p, = 1000 nm, offsetp, = 128.5 zF nm™2. For the specific parameters used in (g), see the ESLT

nique in other macromolecular protein complexes, such as the
T7 bacteriophage virus capsid (e; = 3.5 + 0.5)° and virus tail
(ex = 3.4 = 0.4),° or submicrometric monolayer patches of
bacteriorhodopsin (e, = 3.3 + 0.3)."° However, they differ from
those obtained on macromolecular complexes of other cellular
components, such as micrometric lipid bilayer patches (DOPC,
£ = 1.9 * 0.3), cholesterol crystals (e, = 2.1 + 0.3),"° T7 bacterio-
phage full viruses (e; = 6.3 + 0.4)® and T7 bacteriophage DNA
(e = 8.5 + 1.4).° The present results thus support the use of
dielectric constant values in the range &, ~ 3-4 for the hydro-
phobic part of proteins, which is believed to account for elec-
tronic polarization and small backbone fluctuations.® Whether
there is a functional reason for the dielectric constant of pro-
teins to take values in the intermediate range between that of
lipids and DNA, or whether there are some proteins showing
markedly different dielectric behaviour, still needs to be
further investigated.

The SDM dielectric measurements reported here are local
and at the nanoscale. The dielectric constant obtained for the
flagella reflects the dielectric constant of a very small portion

of the flagella. The length of this portion, referred to as the
dielectric probed length, can be determined as the length of
the flagellum starting from which the dielectric contrast
reaches a value independent of the length of the flagellum (see
the ESIT). Fig. 4 (black symbols, left axis) shows the depen-
dence of the dielectric probed length as a function of the tip
radius for the case of the S. oneidensis flagellum. For the tip
radius used in the present study (~25 nm), the probed length
of the flagella is ~130 nm, which corresponds to ~250 flagellin
protein monomers,'” which is a remarkably small number.
Improving the locality of the dielectric measurement on full
flagella structures, and hence probing a smaller number of
protein monomers, is barely possible by using the presented
approach, since further reducing the tip radius and/or the
cone angle only moderately improves the locality of the dielec-
tric measurement (see the tendency of the dielectric probed
length in Fig. 4 for the smallest radii). Moving to force gradient
detection could improve somehow the locality of the measure-
ment (the dielectric probed length in this case reduces by a
factor of 0.5-0.7, see the ESIT), but still the number of proteins
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Fig. 4 (Left axis, black symbols) Numerical calculated length of the
flagellum probed dielectrically by means of the SDM measurements as a
function of the tip radius. (Right axis, red symbols) Relative error in the
extracted relative dielectric constant as a function of the tip radius for
two different instrumental noise levels 5C'i,s; = 0.7 zF nm~* (filled red
symbols) and 0.1 zF nm™ (empty red symbols). Lines are guides to the
eyes. Parameters used in the calculations: R = 23.9 nm, 0 = 11.5°,
h=84nm,w =18 nm, [ =1000 nm, ¢ = 4.1 and zcy = 22 nm.

probed is relatively large. Probing a significantly smaller
number of flagellin protein monomers using this technique
would require considering flagella portions (instead of full fla-
gella), with a length shorter than the dielectric probed length
discussed above. Under these conditions and based on pre-
vious studies,® it should be possible to attain the few flagellin
monomer limit.

Reducing the tip radius or the length of the flagella would
increase the uncertainty of the dielectric constant due to a
reduction of the signal to noise ratio. We show it in Fig. 4 (red
symbols, right axis) where we plot the relative error in the
dielectric constant extraction as a function of the tip radius for
the instrumental noise level of the present work, 6C'ing =
0.7 zF nm™" and for the state of the art noise level, 5C’jns = 0.1
zF nm™".® The relative error has been calculated according to
the relationship

o 6C"inst (1)
0
Er a—er AC”(Z7 Er, R)

ey

Ey

where AC'(z, ¢, R) is the maximum contrast for a given tip-sub-
strate distance, z, relative dielectric constant of the flagellum, ¢,
and tip radius, R (see the ESIf). For the tip radii used in the
present work (~25 nm) the relative error in a single measure-
ment is ~15%, which can be reduced below a ~10% by
averaging several measurements. However, for smaller tip radii
(~5 nm), or for short portions of flagella, the error in the extrac-
tion of the dielectric constant would quickly rise to unacceptable
values (>30%), unless the instrumental noise is decreased down
to at least ~0.1 zF nm ™" (empty red symbols in Fig. 4).

