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In this Communication, we show that proteins embedded in high external electric fields are capable
of retaining a nativelike fold pattern. We have tested the metalloprotein azurin, immobilized onto
SiO, substrates in air with proper electrode configuration, by applying static fields up to
10°-10 V/m. The effects on the conformational properties of protein molecules have been
determined by means of intrinsic fluorescence measurements. Experimental results indicate that no
significant field-induced conformational alteration occurs. Such results are also discussed and
supported by theoretical predictions of the inner protein field2@5 American Institute of
Physics[DOI: 10.1063/1.1902903

Resistance of biomolecules to high electric fields is acated using standard photolithographic techniques. The
main concern for nanobioelectronics/nanobiosensing applistructure consists of 500 interdigitated lines ofirh width
cations, and it is also a relevant issue from a fundamentadnd 1 um spacing, resulting in an active area ¢f
perspective, to understand the dielectric properties and strue< 1) mn#.2 The electrodes geometry was properly designed
tural dynamics of proteins. In nanoscale devices, biomolboth to allow the application of high electric fields to protein
ecules may experience electric fields as high &s\/n in molecules and to detect the very weak fluorescence signal
order to elicit charge transport/transfer. Understanding th@ver a large area. Finite element electrostatic simulation of
effects of such fields on their structural integrity is thus cru-the electrodes was performed by a standard commercial code
cial to assess the reliability of biomolecular devices. In thisto assess the entity and spatial distribution of the electric
Communication, we show experimental evidence for the refield in the devices. A three-dimension@D) geometry was
tention of nativelike fold pattern by proteins embedded indefined to evaluate the field bending close to the upper bor-
high electric fields. We have tested the metalloprotein azuringer of the electrodes. Fixed potential values were assigned to
deposited onto Si©substrates in air with proper electrode the electrodes, while a weak Neumann boundary condition
configuration, by applying high static electric fieldgp to  (i.e., null tangential field was imposed on the other outer
10°-10’ V/m). The effects on the conformational properties surfaces. The interelectrode material was chosen to be
of protein molecules have been determined by means of inracuum. Figure 1 shows the color map of the electric field
trinsic fluorescence measurements. Experimental results ifatensity, on a cross-section of the electrodgowing val-
dicate that no significant field-induced conformational alter-ues from blue to red the field decays rapidly immediately
ation occurs. This phenomenon is discussed in terms of theutside the interelectrode regidwhere the field is predict-
intrinsic intraprotein electric fields. As the general features ofably nearly uniform, except for the hot-spots on the corners,
such inner fields are not peculiar of azurin, the conclusionslue to accumulated charge
presented here should have general validity. The protein was immobilized onto the interdigited elec-

Azurin from Pseudomonas aeruginosa an electron- trodes structures, by cast deposition of aj2@rop of the
transfer metalloproteih.lts redox-active center contains a protein solution(1.0 mg/ml in 50 mM NHAc buffer, pH
copper ion having five amino acid ligands arranged in a pe4.6); the incubation time was 15 mif@t room temperatuje
culiar trigonal bipyramidal geometry. Thanks to its intrinsic After incubation, the buffer solution was removed, and the
stability, azurin has emerged as a good candidate for biomesamples were accurately dried by high purity nitrogen flow.
lecular nanoelectronicsin this work, we have investigated Such procedure results in protein immobilization both be-
the influence of strong electric fields on the protein confor-tween electrodes, onto the Si®ubstrate, and on top of the
mational state by means of interdigitated electrodes, fabrielectrodes themselves. The presence of azurin molecules be-
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x 10° V/im (which are exposed to about 50%—-60% of the peak value, on
the average, according to the FEM analysis
i Intrinsic fluorescence d?. aeruginosaazurin is due to a
14 single tryptophan residu€Trp48.* Upon ultraviolet excita-
tion, Trp48 exhibits an unusual “blue” emissiof\ay
TS | 1.2 5306.—308 nm owing go the h|ghly hydrophobic ;urround-
up ta 107 Vim s |ng.m|.croen\_/|ronmen‘f: In the native state, azurin, apoa-
zurin (i.e., without C@"), and other metal derivatives, such
- as Zrt*, exhibit identical fluorescence spectra, accounting for
the lack of any structural change besides the metal site, as
0.6 also predicted by crystallographic determinatidfis-ow-
ever, since the different derivatives exhibit large variations in
"4 the fluorescence quantum yield, due to a strong quenching
- mechanism by the metal idrin this study we have used the

apo-protein. As shown in Fig.(& the emission spectra of
apoazurin in the solid state and under high external fields
FG. 1 C i |  the electric field intensity. obtained b exhibit the same line shape of the free native protein in
the 3D fnite element simulation. Between the elecirodes, a nearly unfornPUTET, and no emission shifts are detectdbince the in-
field region may be observed, except for the hot-spots on the comeeys  trinsic fluorescence in azurin is very sensitive to small per-
turbations of the protein foIdin%Ihis result reveals that the

