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This study reevaluates the putative advantages of microwave-assisted tryptic digests
compared to conventionally heated protocols performed at the same temperature. An
initial investigation of enzyme stability in a temperature range of 37–80 °C demonstrated
that trypsin activity declines sharply at temperatures above 60 °C, regardless if microwave
dielectric heating or conventional heating is employed. Tryptic digests of three proteins of
different size (bovine serum albumin, cytochrome c and β-casein) were thus performed at
37 °C and 50 °C using both microwave and conventional heating applying accurate internal
fiber-optic probe reaction temperature measurements. The impact of the heating method
on protein degradation and peptide fragment generation was analyzed by SDS-PAGE and
MALDI-TOF-MS. Time-dependent tryptic digestion of the three proteins and subsequent
analysis of the corresponding cleavage products by MALDI-TOF provided virtually identical
results for both microwave and conventional heating. In addition, the impact of electro-
magnetic field strength on the tertiary structure of trypsin and BSA was evaluated by
molecular mechanics calculations. These simulations revealed that the applied field in a
typical laboratory microwave reactor is 3–4 orders of magnitude too low to induce
conformational changes in proteins or enzymes.

© 2012 Elsevier B.V. Open access under CC BY-NC-ND license.
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1. Introduction

The implementation of microwave technology into proteo-
mics research has recently emerged as a popular tool to per-
form enzymatic protein digestions [1–22]. The frequently
reported main benefits of this non-classical proteomics
technique are significantly higher digest efficiencies, acceler-
ated degradation rates, and higher sequence coverage [1–22].
In many of these cases, the observed differences between
; fax: +43 3163809840.
(C.O. Kappe).

 CC BY-NC-ND license.
microwave-assisted and conventional digestionwere ascribed
to so-called non-thermal microwave effects [23–26], resulting
from a direct interaction of the 2.45 GHz electromagnetic field
with the protein or enzyme structure, not related to a mac-
roscopic change in temperature [1–17]. Improvements in
digest efficiency and/or sequence coverage have not only
been observed in solution [1–17], but also for in-gel tryptic
digests [18,19]. Similar enhancements were also achieved
when digest solutions were loaded with magnetic compo-
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nents to increase the microwave absorptivity of the irradiated
solutions [20–22].

In addition to the field of microwave-assisted proteomics,
there are a number of other scientific disciplines where
non-thermal interactions of the microwave field with pro-
teins, enzymes, or other biological samples have been pro-
posed. For example, non-thermal microwave effects have
often been claimed in the field of biocatalysis [27–31], DNA
hybridization [32], and in studies on enzyme stability under
the influence of microwave irradiation [33–37]. Irradiation
with microwave frequencies has also been proposed to cause
unfolding or conformational changes in proteins [38–42]. Im-
portantly, if these direct (non-thermal) effects of the electro-
magnetic field on protein structure and enzyme activity would
genuinely exist, health risks resulting from the use of cellular
phones or domestic microwave ovens, which both operate in
the microwave frequency range (~800–2450 MHz), cannot be
excluded [38–48]. Therefore, an examination of the influence
of microwave irradiation on protein structure and enzyme
activity is of considerable importance [49–54].

In order to address the question if protein or enzyme
structure/activity can be directly influenced by 2.45 GHz elec-
tromagnetic fieldsweherein present a thorough reinvestigation
of microwave-assisted proteomics protocols. In the present
study we evaluate the influence of the electromagnetic field on
the tryptic digest of three model proteins, paying meticulous
attention to the accurate control of all relevant reaction pa-
rameters, most importantly, the reaction temperature during
the irradiation process. In essence, the analysis of a tryptic
protein digest under microwave conditions allows to simulta-
neously unravel the effect of the electromagnetic field on both
enzyme activity and protein structure. Any differences in
enzyme stability, digestion speed, or the observed peptide frag-
ments comparing microwave and conventional conditions at
the same temperature would indicate the presence of non-
thermal microwave effects. We therefore have performed a
comparative study on trypsin activity applying 2.45 GHz
microwave irradiation (dielectric heating) and conventional
heating at identical reaction temperatures. In addition, the
overall rate and time dependent generation of tryptic peptides
from three model proteins using microwave and conventional
heating at 37 and 50 °C was investigated by MALDI-TOF
analysis. Furthermore, the impact of increasing electromagnet-
ic field strength on the tertiary structure of trypsin and bovine
serum albumin (BSA) was evaluated by molecular mechanics
simulations. The results of our combined experimental and
computational studies reveal that neither the enzyme stability
itself, nor the tryptic digest can be directly affected by the elec-
tromagnetic field. No evidence for the previously claimed
non-thermal microwave effects was obtained.
2. Materials and methods

