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Ultra-Sensitive Detection of Protein Thermal
Unfolding and Refolding Using
Near-Zone Microwaves

Kimberly M. Taylor, Student Member, IEEE, and Daniel W. van der Weide, Member, IEEE

Abstract—We use planar slot antennas proximal to proteins
in solution to detect changes in conformation. The antennas are
attached to fused-quartz or glass sample holders and the cu-
vette/antenna assembly is placed in the sample holder of an optical
spectrophotomer (either UV/VIS or fluorescence polarization), al-
lowing simultaneous dielectric and optical measurements. Return
loss is recorded using a vector network analyzer. This system was
used to study the equilibrium thermal unfolding and refolding of
a small globular protein, as well as the binding of small hormones
to a receptor. Good agreement between optical and microwave
measurements was obtained for all systems studied. We show that
microwave measurements can be made at protein concentrations
as low as 0.3 ng/mL (19 pM), several orders of magnitude lower
than that required for optical spectroscopy. The results from these
experiments demonstrate that resonant slot antennas can be used
to detect changes in protein conformation and the presence of
microwave radiation does not perturb the system under study.

Index Terms—Biomedical applications of electromagnetic radi-
ation, biophysics, proteins, slot antennas.

1. INTRODUCTION

IELECTRIC spectroscopy is used to investigate gases, lig-

uids, and solids in the radio, microwave, and terahertz fre-
quency regimes (approximately 106~10'5 Hz). The technique
has been successfully applied to biological specimens using var-
ious methods of application including time-domain reflectom-
etry [2], [3], transmission lines [4], coaxial probes [5], and mi-
crofabricated waveguides [6]. While these studies have yielded
potentially useful results, many of them suffer from one or more
of the following disadvantages.

1) Experiments are performed on dry, but “hydrated” sam-
ples [3], [7], yielding results that may not be applicable to
biomolecules in solution.

2) Results are qualitative rather than quantitative, i.e., a phe-
nomenon is demonstrated, but its extent is not, or cannot,
be further quantified [4].

3) Results are qualitative, but are not correlated with pre-
viously published results obtained with other techniques

(81, [9].
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We introduce a new application of dielectric spectroscopy
in which proteins or other biomolecules are studied in an
aqueous environment and in which optical spectroscopy is
simultaneously performed [10]. This method not only allows
measurement of proteins and other biomolecules in their
“natural” aqueous state, but also permits correlation and com-
parison with results obtained using an established spectroscopic
method. Variations of this technique have been previously de-
scribed in the literature [11]-[13].

The phenomenon measured by dielectric spectroscopy is the
polarization relaxation (also called dispersion) of one or more
dielectric species. For biological samples, these relaxations
are generally divided into three regimes. The [3-dispersion is a
broad rotational orientation of either the entire macromolecule
or of specific groups (e.g., protein sidechains with a high
degree of freedom may undergo their own dispersion) [14].
The frequency of the (-dispersion is inversely proportional to
molecular size, and this type of dispersion generally occurs
below 100 MHz. The ~y-dispersion is caused by absorption
of bulk water, and is generally seen as a wide peak with a
maximum around 19.4 GHz for pure water at room temperature
[15], [16]. Water is strongly dielectric, and y-dispersion is gen-
erally the largest dispersion observed in the radio, microwave,
and terahertz regimes. The §-dispersion is located between the
(3- and ~y-dispersions, in the high radio to low microwave region
(approximately 500 MHz-20 GHz), and is largely caused by
reorganization of “bound” water molecules near the surface
of the protein or macromolecule [15]. These “bound” waters
undergo dispersion at a lower frequency because they are
rotationally and translationally hindered, and possess higher
and more ordered dipole moments compared with bulk solution
[17]. By addressing an appropriate frequency range in which
0-dispersion is large while the contribution from ~-dispersion
is strong but static, the dispersion of bound water can be used as
a reporter for protein conformational change. The bound water
shells are modified in response to changes in the conformation
of a biological macromolecule such as folding or unfolding,
association, and ligand binding. This concept has been used
by other researchers: Denisov and Halle used water 7O and
2H magnetic resonance dispersion to examine the thermal
denaturation of bovine pancreatic ribonuclease (RNase A) and
other proteins [18].

