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Optical characterization of glutamate dehydrogenase monolayers chemisorbed on SiO
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This paper describes the formation of glutamate dehydrogenase monolayers on silicon dioxide, and their
characterization by means of physical techniques, i.e., fluorescence spectroscopy and Fourier-transform infra-
red spectroscopy. Detailed investigations of the intrinsic stability of native proteins in solution were carried out
to elucidate the occurrence of conformational changes induced by the immobilization procedure. The enzyme
monolayers were deposited on Si@fter preexposing silicon surfaces to 3-aminopropyltriethoxysilane and
reacting the silylated surfaces with glutaric dialdehyde. The optical characterization demonstrates that the
immobilization does not interfere with the fold pattern of the native enzyme. In addition, fluorescence spec-
troscopy, thermal denaturation, and quenching studies performed on the enzyme in solution well describe the
folding and unfolding properties of glutamate dehydrogenase. The photophysical studies reported here are
relevant for nanobioelectronics applications requiring protein immobilization on a chip.
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[. INTRODUCTION their outer surfaces. Electrostatic interactigimeluding hy-
dration are crucial to the structure and function of proteins

Proteins and enzymes are attractive for nanobiotechno[-1]. Thus, if the biomolecules are entrapped within a friendly
ogy and nanoelectronics since they enable highly specifibydrophilic matrix their stability is preserved, even if some
reactions, and because of their dimension in the nanomet@roperties of enzymes, such as the specific rate of the cata-
range. In addition, they are capable of self-assembly, thuk/zed reaction, may be affected by the immobilization in an
opening the attractive possibility of nanoscale surface patunpredictable way. Hence, the development of enzyme-based
terning as an alternative to optical lithographic approachesevices requires detailed understanding of the protein immo-
Protein-mediated electron transfer is the key phenomenorhilization processes and eventual conformational changes of
not only in cellular processes, but also in many reactions ofhe proteins. Investigation of the intrinsic stability of proteins
biotechnological interest. In recent years, much attention hagrovides a better understanding of the mechanisms affecting
been paid to developing and investigating the use of biomoltheir shelf life and operational stability upon immobilization
ecules as electron-conductive materials for bioelectronics oonto a solid surface. Structure-sensitive experiments capable
for the construction of amperometric devices. In addition,of monitoring protein structure at interfaces are thus crucial
physiological functions of natural electron-transfer proteinsfor technological progress of the field. In this frame, we have
can be optimized toward specific technological targets. Foinvestigated the structural aspects of glutamate dehydroge-
all these reasons, the formation and study of protein filnmase(GDH) and its binding properties to the substrate by
assemblies on solid substrates are fundamental for bioelemeans of optical techniques, i.e., fluorescence spectroscopy
tronic applications, such as protein chips, nanobiosensorand Fourier-transform infraredFTIR) spectroscopy.
hybrid electronic devices, etc. The enzyme bovine liver glutamate dehydrogenase re-

Immobilization is an important aspect in the constructionversibly catalyzes the oxidative deamination of glutamate to
of nanodevices, as their functionality strongly depends on the-ketoglutarate and ammonia, using NADor NADH as
quality of the biomolecular film. The interaction between coenzymeg?2]. Glutamate has widespread use as a flavor
proteins and solid substrates may lead to alterations of thenhancing food additive, so that its determination is of inter-
native structure, with consequent loss of functionality. Theest for both the biological sciences and the food industry.
different immobilization procedures generate an artificial mi-Glutamate concentrations have been routinely assayed by
croenvironment around the immobilized biomolecules.chromatographic and potentiometric titrations, although
Physical adsorption can be obtained on metal oxides, carbahese methods are time consuming and technically demand-
electrodes, and silica oxides, although it usually leads to promg. Glutamate is also reported to be a powerful neuroexci-
tein denaturation induced by the interactions with the surtatory amino acid involved in several behavior patterns. The
face. In addition, binding of ligands might be affected andimportance of the pathophysiological nature of GDH-
unspecific multilayers may also originate. Hence, chemicatleficient neurological disorders has attracted considerable at-
modification of the surface has to be used to increase theention[3—7]. However, monitoring of glutamate release at
stability of the protein and to control the density and envi-the synaptic level is very difficult owing to its extremely low
ronment of the immobilized species. Soluble proteins carryconcentration and to the small size of the synapses. As a
hydrophilic groups and/or charged amino acid residues oconsequence, glutamate monitoring requires highly sensitive
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detectors in the submicrometer range. Techniques such as
high-performance liquid chromatography analy&scannot
provide both spatial and temporal resolution. Therefore, the
characterization of the spatiotemporal nature of its release
would be of particular interest. Previous work has shown that
GDH can be used as a detector of glutamate release in sev-
eral situationg8-12. An amperometric biosensor was ob- (a) | H,;NCH,CH,CH,Si(OG,Hy);
tained by the immobilization of GDH in a carbon paste elec-