2.1. General section and materials

BSA (A8806), cytochrome c (C3131), and β-casein (C6905), Nα-
benzoyl-L-arginine-4-nitroanilide hydrochloride, α-cyano-4-
hydroxycinnamic acid, and sinapic acid were obtained from
Sigma Aldrich. Bradykinin fragment 1–7, angiotensin II, P14R,
and ACTH fragment 18–39 were provided in the ProteoMass™
Peptide MALDI-MS Calibration Kit which was obtained from
SigmaAldrich. Sequencing grademodified trypsinwas obtained
from Promega (V5111). Coomassie brilliant blue R 250 was from
Serva (Heidelberg, Germany). Calciumchloride-2-hydrat (CaCl2),
ammonium bicarbonate (NH4HCO3), all other chemicals and
solvents were purchased from standard commercial sources
and used without further purification.

2.2. Microwave instrumentation and conventional heating
setup

Microwave-assisted heating experiments were performed in a
Monowave 300 single-mode microwave reactor (Anton Paar
GmbH, Graz, Austria) equipped with a fiber-optic (ruby)
thermometer for internal online temperature monitoring
(2.45 GHz, 850 W). All microwave reactions were performed
utilizing G4 reaction vessels (0.5–2 mL reaction volume) and
the corresponding stir bars (5×3 mm in diameter). Simulta-
neous cooling during themicrowave heating experiments was
conducted with compressed air (6 bar, 25 °C). Importantly, all
microwave experiments in this work were performed under
temperature control mode, not with constant power in order
to be able to correlate the data with experiments performed by
conventional heating. Conventional heating was performed in
an oil bath combined with a standard hotplate/stirrer (RCT
basic, IKA®Werke GmbH& Co. KG, Staufen, Germany). The oil
bath temperature, controlled by an adjustable contact ther-
mometer, was varied to obtain the desired internal reaction
temperaturemonitored by an external fiber optic probe (OTG-F
fiber optic probe) which was connected to a multi-channel
conditioner (TempSens signal conditioner, Opsens, Quebec,
Canada). G4 reaction vessels were also used for all oil bath
experiments.

2.3. Photometric analysis for testing enzyme activity

Spectrophotometric analysis was performed using a Spectronic
Genesys 5 spectrophotometer (Milton Roy, Ivyland, PA, USA)
utilizing polystyrene semi-micro (1.5 mL) cuvettes. Measure-
ments were performed at 405 nm.

2.4. Trypsin activity

A G4 Pyrex vessel, equipped with a stir bar, was filled with
838 μL NH4HCO3 buffer (50 mM), 42 μL CaCl2 solution (120 mM),
and20 μL of a trypsin aliquot containing 1.5 μg trypsin. For both,
the conventional and the microwave-assisted experiments,
enzyme mixtures were heated to internal reaction tempera-
tures of 37 °C, 50 °C, 60 °C, 70 °C, and 80 °C, respectively. To
reach the desired inside target temperatures the oil bath
temperature was set to 39 °C, 52 °C, 62 °C, 73 °C, and 83 °C,
respectively. Heating times for the five selected temperatures
were 1 min, 5 min, and 10 min, ensuring identical ramp times
(time required to reach the target temperatures) for all
corresponding heating experiments. After heating, the reaction
mixtures were cooled to ~35 °C, then 100 μL of a 1 mg/mL
Nα-benzoyl-L-arginine-4-nitroanilide hydrochloride solution
were added and subsequently the extinction change of each
sample was measured over a period of 10 min (405 nm).
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2.5. Conventional and microwave-assisted tryptic digest of
different protein samples

For all protein digest experiments G4 Pyrex vessels were
equipped with stir bars, 928 μL NH4HCO3 buffer (50 mM), 42 μL
CaCl2 solution (120 mM), 20 μL of a trypsin aliquot containing
1.5 μg trypsin, and10 μL of theprotein stock solution (10 mg/mL
solutions of BSA, cytochrome c, or β-casein). Heating experi-
mentswereperformedat 37 °C and50 °C, respectively, applying
heating times of 0 min, 1 min, 3 min, 5 min, 10 min, 30 min,
2 h, and 16 h. The ramp times of oil bath and the corresponding
microwave-assisted experimentswere identical and the stirring
speedwas set to 150 rpm in all cases. The protease/protein ratio
for all experiments was 1:67 (w/w, recommended protease/
protein ratio by the vendor is 1:20 up to 1:100). After heating the
mixtures were cooled to ~35 °C and the digest was stopped by
adding 10 μL of formic acid. Subsequently 100 μL of the reaction
mixture were removed and dried under a gentle stream of
argon. The samples were subsequently analyzed utilizing
SDS-PAGE or MALDI-TOF-MS.