In order to exploit d-dispersion, we chose to examine a fre-
quency range between 3—20 GHz, and used planar slot antennas
driven by a 50-Q) coaxial cable. Planar slot antennas are com-
monly used at microwave frequencies [19], and consist of a rect-
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angular window cut into the ground plane of a metal-clad di-
electric material. Slot antennas can be treated as A/2 devices,
where the longest dimension of the slot is equal to approxi-
mately half of the principal resonant wavelength [19]. How-
ever, the impedance of the slot in this fundamental mode is very
high [20], and a lower impedance (resulting in a better match
to the coaxial feed) may be obtained by using the second mode,
in which the slot length is equal to a full wavelength. The slot
antenna is attached to a fused quartz cuvette (for simultaneous
measurements in the range of 190-820 mm) or to the sample
holder of a fluorescence polarimeter.

We chose thermal denaturation of bovine pancreatic ribonu-
clease (RNase A) as a test system for very large conformational
changes. Unfolding of a protein from its native to its denatured
state is the largest conformational change a protein experiences
under equilibrium conditions and, therefore, should be easily
detected using the slot antenna system. RNase A is a highly
stable 13.7-kDa globular protein that undergoes reversible
two-state unfolding over a wide range of conditions [21],
[22]. Three series of experiments were performed. In the first,
unfolding and refolding of RNase A was performed over a
range of pH from 2.5 to 5.0. In the second series, the sensitivity
of the slot antenna system was investigated by performing
unfolding/refolding of RNase A over concentrations from
0.26 ng/mL to 9.3 mg/mL (19 pM to 680 uM). Finally, the
effects of microwave power on the unfolding of RNase A
were explored by varying the power delivered by the network
analyzer from —35 to +5 dBm (from 18 W to 1.78 mW).

A scaled version of the planar slot antenna resonant in the
10-20-GHz range was used to perform simultaneous dielectric
and fluorescence polarization measurements on the binding
of hormones to human estrogen receptor (. Fluorescence
polarization (FP) is a technique that exploits differences in
the tumbling rate of fluorescently labeled ligands to detect
binding events [23]. The protein human recombinant estrogen
receptor-/3 (ER-(3) [24] was titrated with aliquots of fluormone
ES2, a fluorescently labeled estradiol, in order to probe the
thermodynamics of binding and obtain a dissociation constant
(Kp). This titration was repeated with unlabeled estradiol.
The binding of unlabeled estradiol was monitored using mi-
crowave measurements only since neither estradiol, nor ER-{3
responds fluorescently. Previous measurements of ER-/3/estra-
diol binding could only be performed using radiolabeled ligand
[25].

II. METHODS AND MATERIALS

A. Protein Preparation and Experimental Conditions

RNase A (Type X1II-A) was obtained in lyophilized form from
the Sigma Chemical Company, St. Louis, MO, and was used
without further purification. All protein solutions were dialyzed
exhaustively before use. For concentrations above 1 M, protein
concentration was determined from the absorbance at 278 nm,
using an extinction coefficient of 0.72 mg~! mL cm~! [21].
At lower concentrations, a modified Lowry assay [26] (Pierce
Chemical, Rockford, IL) was used to determine concentration.
Buffer conditions were: 1) 50-mM sodium acetate/acetic acid,
100-mM NacCl for pH 4-5 and 2) 50-mM glycine/HCI, 100-mM
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Fig. 1. Return loss of antenna/cuvette assembly employed for simultaneous

UV/VIS and microwave recordings recorded at room temperature. Solid line is
empty (air-filled) cuvette. Solid symbol (M) is buffer at pH 4.5; open symbol
(Q) is 5.5 mg/mL (0.40 mM) RNase A in the same buffer. Inset: dimensions
of slot antenna.

NaCl for pH 3.5 and below. The heat capacity AC),, of RNase
A was treated as a constant 1.15 kcal mol ™! K™ for all calcu-
lations [21].