) ) presence of such electric fields does not affect the overall
tween the micrometer-sized electrodes was carefully aspiq pattern, indicating that the Trp residue remains embed-
sessed by molecular resolution Tapping Mode Atomic FOrcgjeq in the same hydrophobic environment.
Microscopy (TM-AFM) (Fig. 2. Therefore, the photolumi- The retention of the nativelike conformation in the pro-
nescence signals collected in our experiments includes CoRgsin films was also supported by the observed independence
tributions both from the protein molecules between the elecys their emission spectra of the excitation wavelengbt
trodes (which experience the full intensity of the applied shown. This is an important point, since Az photolumines-
electric field and from molecules atop the electrode surfacesance is not affected by, if the protein is in the folded

state, whereas its spectral line shape may be strongly influ-
enced by the excitation wavelength if the protein undergoes
conformational transitions. Importantly, also the excitation
spectrum(PLE) was found to be unchanged upon electric
field application[Fig. 3(b)] consistent with the absence of
relevant perturbations in the physico-chemical conditions of
the chromophore microenvironment. This confirms that such
field intensities do not interfere with the conformational
properties of the native protein. Moreover, it is interesting to
note the clear retention of structured luminescence spectra
(both PL and PLE by solid state films, which is a peculiar
feature of native Az conformatiofin the native state, Trp48
is shielded in the rigid and highly hydrophobic core of the
protein. This specifically contrasts with typical broad, red-
shifted emissions observed in unfolded azurins, which are
completely devoid of any spectral structure. In the case of
azurin, the investigation of the microenvironment surround-
ing Trp48 is of particular relevandsee also Fig. 3, bottom
since such residue is thought to play an important role in the
long-range ET processes through the moleédfeln addi-
N . tion, this result is important because it was obtained with the
’ZEW‘ apo derivative, which is characterized by a lower structural
stability with respect to the wild type copper proté’iHence,
FIG. 2. AFM topography of the electrodes, befd@ and after(b) the  the preservation of the nativelike conformation seems to in-
deposition of azurin, in 3D and cross-profile representations. Th_e_appare”“éﬂg’cate the lack of gross molecular rearrangements also under
reduced electrode height and separation is due to azurin deposition, most 0 . L
which occurs in the interelectrode regi¢see profiles An important point extreme eXpe”memal conditions, such as those norma”y
is that the external field atop the electrode surfagbich is 50%-60% of ~ achieved in biomolecular electronic devices.
the peak value, as described in the Yexttends, with a very good unifor- It is worth noting that such remarkable results are sup-

mity, for more than 100 nm from the metal surfa@eEM analysek this ——qrteq by theoretical predictions. We have calculated the mo-
means that we have treameelectric field for more than 25 protein layers

(1protein=4 nm onto the electrodes, i.e., remarkably more than the thick-k':'cu_la-r eleCtrOStati_C pOtentiéMEl_D) for azurin in s_olution by
ness reached in our experiments. solving the Poisson equation for a given charge
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g orders of magnitude higher than those applied in our experi-
ments; thus, it seems reasonable that the fold pattern of the
biased proteins is unperturbed by external field intensities in
the range of 18-10 V/m.

El Although such inner field intensities may sound unreal-
istic, our calculated values are in very close agreement with

recent studie® in which the intriguing result on the higher
density (with respect to bulk waterof the first hydration
shel* was theoretically elucidated in terms of water mol-
ecules “electrostriction” induced by the huge electric field
values(~10° V/m) at the surfaces of the biomolecules. In
addition, molecular dynamics simulations by Xt al. (on
trypsin inhibitop) have demonstrated that field strengths in
the range of 1®V/m do not alter the overall structur@r
temperaturg of the protein(such fields are shown to be
within thermal fluctuations and only fields higher than
10° V/m can induce significant structural chané@ﬁ.inally,
hybrid quantum chemical molecular dynamics computations
FIG. 3. Top, intrinsic fluorescence spectra of apoazurin in the native statg'ave predicted average fields within the range BP-8.5

and in the film environment with and without an applied external electric X 10° V/m.l

field. (a) Emission spectr&PL); (b) Excitation spectrdPLE). The fluores- All these considerations agree with our experiments, in-

cence intensities are not in scale. The spectra of free native apoazurin we : ; -
collected in 50 mM NHAc buffer, pH 4.6. All these experiments were Eﬁcatmg that the conformational state of the protein is not

performed at room temperatu¢20 °C), atmospheric pressure, 54% of hu- Signiﬁcant_ly perturpEd.With rESp?Ct tf) the native .State1 upon
midity. The excitation wavelength was 280 rigiinm bandwidth Az films ~ external field application, resulting in the retention of the
were also excited at different wavelengi{250-300 nm and no variations {)roper folding also under these conditions. It is noteworthy

in the shapes of the PL spectra were observed. A fluorescence spectrum o ot - _
heat denatured samp(@ min at 100 °Q of the solid state protein is also Rat the reported characterization on azurin is, to our knowl

reported for comparison. Fluorescence measurements were also performe@ge, the first experimental demonstration of such effects.
in the presence of some solvefie., without extensive drying of protein In conclusion, the available evidence suggests that:
films by nitrogen flow and identical results were obtained. Bottom, struc- proteins in the solid state are capable of maintaining the
ture of azurin with focus on the relative arrangement of Trp48 and the,. - S -
electron-transfer active site. The residue Trp48, which is responsible fopghtIy bound hydratlon shells and a n.at“/.ellke colnformatlon,
luminescence, is shown in red in ball&stick rendering. The active site is€Ven after solvent removal and application of high external
shown in gray in ball&stick renderinghe large orange ball represents the fields; (ii) such surprising effects are consistent with the oc-
Cu aton). The rest of the protein is shown with the conventional features ofcurrence of huge intensity inner fields in the proteins These
the secondary structureshelices and3-sheets, backbone. . . -
results may also have importance for protein crystallization
experiments, since recent studies have demonstrated that the
distribution!**? The subsequently obtained inner electric application of high external electric fieldin the range of
field present in the protein was found to have a mean valué0® V/m) during the crystallization of protein samples can
as high as 2.4%10° V/m and peak intensities up to 17 positively influence the nucleation rate and kinetics, increas-
X 10° V/m, as shown by the field intensity profile plotted in ing the size of the crystals and improving their crystallo-
Fig. 4. According to this analysis, the Az inner fields aregraphic quality’’
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