2.6. SDS-PAGE

10 μg protein of tryptically digested BSA were resuspended in
sample buffer and loaded onto self-cast 12% SDS gels. Proteins
were separated by linear PAGE (150 V, reducing conditions)
and were subsequently stained with Coomassie brilliant blue
(0.1% (w/v) Coomassie brilliant blue R 250 in 40% ethanol,
10% (v/v) acetic acid) for 2 h. Destaining of SDS gels was
performed by gently shaking the gels in 40% ethanol, 10% (v/v)
acetic acid (20 min, twice). Then the gels were immersed in
500 mL distilled water containing 20 mL acetic acid for 24 h at
4 °C to further reduce background staining and to increase
sensitivity followed by scanning of the destained SDS gels on a
ScanMarker 8700 (Microtek).

2.7. MALDI-TOF analysis

Dried protein extracts containing 10 μg of trypsin digested
peptideswere dissolved and subsequently diluted in 0.1% (v/v)
trifluoroacetic acid (TFA). 7.5 pmol protein were applied to
a stainless steel target plate (Applied Biosystems, Foster
City, CA, USA) as 1 μL aliquots followed by addition of 1 μL
of a saturated matrix solution of 10 mg/mL α-cyano-4-
hydroxycinnamic acid in 50% acetonitrile (ACN), 0.1% (v/v)
TFA. Subsequently, samples were allowed to crystallize at
room temperature. All MALDI-TOF mass spectra were ac-
quired on a Voyager-DE STR BioSpectrometry workstation
(Applied Biosystems). The system utilizes a pulsed nitrogen
laser emitting at 337 nm, which was operated in positive ion
mode. The extraction voltage was 20 kV and the “low mass
gate”was set at 500 Da to prevent saturation of the detector by
ions resulting from the matrix. All measurements were
performed in duplicates and for each mass spectrum, 3 single
spectra recorded with more than 100 single laser shots were
averaged. To enhance the spectral resolution, all spectra were
measured in the reflectormode. Externalmass calibrationwas
carried out using bradykinin fragment 1–7 (human; 757.40 Da),
angiotensin II (human; 1046.54 Da), P14R (synthetic peptide;
1533.85 Da), and ACTH fragment 18–39 (human; 2465.20 Da) as
standards. Data Explorer version 4.0. (Applied Biosystems) was
used for spectra analysis. Time-dependent tryptic cleavage of
respective proteins was followed using the PeptideMass soft-
ware (http://web.expasy.org/peptide_mass/; ExPASy) for com-
parison of generated tryptic fragments allowing a maximum
of 1 missed cleavage. Sequence coverage of respective pro-
teins was calculated using the Mascot program (http://www.
matrixscience.com/search_form_select.html; Matrix Science).

2.8. BSA structure determination by molecular modeling

The structure of bovine serum albumin (BSA) was modeled
based on the crystal structure of human serum albumin
(PDB-entry: 2BXK) [55], using the program Yasara (http://
yasara.org). The twoproteins share anoverall sequence identity
of 76% and a similarity of 88%. The final homology model had
an overall Yasara Z-score of about 0.4 indicating a high quality
model as expected from the high sequence identity between
target and template. During the preparation of this manuscript
the structure of bovine serum albumin has been resolved by
X-ray diffraction (PDB-entry: 3V03, DOI: http://dx.doi.org/10.
2210/pdb3v03/pdb), although the results remain unpublished.
Gratifyingly, the folding predicted by homology fits with the
X-ray resolved structure.

2.9. Computational simulation of the effect of an
increasing electric field strength on the protein structure

The starting geometry for trypsin was obtained from the crys-
tal structure deposited in the Protein Data Bank (PDB ID:
1S83), corresponding to porcine trypsin complexed with 4-
aminopropanol. The ligand and the ions present in the outer
part of the protein were deleted using GaussView, while the
buried calcium cation was kept in the structure. The initial
structure for the BSA model was obtained as described above.
Minor structural errors were checked and corrected via visual
inspection also with the GaussView software. Protonation
states of the titratable residues were estimated by PROPKA [56]
and accordingly corrected by GaussView. In addition, the
protonation state of histidine (δ or ε nitrogen) was decided
from the local hydrogen-bonding network by visual inspection
and the PROPKA output. The tuned structure was then solvated
with an explicit water molecule environment constructed via
the SOLVATE software (SOLVATE 1.0.1 © 1996–2010 Helmut
Grubmüller). The minimum water shell thickness was set to
10 Å for trypsin. Therefore, nowherewill the protein be closer to
the surface of the solvent than this value. This set up leads to a
total number of 5479 molecules of water surrounding the
protein (Fig. S1). Due to the large system derived from a
solvation environment with a 10 Å thickness in the case of
BSA, theminimumwater shell thickness was reduced to 5 Å for
this solute, giving rise to a solvent environment composed of
10,169 molecules of water. The explicit water solvation model
showed improved accuracy for the optimized structure and
allows assessing the possible effect of the water orientation
within the electric field in the protein conformation (for further
details see Fig. S2 in the Supporting information). The final
entire system subjected to geometry optimizations in the
presence and absence of electric fields consist of 19,678 atoms
for the trypsin model and 39,689 atoms for BSA.