Human recombinant estrogen receptor 3, fluormone ES2
(a fluorescently labeled estradiol), and 17/-estradiol were
obtained from PanVera, a division of Invitrogen, Carlsbad,
CA. Buffer conditions were 100-mM potassium phosphate,
100-p1g/mL bovine ~y-globulin, 0.02% NaN3, pH 7.4.

B. Slot-Antenna Fabrication

Slot antennas were fabricated using RO-4003C high-fre-
quency laminate from Rogers Corporation, Rogers, CT. The
board had permittivity of 3.38, height of 0.813 mm, and was
doubly clad with 1 oz of copper. Antennas were cut using either
an LPKF ProtoMat (LPKF Laser and Electronics AG, Garbsen,
Germany) or a TAIG MicroMill (TAIG Tools, Chandler, AZ).
Copper cladding was removed from one face of the antenna
after fabrication, and a semirigid coaxial cable was soldered
across the center of the slot window. Antenna dimensions for
the antenna used for simultaneous UV/VIS spectroscopy and
dielectric measurements are shown in Fig. 1.

C. Spectroscopy and Thermal Denaturation

An HP 8452A diode-array spectrophotometer equipped with
a water-jacketed cell holder (Agilent Technologies, Palo Alto,
CA) was used for all UV/VIS spectroscopy measurements.
UV-transparent fused-quartz cuvettes of 0.5-cm pathlength
were obtained from Hellma GmbH and Company, Miillheim,
Germany. An RTE-111 circulating water bath (Thermo Neslab,
Portsmouth, NH) was used for temperature control. Return
loss from the slot antenna was recorded using an HP 8720ES
vector network analyzer (VNA) (Agilent Technologies, Palo
Alto, CA). Unless otherwise specified, network-analyzer output
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power was fixed at +5 dBm (1.78 mW). The UV/VIS spec-
trophotometer, VNA, and water bath were controlled by a PC
using LabView 6i software (National Instruments, Austin, TX).

All temperature scans were taken under the following con-
ditions: from 20 °C to 80 °C and back in 2 °C intervals with
a 5-min equilibration time at each temperature. UV/VIS ab-
sorbance was recorded at 288 nm [21]. A volume of 1.6-mL
buffer or protein solution was used in all experiments. Generally,
three complete cycles from 20 °C to 80 °C and back were taken
for each protein or buffer sample; reported thermodynamic pa-
rameters are the average of parameters from each of these scans.
Unfolding and refolding were more than 95% reversible.

Midpoint temperature 7,,, and van’t Hoff enthalpy AH, g
were obtained from unfolding or refolding scans using the
method of Marky and Breslauer [27]. Assuming that the protein
undergoes a reversible two-state transition from native (V) to
unfolded (U) states, the equilibrium constant K can be defined
as

K
Nz=2U

_ U]
K=

f

_ AH,g (1 1 |
—exp[— 7 (ﬁ_f>] (L

Here, f is the fraction of protein in the native state, R is the
gas constant, 7" is the temperature (in degrees Kelvin), and 7,
is the midpoint temperature (defined as the temperature at which
f is equal to 0.50 and K is equal to 1). The signal « (« is any
observable, in this case, either the UV/VIS absorbance or the
peak frequency) was equal to

a=By-f+By-(1-f) )

where By and By are, respectively, the native and unfolded
baselines, defined as linear functions of temperature. An alter-
native baseline-free approach [28] was also used in which

do

-7 = AT (1= f). 3)

Here, A is a scaling factor. The two methods yielded near-iden-
tical thermodynamic parameters, but the baseline-free method
gave better determination of the midpoint temperature 75, .