trode, although the physical stability of the system was
limited by the thermal properties of the carbon paste matrix
itself [13]. In addition, a recent report demonstrated the pos-
sibility of investigating the spatiotemporal kinetics of
glutamate release with a resolution of 280 and 500 ms
integration times, demonstrating the occurrence of an extra-

cellular wave of glutamatgl4]. (b) 1 OHC(CH;);CHO

With the perspective of realizing a solid-state nanobiosen-
sor, utilizing high-quality monolayers of GDH as the sensi-
tive medium, we have carefully analyzed enzyme conforma-
tional properties in the native state and when deposited on
functionalized Si/Si@ substrates. This may be an attractive
method as an alternative to enzyme adsorption on Langmuir-
Blodgett films[15].

We utilized the potential of fluorescence spectroscopy for © | @nH2
probing the conformational and structural states that GDH
molecules undergo during transfer from solution to immobi-
lization on solid films. All proteins contain natural chro-
mophores absorbing in the near ultraviolet, notably the aro-
matic residues phenylalanine, tyrosine, and tryptophan.
These chromophores are also responsible for protein fluores-
cence. In GDH, which contains all three aromatic amino ac-
ids [16], fluorescence is dominated by the contribution of the ~FIG. 1. Scheme of the three-step chemical reaction used for the
tryptophan residues, because their quantum vyield is considnzyme immobilization.
erably greater than those of tyrosine and phenylalanine resi- . o .
dues[17], and because the light absorbed by other aromati€hased from Aldrich(Steinheim, Germany Sodium phos-
amino acids is generally transferred to tryptophan nonradigPhate was obtained from Carlo ErbéMilan, Italy),
tively [18]. GDH is readily amenable to intrinsic fluores- POtassium iodid€99.5% from Fluka(Steinheim, Germany
cence studies, since it contains 3 tryptophan molecules p@r‘ld acrylamide (99% from Sigma. Electronic grade
subunit. This circumstance, however, does not facilitate th® -doped Si wafers with 100-200 mm thermal oxide layer
interpretation of photoluminescence data. were used as substrates. B _

The aromatic amino acid tryptoph&fp) offers an intrin- Bgfore_ all expenments, the_ enzyme was purified with an
sic fluorescent probe of protein conformation, dynamics, andltrafiltration cell(Amicon, Lexington, KY) with membrane
intermolecular interactions. The emission spectrum is an imY M30, under nitrogen pressure Ko Pa). The purifica-
portant indicator of the integrity of the protein globular fold, tion was carried out at 4 °C. The resulting enzyme solution
as the fluorescence parameters of tryptophan residues atBOWS @MAzge/ Aggo ratio of 1.91[2].
highly sensitive to the microenvironment of the fluorophores
in protein structure§19—22. For this reason, photolumines- B. Enzyme immobilization
cence characteri.stics. are wi(_jely us_ed to study the physico- SiO, substrates(chips of approximate dimensions 5
chemical properties, interactions with other molecU3], 5 mn? were cut using a diamond-tipped scriber. The chips
and structural transitions of protein molecules as a V‘(h°|¢/vere then cleaned on a spini(&LE, Delta 10 at 6000 rpm
[21]. Perturbations of the native fold may lead to shifts, it trielin, acetone, methanol, and isopropylic acid for 30 s
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broadening, and loss in resolution of the spectrum. and dried with nitrogen. The surfaces of cleaned chips were
modified using a three-step procedyFeg. 1) described be-
Il. MATERIALS AND METHODS low.