http://web.expasy.org/peptide_mass/
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Geometry optimizations were performed with AMBER
all-atom force field and the TIP3P water model, implemented
in the Gaussian09 package. Since small changes in the system
are expected for the smaller electric fields applied, the cutoffs
on forces and step size that are used to determine conver-
gence for geometry optimizations were tightened by using the
Opt = Tight option, which provides an accuracy (convergence
criteria) for the energy of 0.0016 (or 1.6×10−3)kcal/mol. The
initially optimized geometries were then reoptimized in the
presence of static electric fields with strengths in the range
of 3×104 to 1010 V/m, in the X, Y and Z directions, applying the
same cutoffs for the geometry convergence for electric fields
up to 10−8 V/m. Due to the drastic changes in the structure
provoked by higher electric fields, the convergence criteria
was relaxed to a value of 0.01 kcal/mol.
3. Results and discussion

3.1. Preliminary microwave irradiation experiments

Similar to other areas of microwave chemistry, the use of
dedicated microwave instruments with accurate internal reac-
tion temperature control is essential for being able to perform
reproducible experiments, and for studying the existence of
microwave effects. Without knowledge of the exact internal
reaction temperature, such investigations cannot be performed,
and invariably will lead to erroneous results [57–59]. For the
experiments described herein a single-mode high field-density
microwave reactor (2.45 GHz, 850 W) with internal fiber-optic
temperature control was employed, allowing accurate moni-
toring of the reaction temperature on sufficiently small scale
(0.5–2 mL) (Fig. S3 in the Supporting information) [60,61].
Unfortunately, the majority of published work in the field of
microwave-assisted proteomics has so far been carried out in
domesticmicrowave ovenswithout reporting (reliable) reaction
temperatures [13–17], or using microwave instrumentation
which does not allow direct monitoring of the actual reaction
temperature by internal probes. Such equipment generally
relies on external IR sensors recording the surface temperature
of the reaction vessel [62]. In particular for strongly absorbing or
highly viscous reaction mixtures, the IR sensor technique has
been shown to be unreliable [57–59].

Our initial experiments focused on evaluating the micro-
wave absorption characteristics of the components present in a
typical enzymatic protein digestion cocktail (protein, enzyme,
buffer components), and to identify those constituents which
are mainly responsible for microwave absorption and thus for
heat generation caused by 2.45 GHz microwave irradiation.
Aqueous solutions (~1.0 mL) of the respective substrates
were irradiated individually with a constant magnetron output
power of 10 W and internal reaction temperature monitoring
(Fig. S4). Identical heating profiles were recorded when distilled
water, and samples of distilled water containing BSA (100 μg) or
trypsin (1.5 μg), were irradiated, indicating that the compara-
tively low amounts of protein and enzyme present in the
digestion cocktail do not change the overall heating behavior of
the reaction mixture. This indicates that neither trypsin nor
BSA is a significant absorber ofmicrowave irradiation under the
experimental conditions applied [63].
In contrast, CaCl2 (5 mM, 42 μL of a 120 mM solution in
958 μL water) and NH4HCO3 (1000 μL of a 50 mM solution)
induced considerable changes to the heating profile (Fig. S4).
It is well-known that dilute salt solutions significantly in-
crease the microwave absorbance characteristics of aqueous
media dramatically via ionic conduction heating mechanisms
[62,64,65]. When the entire digest mixture was irradiated with
10 W constant microwave power a heating profile identical
to the NH4HCO3 buffer solution was obtained. This points to
the fact that the ionic components (NH4HCO3 and CaCl2)
contribute themost to themicrowave absorption characteristic
of the digest solution; any direct interaction of the microwave
field with the more or less microwave transparent enzyme or
proteins in the digest solution therefore appears unlikely. In
any event, owing to their ionic contents, the enzymatic di-
gestion mixtures can be considered as rather strongly micro-
wave absorbing, resulting in rapid heating when exposed to
2.45 GHz microwave irradiation.