D. FP and Ligand Binding

A Beacon 2000 fluorescence polarization system (Invit-
rogen, Carlsbad, CA) equipped with the standard spectrum
range (360-700 nm) was used for all FP measurements. A
small-scale slot antenna resonant in the range of 10-20 GHz
was attached to the Beacon’s sample holder. The temperature
of the sample was kept constant using the Beacon’s built-in
Peltier temperature control unit. Samples were contained in
borosilicate glass 6 x 50 mm test tubes (Fisher Scientific,
Hampton, NH), and sample volume was maintained at 500 uL
(for complete coverage of antenna). All instrumentation was
computer controlled using the manufacturer’s software for the
Beacon system and LabView 6i for the VNA.
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If the ligand is assumed to exist in only two states (bound
to the receptor or free in solution), then an equilibrium exists
between the free receptor, bound receptor, and complex such
that

L+R=L-R
_ [LI[R]
Kp =1 g (4)

Here, Kp is the dissociation constant [in units of moles/liter
or molar (M)]. The anisotropy A should be equal to

A= fboundAbound + ffreeAfree
= fboundAbound + (1 - fbound)Afrco (5)

where fpound and free are the fractions of bound and free
ligand, and Apound and Age. are the anisotropy values for
bound and free ligand. If B is the concentration of the re-
ceptor—ligand complex, and Ly and Ry are, respectively, the
total concentrations of ligand and receptor, then (4) can be
rewritten as [29]

i, _LLr=BllRr—B]

B
B (Lt+Kp+Rr)—+\/(—Lt—Kp—Rr)?>—4LrRr
2
B
fbound:E~ (6)

Data from either the Beacon instrument or the network ana-
lyzer were fit to (5) and (6) using nonlinear regression.

III. RESULTS
A. Slot Antenna Design and Return-Loss Spectra

The antenna dimensions were chosen to yield a principal
resonance of approximately 3.5 GHz when loaded with a cu-
vette filled with aqueous solution. Slot dimensions are shown in
Fig. 1. Representative spectra of the empty (air-filled) cuvette
and of the same cuvette filled with either buffer (50-mM sodium
acetate/acetic acid, 100-mM NaCl, pH 4.5) or a solution of
0.40-mM RNase A in the same buffer are shown in Fig. 1
The slot was expected to yield a single resonant peak, but
multiple additional peaks are clearly present. In an ideal slot,
the ground plane and dielectric substrate extend to infinity [30].
By contrast, the slot used in these experiments has a large slot
and a relatively small ground plane. The unexpected resonances
may also result from reflections from the cuvette and/or the cell
holder.

The shape of the reflection return loss was invariant: a large
peak at approximately 3.2-3.4 GHz with multiple smaller side
peaks. The return loss for buffer and RNase A are superficially
similar, although the protein return loss was larger. We noted
that any change in the cuvette/antenna assembly (including
emptying or refilling of the cuvette) caused perturbation of the
driving coaxial cable and, thus, changes in the return response.
The return-loss pattern was very stable if the cuvette assembly
was not disturbed.

Peak positions within the return-loss pattern were determined
by the fitting to a series of Lorentzian peaks. In general, 7-11
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Lorentzian peaks were needed to obtain a good fit to the return-
loss pattern.

B. Antenna Response to Solute Titration

As seen in Fig. 1, the return loss of a buffer solution differs
from that of a solution of the same buffer containing 0.40-mM
RNase A. This dissimilarity is chiefly observed in the magnitude
of the return-loss spectra, particularly at the major peak around
3.6 GHz.

Theoretically, the resonant frequency fr of the antenna
should depend on permittivity e as fg o (1/y/). Thus, a
decrease in the permittivity is expected to increase the an-
tenna’s resonant frequency. The permittivity of a mixture of
two dielectric materials can be approximated using a simplified
form of the Wiener mixture equation [31]

Eeff < VAEA + VBER @)

where v 4 and vp are the volume fraction of materials A and B,
and € 4 and e g are the permittivities of materials A and B. It is
assumed in (7) that the two materials are miscible, but do not
interact. Equation (7) can also be expressed as

/ -1
Eeff = Eeff — JCeff
/ !/ /
Eof SVAEH +VBER. ®)

As a test for the sensitivity of the antenna resonance to per-
mittivity changes, a solution of distilled deionized water was
titrated with aliquots of low-permittivity solvent. Chosen for
this experiment were methanol (¢/ ~ 33.6 at 25 °C) and ace-
tone (¢/ & 20.7 at 25 °C). The real portion of the permittivity
of water at room temperature was taken as 80.4 at 20 °C.