On wet samples, the overall dielectric response of proteins
might slightly increase due to contributions coming from

polar end groups and from eventual tightly adsorbed water
molecules. The contribution of the hydrophobic core of the
protein, instead, is expected not to be significantly affected.
For this respect, we note that recent findings on the very low
dielectric constant of confined water’> might give rise to a
smaller increase in the dielectric response of the shell region
than expected.

Finally, we remark that the present approach should be
applicable to most filamentous protein nanostructures present
in cells, such as actin or myosin filaments, microtubules or
intermediate filaments, including protein nanofilaments rele-
vant for some diseases, such as amyloid fibers,"” thus span-
ning significantly the number of proteins accessible to dielec-
tric quantification.

Materials and methods

Scanning dielectric microscopy

19,20

We obtained dielectric images by using EFM in the ampli-
tude detection mode at constant height, as described in ref. 8.
Data are reported in terms of the capacitance gradient, which
is related to the electrostatic force at the 20 harmonic, F,,, by
C(2) = 4 Fa, (2)/Va’, where V,. is the amplitude of the ac
applied voltage. Capacitance gradient approach curves were
recorded on the substrate to determine the tip-substrate dis-
tance at which each line has been acquired, and, to calibrate
the tip geometry, following the tip calibration procedure
explained elsewhere® (see also the ESIY).

Measurements were performed with a commercial AFM,*
Cypher S from Asylum Research, using its internal lock-in to
apply the ac voltage and to read the amplitude and phase of
the electrostatic probe oscillation. Measurements were per-
formed under controlled dry air conditions (RH < 1%)
maintained by a N, flow. We used platinum silicide conductive
probes (PtSi-CONT, Nanosensors) with a spring constant
k ~0.2 N m™" (determined by the provider according to the
probe dimensions), resonance frequency f; ~ 13 kHz, nominal
radius R ~ 20 nm and half cone angle # ~ 11.5°. The analysis
of the data was carried out using the WSxM software®®
(Nanotec Electrénica S.L.) and custom-made software devel-
oped in Matlab (The Mathworks, Inc.). Dielectric images were
obtained in the SNAP mode of the Cypher S (the built-in line by
line constant height mode). All EFM data were obtained with a
voltage amplitude V,. = 3 V at frequency f = 2 kHz (well below the
mechanical resonance peak). The capacitance gradient instru-
mental noise was in the range ~0.7-2 zF nm™~" depending on the
probe used and recording parameters.

Finite-element numerical calculations

We used finite element numerical calculations to simulate
theoretical EFM capacitance gradient images and approach
curves. These data were used in the quantitative analysis of the
experimental EFM measurements. The tip was represented like
in previous studies®””*® as a truncated cone of half-angle § and
cone height H terminating in a tangent hemisphere of radius
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R. A disc of thickness W, and with a radius that oversees the
cone base by an amount L. is located onto the cone base, and
it models local cantilever effects. Nonlocal cantilever contri-
butions have been considered through a phenomenological
capacitance gradient offset contribution term. We used a
single angle cone model, as in ref. 8, instead of a two-angle
cone model that would better reflect the real geometry of the
PtSi-CONT tips, since measurements are restricted to very
short distances (<70 nm). In this distance range, single and
double cone angle models provide almost identical results,*®
while single angle models largely facilitate its 3D modelling.

The flagellum is modeled as a straight elliptic cylinder with
axes w and £ for the base ellipse, and length /. The flagellum is
assumed to lie on a metallic substrate. Non-straight flagella
geometries (e.g., curved elliptic cylinder) have also been con-
sidered, producing negligible differences with respect to a
straight elliptic cylinder for the actual experimental geometries
(see the ESIT). The straight geometry has been kept for compu-
tational efficiency. A schematic three-dimensional representa-
tion of the tip-flagellum model used for the numerical calcu-
lations is shown in the ESL.}

The capacitance gradient between the tip and the sample
was calculated by solving Poisson’s equation with the AC/DC
electrostatic module of Comsol Multiphysics 5.3. We set the
surface of the tip to “terminal”, the bottom boundary of the
simulation domain to “ground”, and the top and side bound-
aries to “zero charge”. The infinite element function is used
on the top and side boundaries to get rid of finite size effects
of the simulation domain. We calculated the electric force on
the tip by integration of the Maxwell stress tensor on the tip
surface (see further details in ref. 8). The simulation domain
was cylindrical with radius ~16 pm-25 pm and a height
~30 pm—50 pm, depending on the tip position with respect to
the filament. The mesh was set to a minimum of 6 x 10°
elements (see the ESIf). An accurate process of optimization,
validation, and numerical noise reduction of the 3D simu-
lations has been performed, to meet sub-0.1 zF nm™" noise
accuracy (see the ESIf).