As a general comment it must be stressed that the mic-
rowave power values stated herein cannot be directly com-
pared with related data given in other publications, for
example using domestic microwave ovens. This is due to the
fact that all microwave cavities (multimode- or single-mode)
are designed in a different way and consequently the electric
field strength can be drastically different [62]. Importantly, the
“microwave power” values given on the display of different
instruments can at best be described as nominal magnetron
output power levels and have very little physical meaning. For
example, irradiating a sample with 100 W magnetron power
does not mean that the sample has actually received 100 W.
In fact most of the microwave power may have been reflected
back to the magnetron and not been absorbed by the sam-
ple [78]. In order to accurately determine the amount of
absorbed microwave power it would be necessary to measure
so-called forward and reflected power data, a technology
not implemented in laboratory scale microwave instruments.
The high-field density single-mode microwave reactor used
herein has the ability to very effectively couple micro-
wave irradiation into samples placed inside the cavity (see
Section 3.6) [60,61]. As can be seen in Fig. S4, irradiating the
digest mixture with only 10 W of constant microwave power
raises the temperature of the reaction mixture to 100 °C
within less than 90 s. If the same experiment would be per-
formed with 100 W (a value not untypical for other published
microwave-assisted proteomics protocols using domestic
microwave ovens) it would take less than 10 s to heat the
sample to 100 °C and thus deactivate/destroy the enzyme (see
Section 3.2). In the microwave proteomics literature, the
following experimental conditions applying domestic micro-
wave ovens are not untypical: 15 min of microwave irradia-
tion with 30% power level (144 W) [8], 6 min with 20% power
level (170 W) [13], 15 min with 30% power level (420 W) [15], or
4 min using 250 W of nominal magnetron power [16]. On
the other hand, when dedicated microwave systems (with
temperature control) are employed, significantly lower nom-
inal magnetron power output levels have been reported, for
example 2 W for 5–60 min [5]. While with the microwave
instrumentation used herein the power values stated in other
studies cannot be duplicated for the reasons explained above,
there can be little doubt that the digestion samples are



5537J O U R N A L O F P R O T E O M I C S 7 5 ( 2 0 1 2 ) 5 5 3 3 – 5 5 4 3
exposed intensely to microwave irradiation under these ex-
perimental conditions (as evidenced by effective dielectric
heating, see Fig. S4).

3.2. Temperature-dependent trypsin activity

In organic transformations the general rule of thumb is that a
temperature increase of 10 °C leads to a halving of the required
heating time (Arrhenius law) [66,67]. This rough guideline is
also applicable for enzymatic digests [68]. Therefore, the next
set of experiments evaluated trypsin activity in a temperature
range between 37 and 80 °C, utilizing both conventional as
well asmicrowave heating. Trypsin specifically hydrolyses the
amide bond of Nα-benzoyl-L-arginine-4-nitroanilide hydro-
chloride, generating 4-nitroaniline which can be measured
photometrically at 405 nm [69,70]. The aim of these experi-
ments was to compare the activity of the enzyme after
exposure to microwave irradiation and conventional heating
applying identical temperature-time profiles, since several
previous reports have claimed that the activity/stability of
an enzyme can be directly affected by microwave irradiation
(i.e. by a non-thermal microwave effect) [33–37]. To ensure a
scientifically valid and accurate comparison, the temperature
profiles recorded by internal fiber-optic probes were matched
as closely as possible between conventional (oil bath) and
microwave heating experiments in order to guarantee that the
enzyme samples were exposed to identical temperature–time
profiles in both heatingmodes (ramp, hold, and cooling times,
see Figs. S5a and S5b for representative examples). After hold
times of 1, 5 or 10 min, the mixtures were cooled to ~35 °C
applying similar cooling profiles. Both types of heating ex-
periments were performed in identical reaction vessels,
sample volumes and stirring speeds (Fig. S3).

As illustrated in Table S1 and Fig. S6 the highest activities
for trypsin were obtained after 10 min at 50 °C and after 1 min
at 60 °C. A slight increase of enzyme activity was observed
when the enzyme was kept at 50 °C for longer time periods
(10 min). A significant decrease of enzyme activity however
was observed at 60 °C and incubation times >1 min. The same
trend was observed at 70 °C and at 80 °C where enzyme
activity was generally very low. Since the enzyme retained its
activity at 37 and 50 °C for the entire time course evaluated, all
digestion experiments were performed at these temperatures.

Most importantly, trypsin activity was only a function of
reaction temperature and time, but not dependent on the
heating mode, since almost identical values were obtained
regardless if microwave heating or conventional heating was
employed. We therefore conclude that loss in enzyme activity
is not caused by any specific, non-thermal microwave
effect(s), but caused exclusively by elevated bulk reaction
temperatures.