The variation in peak position with permittivity for acetone
and methanol is shown in Fig. 2. Data for both organic sol-
vents vary in a similar manner with permittivity, and both fit
well to an exponential model (not shown). Data at low organic
volume fraction, or high permittivity, also fitted well to the in-
verse square root of the calculated permittivity e’ Fits to the
inverse square root formula were not possible for €’ below 60,
probably due to uncertainty in the volume of organic solute. Fits
for this data are indicated in Fig. 2.

Titration of a buffer solution was also performed with two bi-
ological macromolecules: RNA (polycytidylic acid, or polyC)
and the protein RNase A (shown in Fig. 3). Due to solubility
concerns, concentrations of both macromolecules could not be
measured above approximately 220 M. Permittivity values for
biological macromolecules vary, but many published accounts
set ¢’ at only 24 for both RNA and protein [32]. Approxima-
tions such as in the derivation of (7) or (8) cannot be applied to
aqueous solutions of most biological macromolecules because
there are significant interactions between solvent water and the
macromolecules. However, peak positions for both polyC and
RNase A vary linearly with protein concentration over this lim-
ited concentration range. Thus, our technique is sensitive to the
concentration of aqueous solutes, including biological macro-
molecules, in a linear fashion.
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inverse square root of the permittivity: acetone (solid line; R? = 0.994) and
methanol (dashed line; 22 = (0.989).
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Fig. 3. Variation in peak position with concentration of the biological
macromolecules RNA (polycytidylic acid, or polyC, closed symbols) and
RNase A (open symbols). Peaks were derived from Lorentzian fit of the
complete return-loss spectrum (data not shown). Lines are linear fits to: RNA
(solid line; R? = 0.803) and RNase A (dashed line; R? = 0.963).

C. Protein Unfolding and Refolding

Although the buffer and RNase A return loss scans as de-
scribed above were superficially similar, their temperature-de-
pendent behaviors were quite different. Fig. 4 shows the be-
havior of RNase A return loss at selected temperatures between
20.43 °C-76.56 °C. The amplitude of the major resonant peak
decreases with increasing temperature, and the position of this
peak shifts to lower frequency. The center frequencies of all
peaks were determined by fitting the return-loss scan at each
temperature to a series of Lorentzian peaks (Fig. 5). A fixed
number of peaks (7—11) were used to fit all return-loss scans
in an unfolding/refolding series.

The behavior of individual peaks could be assessed by plot-
ting peak position versus temperature. The behavior of a peak
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Fig. 4. Variation of return loss of 5.6 mg/mL (0.41 mM) RNase A at pH 4.5
with temperature. From bottom to top, temperatures are 20.43 °C, 30.10 °C,
38.99 °C, 48.72 °C, 57.96 °C, 67.28 °C, and 76.56 °C.

Return loss (dB)

12 1 . I . I . I . ! . !
1 2 3 4 5 6

Frequency (GHz)

Fig. 5. Fitting of return loss of RNase A at 20.43 °C with nine Lorentzian
peaks. This data is from the same experiment featured in Fig. 4. Solid symbols
(m) are raw data, the solid line is the fit. Dotted lines indicate individual
Lorentzians; the peak at approximately 3.1 GHz plotted in Fig. 6 is shown as
open symbols (Q).

at approximately 3.1 GHz from the RNase A solution is shown
in Fig. 6. The temperature-dependent variation of this peak fre-
quency has a sigmoidal appearance characteristic of a coopera-
tive phenomenon such as protein unfolding, and this data fitted
well to a two-state unfolding model. After an initial increase
in the peak position, the frequency of the corresponding peak
from the buffer return loss scans decreased monotonically with
increasing temperature, and could not be fit to a two-state model
(data not shown). Fig. 6 also displays the fraction of protein in
the native state derived from fits to the peak at approximately
3.1 GHz from the network-analyzer data and to the UV/VIS
absorbance at 288 nm. Midpoint temperatures for the two data
sets were similar (59.18 °C for the network-analyzer data versus
62.46 °C for the UV/VIS data), as was unfolding enthalpy (59.2
and 63.7 kcal/mol, respectively). This result demonstrates that
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Fig. 6. Temperature-dependent behavior of a single peak (highlighted in
Fig. 5) from Lorentzian analysis of return loss. Top panel shows variation of
peak position with temperature (solid symbols) and fit to a two-state unfolding
model (solid line). Bottom panel shows fraction native calculated from peak
position (solid symbols and line) and from simultaneous UV/VIS absorbance
(open symbols and dotted line).

the return loss data can be used to detect changes in protein con-
formational change.