Surface functionalization was performed by dipping the
silicon chips into a freshly prepared 6.684'v) solution of

Glutamate dehydrogenadeot 9029-12-3, from bovine 3-aminopropyltriethoxysilane in CHglat room temperature
liver, EC 1.4.1.3 was purchased from FlukéSteinheim, for 3 min and then rinsed with abundant CH@h order to
Germany. 3-aminopropyltriethoxysilan€99%), glutaralde- remove the unreacted silanizating agent. The alkylamine-
hyde 50 wt% solution in water, and uré®9% were pur-  derivatized surface was firstly exposed to a glutaraldeyde

A. Chemicals
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solution (1% v/v in distilled watey for 10 min and secondly angle elastic scattering. These experiments were performed
washed in distilled water and 50 mM sodium phosphatewith excitation and emission set at the same wavele(Ria
buffer (pH 7.0. Enzyme immobilization was achieved nm). The scattered intensity is proportional to the molecular
through Schiff base formation incubating the activated chipsnass of the scattering particle and hence is very sensitive to
in a solution of glutamate dehydrogena@mgmi™*in 50  jts aggregation state. The difference from that of an unaggre-
mM sodium phosphate buffepH 7.0) at 19°C. After 12 h  gated protein sample in the same solvent directly probes the
the sample was rinsed with 4D urea in 50 mM sodium aggregation exterf26]. To avoid undesired scattering from
phosphate¢H 7.0) in order to get rid of physically adsorbed no|juting particles, the solutions were carefully filtered be-
molecules. After these treatments all samples were stored g,e measurements. In any case, scattered intensities were

4°C. always corrected for solvent.

C. Fluorescence spectroscopy 3. Fluorescence quenching studies

Fluorescence emission spectra were recorded with & Per- the environment of tryptophyl residues in GDH was fur-

kin Elmer LS 50B spectrofluorimeter. A xenon lamp Was her characterized by determining their degree of accessibil-
used as the source of excitati® nm bandwidth and the ity to external quenchers, such as acrylamide and K.
emitted light was observed at right angles to the excitation The effect of | ioné (01—-0.5M) and acrylamide

radiation. Photoluminescence spectra of control sample o .
. : OM—-0.2M) on the emission of GDH was tested both in
without protein, were recorded and subtracted from the ex?qative and i)n partially denatured conditiofismin at 100 °G

perimental samples to correct for background interference.

L ; f the enzymg0.125 mg/m). The initial fluorescenceHy)
All the emission spectra were recorded in 20 mM phosphaté) .
buffer with pH 7.2 at room temperatur@0 °C). The optimal of the solution(20 mM phosphate buffepH 7.2 was mea-

excitation wavelength was determined to be 292 nm, afte?ured' The enzyme ﬂuorescence. from th.e. tryptophan rgsidues
scanning the range between 250 and 300 ma 8 micell (1 was then quenched by progressive addition of small aliquots
cm light path of the stock solution of the quenchers to the fluorimetric

Photoinactivation of enzymes is a fairly well known phe- cuvette and the fluorescence intensify) was measured

nomenon, which can be induced by photooxidation of SLIS531gain. After correction for filter effects arising from the light

ceptible amino acids, followed or not by secondary cross-absorptlon by KI and acryl§m|de, the decrease of fluores-
linking of the protein24]. Concerning Trp photodegradation cence was analyzed according to the Stern-Volmer and Le-
during the acquisition time of the spectra, we found thathrer equation$21,27.
intensity losses were negligible or less than 5% depending on
the experimental conditions. This is consistent with the find-
ings of Ghobadkt al. [25], who explained that excitation at To monitor GDH luminescence from protein films, the
292 nm causes the least photodecomposition of the enzymexciting radiation was focused on the protein fi{im phos-
phate buffer held with its normal at 30° from the exciting
1. Thermal denaturation beam direction, while the front surface emission was col-