Automatic software routines written in Matlab (The
MathWorks, Inc.) have been used to compute capacitance gra-
dient images. In the calculations, the tip moves at a constant
height with respect to the substrate. In addition, capacitance
gradient approach curves have been also recorded by varying
the tip-substrate distance.

Probe geometry calibration

The tip geometry has been determined as in ref. 8 by fitting a
short range (15-60 nm) capacitance gradient approach curve
recorded over a bare part of the metallic substrate with calcu-
lated theoretical capacitance gradient approach curves, with
the tip radius and capacitance gradient offset as free para-
meters. The remaining tip parameters were set to their
nominal values: § = 11.5° H = 12.5 pm, L. = 3 pm and W, =
3 pm. As we mentioned above, the use of a single cone angle
model tip is justified for the sharpened tips used in the
present work because only short-range distances are con-
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sidered in the EFM approach curves used for the tip cali-
bration and in the image acquisition.>®

Flagellum width deconvolution

The flagella width, w, was obtained by fitting the measured
topographic profile with the analytical spherical tip-ellipse
convolution expression,

h o w?
Zam() = (3 WZh) sinf(x)) h "
+than(a(X)) —R +5
x =¥ cos(a(x)) + _ R . 3)
\/ 1+ (Ztan(a(X))>

where % is the measured flagella height and R is the calibrated
tip radius. Eqn (2) and (3) can be used to calculate the tip con-
voluted profiles if the tangent point between the tip apex and
the ellipse is at a height smaller than R(1 — sin(6)), which was
the case for the tips used in the present work. For smaller tip
radii, one must introduce also the contribution of the tip cone
in the calculation of the tip convolution. A written Matlab (The
MathWorks, Inc.) code was written to implement this pro-
cedure automatically. Further details are given in the ESL{

Dielectric constant extraction

The relative dielectric constant of the flagella eq,, was deter-
mined as in ref. 8 from the experimental capacitance gradient
images obtained at different tip-substrate distances, by consid-
ering the values of the capacitance gradient contrast at the
center of the flagella (maximum). These experimental capaci-
tance gradient values were compared with simulated capacitance
gradient curves as a function of the flagellum dielectric constant
numerically obtained by using the deconvoluted flagellum geo-
metry and the calibrated tip geometry at the given experimental
tip sample distance. The extracted values for eg,, from a given
image correspond to the mean and standard deviation of the
extracted values for the different tip-substrate distances.

Bacteria growth and sample preparation

We used Shewanella oneidensis MR-1 (ATCC 700550) cultivated
first overnight at 30 °C in Luria-Bertani (LB) (Scharlab) broth
under aerobic conditions, and then in minimal AB medium®°
supplemented with 100 mM fumarate and 20 mM lactate
during two days under anaerobic conditions at 30 °C in
Hungate tubes. We also used Pseudomonas aeruginosa PAO1
(ATCC 15692) grown overnight in LB medium at 37 °C under
aerobic conditions. The samples for EFM inspection are pre-
pared by taking a drop of the culture solutions, depositing it
on a freshly cleaved HOPG and leaving it to rest for 10 min.
Afterwards, the drop sample is rinsed two times, first with PBS
and second with mili-Q water to remove any poorly adhered
cells or any residual from the sample. Finally, we left the
sample to dry under ambient conditions. The HOPG substrate
was attached to a 1.5 cm diameter magnet using a carbon
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double side stick, which was connected to the electrical
ground of the atomic force microscope by a small wire.

Conclusions

We have used scanning dielectric microscopy to locally
measure the dielectric constant of the filamentous part of bac-
terial polar flagella composed of flagellin proteins. We have
obtained dielectric constant values &g, = 4.3 + 0.6 and &p, =
4.5 = 0.7, for flagella belonging to two distinct types of
bacteria, namely, S. oneidensis MR-1 and P. aeruginosa PAO1,
respectively. These values do not depend on the bacterial
species and reflect the response of only a few hundred pro-
teins. Similar relative dielectric constant values have been
reported for other macromolecular protein complexes using
the same technique. Altogether, these results indicate that the
relative dielectric constant of proteins under dry conditions
show dielectric constant values (~3-5), like those reported
using macroscopic techniques applied to dry protein crystals,
and different from the values reported for other cell com-
ponents such as lipids (~2) or DNA (~8). These results may
have important implications in the understanding of the rele-
vance of the electrostatic energy contribution to the protein
function and structure.
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