Generally, one or more peaks from protein unfolding or re-
folding data fitted to a two-state model with similar midpoint
temperature 1, to that obtained from UV/VIS data. Due to vari-
ability of the return-loss pattern, peaks did always respond iden-
tically to protein conformational change. Values of T}, reported
are averages of all fits to peak position, and error in 7;,, was often
high due to variation in peak position fits. Determination of un-
folding enthalpy A H, gy was more problematic. In most cases,
reasonable values of enthalpy were obtained, as in the example
above, but errors in enthalpy were very large, exceeding 20%.
Therefore, A H,, i will not be reported for the other experiments
in this paper. These problems in midpoint temperature and en-
thalpy determinations, and possible solutions, will be revisited
in the Section IV.

D. pH Series

To ensure that the results obtained at pH 4.5 were not an
anomaly related to the behavior of the cuvette/assembly around
60 °C, a series of unfolding/refolding assays at pH values
between 2.5-5 were performed. Values of 7;, and AH,y
decrease with decreasing pH in this pH range as the protein
stability diminishes with decreasing charge. At each pH value,
two unfolding/refolding assays were performed, which are:
1) UV/VIS absorbance alone and 2) simultaneous UV/VIS
absorbance and dielectric measurements. Values of midpoint
temperature from these experiments are summarized in Table I.
The pH series results from UV/VIS and network-analyzer peak
fitting are summarized in Fig. 7. Also included in this figure
are published midpoint temperatures obtained from differential
scanning calorimetry [22].

Note that the error in 7},, derived from UV/VIS is assumed to
be 0.50 °C based on estimates of the accuracy of the water bath
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TABLE 1
VARIATION IN MIDPOINT TEMPERATURE WITH pH

Midpoint temperature (°C)
pH UV/VIS with

UV/VIS alone VNA Return loss
2.5 39.21 £ 0.50 39.21 £0.50 42.12 +1.54
3.0 46.26 = 0.50 46.77 £ 0.50 46.34 = 1.00
3.5 54.16 + 0.50 54.01 £0.50 53.13 £2.69
4.0 61.53 + 0.50 62.01 £0.50 56.00 + 1.28
4.5 62.00 + 0.50 63.56 + 0.50 60.25 +5.53
5.0 62.87 +0.50 63.00 +0.50 57.29 +1.29
70 -
65
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Fig.7. pH dependence of midpoint temperature 7,, from UV/VIS absorbance
recorded alone (M), from UV/VIS absorbance recorded in the presence of
microwave power (), and from peak position analysis of return loss data (A).
Also included are published midpoint temperatures derived from differential
scanning calorimetry (V) [22].

and thermometer; fitting error in all cases is actually consider-
ably lower. Reported error in the VNA T, is the standard de-
viation of the average of all midpoint temperatures determined
from peak fitting.

Midpoint temperature recorded using UV/VIS absorbance in
the presence of microwave power appears to be up to 1.6 °C
greater than that obtained using the same method in the absence
of microwave power. The average increase is 0.42 °C, slightly
smaller than experimental error. Could microwave power at
these low levels stabilize the protein, particularly at high pH?
The premise is intriguing, but cannot be proven at this time.
Based on published reports [33], it was expected that the
microwave radiation might enhance the protein’s folding rate,
but would ultimately destabilize the protein due to non-Joule
heating effects. No microwave-dependent destabilization has
been observed in our experiments.