3.3. Kinetic studies of native BSA digestion utilizing
SDS-PAGE analysis

Tryptic BSA digests have been investigated several times under
microwave conditions, reporting mainly faster and more
efficient digestion of proteins compared to standard protocols
[8–17]. Additionally, a higher sequence coverage as well as
peptide recovery, a higher number of missed cleavage sites,
higher catalytic effectiveness, and even a reduced Michaelis–
Menten constant have been proposed in the literature [8–17,35].

It cannot be excluded that microwave irradiation affects
trypsin activity toward a more complex substrate. To clarify
this issue, BSA was subjected to tryptic digestion in a time
dependent manner at 37 and 50 °C using microwave and
conventional heating (trypsin:BSA=1:67; w/w). For microwave
experiments at the comparatively low temperature of 37 °C the
simultaneous cooling technique was applied [71,72]. Employing
this protocol, compressed air is used to concurrently cool the
reaction vial from the outside during the microwave heating
process. This allows higher microwave field strengths to be
applied which will enhance the occurrence of microwave
effects which are dependent on the electromagnetic field
(i.e. non-thermal microwave effects) [71,72]. With the present
experimental set-up, a nominal magnetron output power of
1–2 W (for 37 °C), and ~10 W (50 °C) was achieved using the
simultaneous cooling technique.

The time-dependent loss of native BSA subjected to tryptic
digestion under conventional or microwave-assisted condi-
tions is shown in Fig. 1.

The results presented in Fig. 1 indicate that the loss of
native BSA during microwave-assisted tryptic digestion pro-
ceeds at virtually identical rates as observed during conven-
tional heating at the same temperature. Therefore, in contrast
to several previous reports on microwave-assisted tryptic BSA
digests (mostly involving domestic microwave ovens without
accurate temperature control) [13–17], the presence of non-
thermal microwave effects in these digests cannot be con-
firmed. The results for the identical experiments performed at
37 °C are shown in Fig. S7, also indicating the absence of
significant differences between conventional and microwave-
assisted heating.

3.4. Time-dependent degradation of BSA by trypsin

After analyzing the degradation of native BSAusing SDS-PAGE,
we monitored the generation of tryptic peptides over time by
MALDI-TOF-MS [73–76]. For these experiments the same
temperature/time regimes as for SDS-PAGE were selected. As
expected, the longer the incubation time at 37 °C or 50 °C
the more tryptic peptides were identified by MALDI-TOF-MS
analysis (representative spectra from the conventional digest
at 37 °C are shown in Fig. S8).

Peptide fragments were identified by comparison with an
in silico digest (allowing 1 missed cleavage) of respective pro-
teins using the PeptideMass software (http://web.expasy.org/
peptide_mass/; ExPASy). The peptides generated during
microwave-assisted and conventional digestion are compared
in Table S2. In addition, Table 1 shows the comparison of
identified BSA-derived tryptic peptides after a conventional or
microwave-assisted digest for the time periods indicated (the
corresponding sequence coverage is shown in Table 2). In the
conventional digest a total number of 30 characteristic tryptic
peptide fragments could be detected, out of which 29 were
also obtained after microwave-assisted digestion appearing
roughly at the same time point (Table 1 and Table S2).

To get semi-quantitative information on the kinetics of
tryptic peptide generation using conventional or microwave
heating the intensities of seven randomly chosen peptides

http://web.expasy.org/peptide_mass/
http://web.expasy.org/peptide_mass/


Fig. 1 – Identification of remaining full-length/intact BSA after a conventional (a) and microwave-assisted tryptic digest
(b) performed at 50 °C for the indicated time periods by SDS-PAGE (12% gels, reducing conditions). One representative
experiment (out of three) is shown.
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(covering themass range of identified peptides) were summed
up and set 100%. The relative contribution of individual
peptides is shown as % of total (Fig. S9). These analyses
revealed that the intensity contribution of individual peptides
Table 1 – Detected peptide fragments (including peptides con
(black) and microwave-assisted (blue) tryptic digest of BSA perf

aThe fragment including amino acids 161–168 was obtained after conventio
corresponding fragment without a missed cleavage position was obtained
at different time points is very similar in tryptic digests gen-
erated by conventional and microwave heating.

Since it is reasonable to assume that fragments appearing
in the MS spectra after short heating periods are generated
taining one missed cleavage) obtained after conventional
ormed at 37 °C for the indicated time periods.

nal heating and contains amissed cleavage position. Nevertheless, the
utilizing both heating sources (161–167).

image of Fig.�1


Table 2 – Sequence coverage comparison of conventional and microwave-assisted tryptic digest performed at 37 °C.