We characterized the structural changes of the enzymigcted at 90° from the excitation. Scatteredflected light
GDH upon thermal denaturation by means of intrinsic fluo-WaS excluded by a cutothigh-passfilter (CVI model CG-

rescence emission. 3 ml samples of GDM125 mg/m in WG-305, transmittance greater than 305)rpositioned be-

phosphate buffer were heated in water baths at 100°C fdween the GDH film and detection system.
different times(incubation timeg Aliquots were removed at
intervals and rapidly cooled to stop the reaction by immer- D. FTIR spectroscopy
sion in a ice-water bath. . .
The denaturation process was analyzed both by monitor; Fourier-transform infrared spectroscopy was performed as

: . . the second technique to investigate the protein films. The
ing the shift of the p_eak wavelengti ) .Of the emission FTIR spectra of immobilized enzyme were measured in the
spectrum as a function of the treatment time and by an an

lytical approach in which the spectrum was deconvolved b3Fansmittance mode using a 660 V FTIR spectrophotometer
means of three Gaussians and the shifts of the three maximeeg.u'pped with an IRT-30 FTIR microscope. The mapping

. 2 .
(Mo A e 2 Ay  WETE analyzed. This procedure allows grid was adjusted to 625625 um“ and the sampling area

i . > was scanned 100 times at 4 chresolution, using a mercury
us to study both the integrated behavior of the Olenaturln%admium tellurium detector. The instrument was purged with

enzyme and the contributions of the individual emitting spe . .
. e ry nitrogen gas to reduce the interference of water vapor
cies to the total redshifting spectrum. and CQ in all the FTIR measurements
In addition, the GDH unfolding was scanned by examin- '
ing the thermally induced variations in the integrated fluo-
rescence of the enzymalculated as the area under the
emission curves For statistical considerations, the experimental results
shown in Figs. 2—4 are an average of five independent mea-
surements. The data shown in the corresponding figures in
GDH self-association upon thermal denaturation atSec. Il are the mean values of the data from experiments,
100 °C was also monitored by the relative intensity of right-and the error bars indicate the standard deviations.

4. Fluorescence from protein films

E. Statistics

2. Elastic scattering measurements
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IIl. RESULTS AND DISCUSSION

In the present paper, we performed different experiments| 7

in order to evaluate the optical properties of the enzyme in
solution and chemisorbed onto SiGubstrates to character- |
ize different aspects of the protein structure. For this pur-|§ os-
pose, we first investigated native GDH fluorescence and ther{ €
mally induced unfolding and fluorescence quenching
processes and, in a second step, the emission spectra of th &
enzyme immobilized on silicon substrates were studied. |-
Such basic analyses allowed us to assess the eventual strui
tural changes caused by protein immobilization on solid

Y

Intensity (arb.units)

0.8 —

0.4 —

ted E
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films. FTIR spectroscopy completed the experimental inves- Agee (1)
tigation. 6] 600~
R* = 0.9996
Mpay = 313.63 nm
500 Anacz = 336.35 nm

A. Native GDH fluorescence Honaxz = 356.78 M

Tryptophan fluorescence is widely used as a tool to get|"
information regarding local structure and dynamics, since
N max foughly correlates with the degree of solvent exposure
of the chromophore. The parametérs,,, Amax, and inte-
grated emission intensities characterizing the photolumines-
cence of GDH were measured as a function gf. from 250
to 300 nm. Excitation in the range 250—300 nm resulted in a
large variation of the fluorescence quantum yield, with a dis- 350
tinct maximum at 292 nnjFig. 2(a)]. Since the emission A (hm)
spectra exhibited no dependence ®g., apart from the
quantum yieldinset of Fig. 2a)], it was concluded that only FIG. 2. GDH photoluminescencéa) Fluorescence quantum
tryptophy! residues significantly contributed to the fluores-yield: i_nte_grated emissiotc_alculated as the area under the cu}\_/es
cence emission of GDHI28]. Excitation into higher states 'S exc:|t_at|(_)n wavelength; inset: example_s ofGDH_spectra at(?llffer-
has been found to yield less fluorescence owing to nonradgnt excitation wavelengthéb) Deconvolution analysis of the native
ative decays and quenching processes by neighboring amirffte:

apids. This experimental evidence is in agreement with pre- In almost all proteinstL, is the fluorescing state. Quan-
V'O_Ilff] rez%ozrts[29]. diati h h . .tum mechanical studies have predicted that electron density
all ou(ra exper:irpn;tlsag?gsvféjﬁlec;sse(r)ltﬁzrthgxscf[gtr)]a%sglrj—rce s s-hift.ed _from the pyrrole ring to the benzene ring upon
der to work in the maximum quantum yield regime excitation intolL,. The_se spectra are unstructured, beqagse
The fluorescence emission spectrum of native. GDH i of the rlngh degr_e_e of m_homog_eneous br_oadenmg exhibited
phosphate buffer at pH 7.2, upon excitation at 292 nm, ex y the "L, transition owing to its large dipole changthe
o ' ™1, state has a large dipole compared to the ground)state

hibits a broadband with a maximum emission,(,) at 340.5 A
nm. Such a\ ,, value shows that the aromatic residues re—WhICh usually obscures the struct ).

sponsible for the fluorescence emission of GDH are located
in a rather polar environment. The microenvironment of ev-
ery residue is characterized by a particular set of physico- We have characterized the structural changes of the en-
chemical conditiongpolarizability, availability of charged zyme GDH upon thermal denaturation by measuring the
groups, possible specific interactigiisat influence the fluo- changes of the intrinsic fluorescence spectra. This process
rescence of the chromophore. As a consequence, the protaimy be reversible or irreversib]82]. Thermal treatment af-
fluorescence results from the convolution of fluorescent confects protein structure, exposing hydrophobic residues that
tributions from individual tryptophan residud&ig. 2b)],  were shielded in the core of the protein in its native state.
which may vary over a rather wide ran{@0]. Figure 2b) Different optical responses of the enzyme reflect a different
illustrates the deconvolution procedure: the broadband emisiegree of exposure of hydrophobic residues in the unfolding
sion spectrum of GDH is deconvolved by means of threeof the protein. The increase or decrease of fluorescence
Gaussians, representing the contributions of the individuataused by different amino acids indicates that externally in-
emitting species. According to the photophysical characterisduced alterations of the protein folding may lead to the ex-
tics of Trp, the three different classes are identified as th@osure of some amino acids residues and to the shielding of
innermost, innerand externalbands. This kind of analysis others. It is not our purpose to measure specific denaturation
may lead to a deeper comprehension of the conformationglarameters, but to use the protein intrinsic fluorescence as a
changes than the basic study of the integrated behavigsrobe for differences between the bulk-solution and film en-
alone. vironments.

Intensity (arb.units)
©
2
1

B. Thermal denaturation
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conformational changes may be generally reversible, the
modifications reported here are irreversible: all parameters
were preserved 24 h after cooling. It should, however, be
pointed out that the\,,,, values are moderately affected in
the course of this structural change. The maximum wave-
length observed344.5 nn is slightly less than the value of
352-354 nm expected for tryptophyl side chains in a com-
pletely unfolded polypeptide chain.

It may be also significant that, in these experimental con-
ditions, the thermal unfolding of bovine liver GDH appears
as a rather gradual process. The redshifting curve steadily
increases in the denaturation range, suggesting the occur-
rence of a more complex trend than a simple two-state tran-
sition.