Another interesting result is the lower midpoint temperatures
determined from network-analyzer peak fits. With the exception
of the data at pH 2.5, T,,, determined from network-analyzer
data is an average of 3.27 °C lower than that determined from
simultaneously obtained UV/VIS absorbance. As evidenced by
the sample unfolding at pH 4.5 above, lower T;,, values from
network-analyzer data are a standard result.
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TABLE 1II
VARIATION IN MIDPOINT TEMPERATURE WITH PROTEIN CONCENTRATION

RNase A Tn(°C)

Concentration .
UV/VIS alone UV/\\//II\JSAW“h Return loss
680 uM 54.59 +0.50 56.56 +0.50 50.90 £2.16
78 uM 53.33 +0.50 54.10 +0.50 51.49+2.78
8.8 uM 52.84 +1.00 53.15+1.00 56.09 +1.00
1.0 yM 4936 +£3.32
110 nM 54.09 +1.83
13 nM 53.44 +4.27
1.5nM 46.66 +3.68
170 pM 5478 +2.01
19 pM 49.04 + 5.01
Average 53.59 +1.00 54.60 +1.76 51.76 +3.08

UV/VIS absorbance was recorded simultaneously with return loss data at all concentra-
tions, but absorbance was too low for analysis of UV/VIS data below 8.8 M. Error in
midpoint temperature determined from UV/VIS absorbance at 8.8 M is higher than usual

due to low signal.

E. Concentration Series

A series of unfolding/refolding assays at decreasing concen-
trations was performed in order to determine the limits of sensi-
tivity of the slot antenna system and to test for evidence of desta-
bilization at low protein concentrations. Protein concentration
began at 680 M and was serially decreased to 19 pM. Simulta-
neous UV/VIS and network-analyzer measurements were made
at each concentration. A separate UV/VIS absorbance measure-
ment in the absence of microwave power was also made for con-
centrations above 8.8 M. Below 8.8 uM, UV/VIS absorbance
at 288 nm was lower than experimental error and data could be
analyzed.

Midpoint temperatures determined from UV/VIS absorbance
and VNA peak fitting at all concentrations are summarized in
Table II.

The apparent decrease in midpoint temperature determined
from UV/VIS absorbance with decreasing temperature is at-
tributed to the decreasing signal-to-noise ratio at lower protein
concentrations. This effect is unlikely to be due to multimeriza-
tion (formation or unfolding of dimers, trimers, or other higher
order structures) since RNase A is a monomer and has been
shown to undergo two-state unfolding under these conditions
[21], [22], [33]. Protein solutions displayed no evidence of ag-
gregation and unfolding was highly reversible.

Once again, the midpoint temperature derived from UV/VIS
absorbance in the presence of microwave radiation exceeds the
midpoint temperature determined from UV/VIS absorbance
alone by 0.31 °C-1.97 °C. For concentrations of 78 M or
greater, this temperature difference exceeds the experimental
error and may be statistically significant. At 8.8 M, the signal
strength was so low that 7},, can only be determined to a preci-
sion of approximately 1.0 °C, and the temperature difference
may be attributed to experimental error.

Two facts may be gleaned from the concentration-dependent
behavior of the midpoint temperature derived from peak fitting.
First, T, derived from network-analyzer measurements is
again lower than the 7, derived from simultaneous UV/VIS
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TABLE III
MINIMUM PROTEIN CONCENTRATION FOR POPULAR PROTEIN
THERMODYNAMICS TECHNIQUES

Approximate minimum protein

Technique .

concentration

Depends on presence of UV-
UV/VIS absorbance absorbent residues;

approximately 120 pg/mL for
RNase A experiments

Depends on degree of protein
secondary structure; generally
the same as UV/VIS absorbance

Circular dichroism spectroscopy

Differential scanning

calorimetry 20-30 pg/ml.

Depends on presence of
fluorescent residues or groups;
reported as 10 ng/mL (0.8 nM)
for fluorescein-labelled RNase A

(11
0.3 ng/mL (19 pM for RNase A)

Fluorescence spectroscopy

Slot antenna system

absorbance. The magnitude of this decrease is difficult to
gauge due to the difficulty in accurate 7;,, determination at low
concentrations. Second, while values of 7}, determined from
network-analyzer measurements showed a wide variation with
concentration, from 46.66 °C to 56.09 °C, no clear concentra-
tion-dependent trend was evident. Contrary to expectation, no
decrease in stability with at low concentrations was observed.
The average midpoint temperature for all concentrations was
51.76 °C £ 3.08 °C.