Time 0 min 1 min 3 min 5 min 10 min 30 min 120 min 960 min

CONV 10% 14% 16% 22% 26% 27% 32% 34%
MW 4% 4% 10% 19% 21% 24% 27% 28%
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early in the digest, it was possible to establish a time-resolved
overview of the tryptic digest of BSA for both the conven-
tional (Table S3) and microwave-heated experiments (Table
S4). A homology model of BSA was generated and visually
analyzed using the program PyMOL (http://www.pymol.org/).
This software allowed visualization of the obtained data by
mapping the identified peptide fragments onto the 3D struc-
ture, thereby illustrating the time-dependent tryptic digest of
BSA at 37 °C (Fig. S10, conventional heating; Fig. S11, micro-
wave heating). The localization of tryptic peptides generat-
ed after a 5 min and 16 h incubation at 37 °C (microwave-
assisted vs. conventional digest) within the 3D structure of
BSA is shown in Fig. 2. For simplification, two time-points
were selected for computational analysis representing the
obtained peptide fragments after a short (5 min) and a long
heating period (16 h). A comparison of conventional and
microwave results is presented in Fig. 2.

A careful inspection of thedata presented inTable 1, TableS2,
Fig. 2 and Fig. S9, reveals that the 37 °C digests obtained in the
microwave run closelymatch those of the conventionally heated
experiments. These data suggest that the electromagnetic field
Fig. 2 – Comparison of the time-dependent BSA digestion using
heating period at 37 °C are shown in red while additional fragme
does not inflict structural changes/damages to the BSA protein.
Any significant conformational changes in the protein struc-
ture induced by an electromagnetic field would likely cause a
change in the peptide sequences obtained in the enzymatic
digest, as different regions of the protein would get exposed to
the digesting enzyme. Similar results were obtained when the
tryptic digest was performed at 50 °C. In general, the temper-
ature increase from 37 °C to 50 °C causes a slightly faster
reaction kinetics of trypsin towards BSA as evidenced by the
earlier generation of BSA-specific fragments [68]. MALDI-TOF
spectra comparing results from conventional BSA digestion
experiments at 37 °C and 50 °C, respectively, are shown in
Fig. S12 in the Supporting information. In contrast to literature
reports describing an increase in digestion speed specifically
caused by microwave irradiation [8–17], no significant differ-
ences between amicrowave-assisted and a conventional digest
were observed. The increased digest efficiency is ascribed
exclusively to the elevated bulk temperature of the reaction
mixture applying microwave dielectric heating, and can be
readily reproduced by conventional heating to the same tem-
perature regime.
the PyMOL software. Tryptic peptides obtained after a 5 min
nts generated after 16 h at 37 °C are highlighted in blue.

http://www.pymol.org/
image of Fig.�2
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3.5. Tryptic digest of cytochrome c and β-casein

To verify results obtained with BSA (~66 kDa), microwave-
assisted and conventional digests were also performed using
cytochrome c (~12 kDa) and β-casein (~24 kDa) as substrates
for trypsin. Using the same time regimes selected for the
previous set of experiments (a short digestion period of 5 min
and a longer digestion period of 2 h) allowed a comparison
between microwave and conventional digest at 37 °C and
50 °C, respectively. Results including sequence coverage data
are presented in Tables S5 and S6 in the Supporting infor-
mation. Interestingly, an increase of reaction temperature
from 37 °C to 50 °C seems to havemore pronounced effects on
the smaller protein (cytochrome c, ~12 kDa) compared to the
larger BSA (~66 kDa). For details see Fig. S13 in the Supporting
information. MALDI-TOF spectra of cytochrome c and β-casein
digests are presented in Fig. S14 and are again in disagreement
with previously published data [8].

In summary, this set of experiments conclusively demon-
strated comparable efficacy for time- and temperature-
dependent tryptic digestion of the three model proteins inde-
pendent of the heating source used. Furthermore, unspecific
cuts caused by microwave irradiation can be excluded since
almost identical MALDI-TOF spectra were obtained in all
cases. These results clearly indicate that nonthermal micro-
wave effects during tryptic digestion are virtually absent.