The changes in the denaturation paramatgg, are also
presented according to the deconvolution procedure previ-
ously describedFig. 3(b)]. The fluorescence shift o, in

Mmax (NM)
(%
3
]
L& |

the “average” GDH spectrum has been analyzed in relation-
== R ship to the spectral variations of the three individual bands.
20 =T While the “average” analysis would suggest a slow but regu-
lar denaturation process in which the internal tryptophan
molecules possibly experience solvent exposure, a careful
interpretation of data from Fig.(B) suggests a more compli-
cated model, where different phenomena may account for
FIG. 3. Thermal denaturatiora) Shift of X q as a function of ~ Protein unfolding.
the treatment time(b) Deconvolution analysis: shift of ,, of the The two “internal” contributions § max 18Nd\ may 2 show
three emitting bands and comparison with the “average” behavior@ Similar behavior, with a redshift only in the first pap to
6—8 min of the denaturation curves; afterward a blueshifting
The charge-transfer aspect of thé, transition is the trend becomes evident. On the other hand, the “external®

source of the sensitivity to the solvent. Charged residues ne®and A max 3 shows an upward behavior. It may be possible
the benzene or near the pyrrole end of the Trp ring will shiftthat, during the initial phase of the unfolding process, inter-
Mmax. Since these shifts are due to the electric field imposedal tryptophan residues become more exposed to the solvent;
by the protein and the solvent, they are termedititernal  the thermally induced conformational changes generate ag-
Stark effect, by analogy with the familiar shifting of energy 9regation processes, also which may account for the inver-
levels via an appliedexternal field [33]. Both water and ~Sion of the spectral shift. In contrast, the ext(_arnal contribu-
protein contribute in various ratios to the shift. The largelion seems to be unaffected by such aggregation phenomena.
redshift observed in fluid solvents of high dielectric constantThis conjecture will be discussed in more detail in the next
is elicited by the strong electric fieltteaction field at the ~ S€ction.
solute due to the partial orientation of solvent dipoles around
the large solute dipol€31]. Thus, the unbalanced intermo-
lecular forces caused by the electronic excitation are respon-
sible for the environmental effects of great interest in Trp GDH self-association was monitored upon thermal dena-
spectroscopy, i.e., the fluorescence shifts that occur in differturation at 100 °C by the relative intensity of right-angle elas-
ent proteins. tic scattering Fig. 4(@)]. This technique provides qualitative
Figure 3a) represents the shift of the parametef,,, evidence for molecular mass increase on protein association
obtained in standard conditions, with the increase of thermdl26].
treatment at 100 °C. The incubation times range from 0 to 15 A large enhancement of scattered light was observed after
min. The emission maximum of tryptophan residues waghermal treatment. This phenomenon may indicate that ag-
slightly redshifted from 340.5 to 344.5 nm and a decrease igregation has occurred during such treatment. This associa-
intensity at\ ,, was also observethot shown. Since the tion seems to be irreversible, like that observed for GDH
fluorescence of tryptophan residues primarily depends oafter pressure-induced inactivatid4]. The conformational
their local environment, this alteration in the emission specchanges suggest that protein denaturation partially results in
tra indicates that the aromatic residues buried within the hythe formation of aggregates, such behavior indicating that
drophobic core of the native protein have been exposed toreversible thermal denaturation is due also to polymolecu-
the agueous solvent during unfoldifii7]. Owing to the dif-  lar processes.
ferent emission properties in aqueous vs nonagqueous media, It can be seen that increasing the time of thermal treat-
it seems that after a high-temperature treatment the structuraent up to 15 min proportionally affects the value of the
around the chromophores has a more pronounced hydriatensity ath,.[Fig. 4@]. This means that the gradual and
philic character than in the native state. Moreover, whereasontinuing aggregation phenomenon takes place simulta-

300

Thermal Treatment (min)

1. Elastic scattering measurements and integrated emission
analysis
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TABLE |. Fluorescence quenching of GDH by added Kl and

2l 1209 acrylamide. Trp fluorescence was excited at 292 nm and the emis-
% 115 sion spectrum was measured over a range of adde0.5M)
&g and acrylamidg¢0—0.20M concentrations.
S 110
z Quencher Enzyme state Ky (M™H2  (fo)e
c -
g 108 Native 0.59 0.48
K] - Kl
&1 Partially denatured c 0.61

% T T T T T T 1 Native 11.38 0.96

o 2 4 6 8 10 12 14 16 Acrylamide
Thermal Treatment (min) Partially denatured 15.24 0.99
b| 140
. 4Quenching constant calculated according to Stern-Volmer equa-
€ 430 tion.
% bFraction of accessible chromophores calculated according to
£ 1204 Lehrer equation.
k] °The fit was nonlinear.
g 110
% Nmax @t @about 340 nm is extremely interesting because these
® 1004 are usually quite accessible to external quenchers.
g | | | | | | ; | Acrylamide is a polar, uncharged compound that has been
= ° 2 4 6 8 10 12 14 16 shown to quench the fluorescence of indole derivatives pre-
Thermal Treatment (min) dominantly by a collisional proceg85], affecting both ex-

posed and masked fluorophorg¢86]. Interestingly, the

FIG. 4. Thermal denaturatioria) intensity at\ . (elastic scat- quenchlng fo!C|ency of tryptophyl res_ldues 'n, pro,te'ns by
tering); (b) integrated fluorescence emissi@rea under the curves acrylamide is independent of the polarity of their microenvi-
Vs treatment time. ronment and depends solely on the frequency at which they
can encounter an acrylamide molecule. Thus, depending on
whether or not the indole ring is sterically shielded by sur-

neously with the unfolding process. Morgover, in tht_a ﬁ”alrounding protein segments, the efficiency of quenching by
part of the plot, the self-association curve is characterized by, probe will be low or highi37].

a plateau, possibly indicating the existence of a maximum | was selected as the ionic quencher to quench selec-
limit to aggregation caused by thermal denaturation. tively the emission of exposed Trp residy&s). lodide is
Although no breaks or discontinuities in the curve of elas-negatively charged and therefore it is likely to be limited to
tic scattering intensity versus treatment time can be detecteguenching only surface tryptophanyl residues. Also, its abil-
a marked variation of the slope in the region between 6 angty to quench should depend on the location of neighboring
8 min is evident. This experimental result clearly disclosessharged groups.
the induction of a small temperature-dependent structural Quenching experiments with GDH showed that fluores-
transition. These assumptions, however, perfectly agree witbence intensities decrease with increasing quencher concen-
the hypotheses previously proposed on the basis of the dérations, with no clearly apparent discontinuity. In all these
convolution approach. experiments no shift in the emission maxima were observed.
On the other hand, Fig.(d) shows the variations of the As expected, the effect of iodide quenching on GDH is less
integrated fluorescence emission of GDH incubated apronounced than that of acrylami¢ieee Table)l The “red”
100°C for different times. Such variations are consistenemission maximum of the native protei840.5 nm would
with the current discussion: In the first step of the unfoldingsuggest that the tryptophan residues of GDH are not deeply
process(up to 6 min, Trp residues increase their quantum buried and inaccessible to the quencher. For the denatured
yield and thus protein emission, owing to minor quenchingenzyme, the percentages of fluorophore available to the
efficiency by neighboring amino acids; then, in the secondjuencher are higher, indicating that a conformational change
part, the self-association effect, due to the unfolded conforhas taken place, with a partight least unfolding of the
mation, causes a large decrease in intensity. protein. For acrylamide a modified Stern-Volmérehrep
plot gave a value of 96% for the Trp residues available to the
quencher; in the thermally treated enzyme, under otherwise
identical experimental conditions, all tryptophan residues
The wavelength of maximum fluorescence intensitywere accessible. In spite of the negative charge on the sur-
(Amay is commonly used as an indicator of exposure to waface of the protein, the ionic quencher Kl interacts with the
ter, i.e., as an indicator of how deeply the Trp is buried in theprotein, yielding non-negligible quenching percentages
protein. This correlates with the effectiveness of externalTable ). Thek, andf, values provide a sensitive measure
quenchers, and to the best of our knowledge no exceptionsf the exposure of fluorescent Trp residues. When the protein
are documentefB1]. In this regard the class of proteins with matrix sterically shields a Trp residue from the solvénet