3.6. Electric field strength simulations

To further corroborate the findings presented above, molecu-
lar mechanics (MM) calculations were performed. In recent
years, a number of publications investigated the mechanistic
response of proteins towards an external electric field by
means of molecular dynamics modeling [49–54]. These sim-
ulations aim tomodel and provide insights into altered protein
conformation in response to electromagnetic fields resulting
Fig. 3 – Effect of an external electric field on the structure of BSA
between the atoms of superimposed BSA structures in the prese
changes can be seen above 107–108 V/m (see Table S7 in the Sup
from e.g. cell phones or domestic microwave ovens [49–54]. Of
note, the electric fields applied in these theoretical analyses
(108–109 V/m) aremany orders ofmagnitude stronger than the
maximum electric field achievable in a commercial single-
mode laboratory microwave instrument and/or multimode
microwave ovens for domestic use (~3×104 V/m) [77–79]. A
thorough computational study of the effect of external electric
fields on protein conformations, ranging from the field
strengths typically reachable in commercial laboratory micro-
wave reactors/ovens to very high electric fields (~1010 V/m)
has not been performed so far and can provide useful infor-
mation. Any changes in protein structure due to the presence
of the electric component of themicrowave field, as suggested
previously [49–54], would be revealed. In addition, a step-wise
increase in field strength allows assessing the stability of a
given protein structure toward increasing field intensity,
thereby providing ameasure for the stability of protein folding.

During these MM calculations, increasing static electric
fields have been successively applied to the preoptimized
structures of BSA and trypsin, respectively. The lowest field
applied (3×104 V/m) during simulation can be considered as
one of the highest fields that can be generated in a standard
laboratory microwave cavity [77–79]. However, our calculations
revealed no appreciable changes in atomic positions (RMSD=
0.000000, see Table S7 (BSA) and Table S8 (trypsin) in the
Supporting information) under these conditions. The change in
total energy due to the presence of the field is <0.01 kcal/mol for
the X, Y and Z directions. Notably, even under electric fields of
106 V/m, any change in the atom positions should be detect-
able, the RMSD value still being 0.000000. At this level of
accuracy even small changes in the atompositions of the active
site, which could lead to differences in the catalytic activity
of the enzyme, can be discarded. This theoretical approach
demonstrated that electromagnetic fields being 3–4 orders of
magnitude higher than the microwave field are still without
effect on BSA and trypsin structure (Figs. 3 and 4). The tertiary
. RMSD refers to the measurement of the average distance
nce and in the absence of the external electric field. Small
porting information for further details).

image of Fig.�3


Fig. 4 – Optimized structures for the BSA protein in the presence of various electric fields (blue color) in the X direction,
overlapped with the structure of the native protein (red color).
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structure starts deteriorating at electric fields >108 V/m, and
trypsin as well as BSA is seriously damaged, inducing unfolding
of the alpha helices, when electric fields of 8×109–1010 V/m are
applied (Figs. 3 and 4). The corresponding results for trypsin are
shown in the Supporting information (Fig. S15 and S16).
4. Conclusion

In summary, the present study provides a comparison of tryptic
digest efficacy performed by conventional and microwave
heating under rigorously controlled thermal conditions. Due
to the high microwave absorption characteristics of the ionic
digestion buffers, temperatures up to 100 °C can be easily
reached after a few seconds of microwave irradiation, even at
comparatively lowmagnetron output powers. Therefore, diges-
tion results obtained inmicrowave instruments without proper
internal temperature control are not reliable and cannot be
compared to results obtained by conventional heating where
the digestion temperature can typically be determined more
accurately. Acquiring the precise reaction temperature in a
tryptic digest is, however, of critical importance, since our
kinetic investigations have shown that at temperatures above
60 °C, trypsin activity in an aqueous buffer declines sharply.
Importantly, the rapid decline of enzyme activity is identical,
regardless if microwave irradiation or conventional heating is
used.

For the actual digestion results involving bovine serum
albumin (BSA), cytochrome c and β-casein at 37 °C and 50 °C the
results were similar. For all three cases, no differences between
a microwave-assisted and a conventional tryptic digest were
observed. SDS-PAGE analysis of the tryptic protein digests
demonstrated that the proteins were digested at roughly the
same rate regardless of the utilized heating source. MALDI-TOF
monitoring of the protein-derived tryptic fragments at several
time intervals during allowed the chronological investigation of
the digest. Most importantly, for all three model proteins
identical qualitative results with regard to peptide generation
were obtained independent of the heating source. Apparently,
only temperature determines the speed and progress of the
digestion. Furthermore, molecular mechanics calculations of
the electric field strength required for influencing the tertiary
structure of trypsin and BSA have indicated that the electric
field applied in commercial laboratory microwave instruments
(~3×104 V/m) is 3–4 orders of magnitude too low to affect the
structure of enzyme or protein molecules.

In summary, based on the results described herein, it
appears evident that as in other fields ofmicrowave chemistry
[57–61], incorrect temperature monitoring has in the past
led to erroneous conclusions about the involvement of non-
thermal microwave effects in microwave-assisted proteomics
experiments. The fact that no specific effects in the interaction
of electromagnetic fields with proteins and enzymes could be
experimentally verified in our investigations clearly has
additional implications on the debate involving the use of
cell phone technology and kitchen microwave ovens [38–45].
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