C. Fluorescence quenching studies
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R*= 0.9924 FIG. 6. FTIR spectrum of immobilized GDH enzyme.
Amaxs = 313.53 nm

max 1

Aay 2 = 336.35 nm

Pmacz = 356.78 nm investigation, it seems that tryptophan residues in native and

immobilized proteins are found in identical locations. In ad-
dition, the deconvolution analys[$ig. 5b)] also confirms
this experimental evidence: the three individual emitting
bands maintain identical characteristics concerning their
wavelength of maximum emission ,,). This indicates that
250 300 250 400 450 500 the sm.gle contributions are equally mflue.nced by the mi-
A (nm) croenvironment. Furthermore, as reported in Table Il, the in-
dividual contributions to the integrated enzyme fluorescence
FIG. 5. Photoluminescence of GDH immobilized on Si/§iO are also very similar.
substrate:(@) comparison with the native GDH spectruf@.125 In more detail, however, the external banl(, 2 is
mg/ml, rescaled by a factor of 3; however, the collection efficien-characterized by an approximately equivalent value, the
cies in the two systems are differgntb) deconvolution analysis.  \ ... ,emission is slightly larger in the immobilized enzyme,
while the innermost contribution is smaller in protein films
ducing the collisional cross sectiprihis will be reflected in  than in native enzyme, possibly suggesting a weak fluores-
reducedk, andf, values. In extreme cases in which the Trp cence quenching process, merely limited to this contribution.
is located below the surface of the protein, penetration of thehis small effect seems to be the only consequence in GDH
quencher into the protein matrix will be required. The pen-of the immobilization procedure. The available evidence
etration of the quencher will be facilitated by fluctuations in might lead to speculations about a very weak internal rear-
the conformation of the protein occurring on the nanosecongangement due to the interaction of the ligand binding, with-
time scale(proteins are not rigid structures, but continually out affecting, however, the proper fold pattern.

Intensity (arb.units)
=S
[

undergo stochastic fluctuations In conclusion, intrinsic fluorescence spectroscopy reveals
that no variations in the folding properties are present be-
D. Fluorescence from protein films tween the GDH in the native state and in the film environ-

The binding of small molecules to proteins is biologically ment.

fundamental because this kind of interactiigand binding

not only may alter the structure of proteins but also may E. FTIR spectroscopy

modulate both its functions and its properties. With respect The spectrum shown in Fig. 6 is characterized by absorp-

to GDH fluorescence in buffer, the spectrum of the enzymeion bands arising from immobilized GDH enzyme, deter-

immobilized in the film is not shiftefiFig. 5a], accounting  mined by analogy with FTIR spectra of the native enzyme.

for the fact that immobilization binding does not interfere The absorption band at about 3400 Chis attributed to the

with the fold pattern of the native enzyme. According to thisN—H stretching vibration from the amidic bond of the en-

zyme, while the two absorption bands at 1700-1600 tm

TABLE II. Individual contributions to fluorescence emission as grise from the €0 stretchingamide ) and N—H bending

percentage of the integrated GDH photoluminescence: native staigmide 1)) vibrations. The 2960 cit band corresponds to

and immobilized enzyme. the G—H stretching of CH groups.

Individual contributions to fluorescence emissiéf) IV. CONCLUSIONS

Enzyme M 1 Nmax 2 Nmax s In this study we have shown an experimental approach to
Native 3.04 39.57 57.38 forming high-quality glutamate dehydrogenase monolayers
Immobilized 1.53 40.72 57.75 on silicon for nanobioelectronics applications. Detailed char-

acterization by fluorescence spectroscopy and Fourier-
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transform infrared spectroscopy revealed that no significantvould permit continuous monitoring of glutamate release
conformational changes occurred in the enzyme upon immdrom individual cells or subcellular structures or into the ex-

bilization. This means that such a method may be extremelyracellular space of the central nervous system, resulting in
attractive for the development of alternative and stablean effective detection technique for the mapping of its con-
enzyme-based nanosensors. The development of a glutamatentration.

biosensor with a spatial resolution up to a few nanomdters ~ Work is in progress in our laboratories for the realization

nanobiosens®fcombining electron beam lithograpkeg-b-I) of a solid-state nanosensor utilizing the GDH monolayers as
designed metal patterns with the immobilization shown herethe sensitive medium.
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