These concentration dependence studies establish an approx-
imate operating range for the slot antenna system. A wide con-
centration range (nearly eight orders of magnitude) was used in
these experiments. Midpoint temperature could be determined
with reasonable accuracy at protein concentrations as low as
19 pM; at lower concentrations uncertainty in 7,,, became unac-
ceptably high as the signal strength decreased. The upper con-
centration limit was not determined in this study, but will prob-
ably be limited by protein solubility.

Minimum protein concentrations for several popular tech-
niques for measurement of unfolding/refolding thermody-
namics are summarized in Table III. With the exception of
fluorescence spectroscopy, all of these techniques require at
least 20 pg/mL of protein or greater (1.5-uM RNase A) to
obtain good results. Good fluorescent spectroscopy results were
obtained at concentrations as low as 0.8 nM of fluorescein-la-
beled RNase A (approximately 10 ng/mL) [1]. This study
establishes that thermodynamic data can be obtained from as
little as 0.3 ng/mL (19 pM) of RNase A, more than 40 times
lower than the minimum needed for fluorescence spectroscopy.

F. Power Series

In an attempt to understand the apparent microwave-induced
stability increase observed in results from UV/VIS absorbance,
a series of unfolding/refolding assays at increasingly low
power levels was attempted. If the stability increase was indeed
caused by microwave power, then this increase should decrease
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TABLE IV
VARIATION IN MIDPOINT TEMPERATURE WITH NETWORK ANALYZER POWER

Test port power Midpoint temperature (°C)

UV/VIS with

dB uw VNA Return loss
5 1780 50.77 £ 0.50 50.54 +2.76
-5 560 51.77 £0.50 49.25+3.04
-15 178 51.37 £ 0.50 56.61 +1.90
25 56 51.17 £ 0.50 5238 +1.06
35 18 51.07 £ 0.50 51.14 +£2.56
Average 51.23 +0.37 51.98 +2.82
TABLE V

BINDING OF FLUORMONE AND ESTRADIOL TO ESTROGEN RECEPTOR /3

Dissociation constant Kp (nM)

Beacon Return loss
Fluormone 571 +0.47 5.40 +2.59
Estradiol 1.60 = 0.62

*Kp for return loss data reported as average Kp, for all peaks.

or even reverse at sufficiently low power levels. An initial
unfolding/refolding UV/VIS absorbance assay was obtained
in the absence of microwave power. The results of this assay
were used as a baseline against which all other assays were
compared. Unfolding/refolding assays were performed at five
power levels evenly spaced from —35 to +5 dBm (from 18 pW
to 1.78 mW). All experiments were performed at a concentra-
tion of 0.36 mg/mL (26.2 M) in a pH 3.5 buffer. Results of
the power series are summarized in Table IV.

Midpoint temperature determined from UV/VIS absorbance
alone was 50.66 °C = 0.50 °C. For unknown reasons, this 75,
is approximately 5 °C lower than that previously determined.
However, midpoint temperatures determined from network-an-
alyzer data were at the expected values.

Stability increase in the presence of microwave power as as-
certained from UV/VIS absorbance ranged from 0.11 °C to
1.11 °C with an average increase of 0.63 °C. No clear depen-
dence of midpoint temperature on test port power is observed
for either UV/VIS or return response data.

G. Ligand Binding Experiments

Due to the use a long coaxial cable and lack of impedance
matching, the return-loss pattern of the scaled-down slot an-
tenna employed for fluorescence polarization experiments dis-
played a number of peaks in the 10-20-GHz range. A typical
return-loss pattern is shown in Fig. 8. In contrast to the return
loss of the larger antenna described above (see Fig. 1), peak po-
sition varied little. Instead, peak magnitude was sensitive to a
number of factors, including temperature, protein concentration,
and ligand concentration.

Fig. 9 shows the variation of return-loss magnitude with es-
trogen receptor 3 (ER-(3) concentration for titration of 0.24-nM
fluormone with ER-/3 at 25 °C. Return loss is high at low ER-f3
concentration (around 0.1 nM), decreases in the range from 0.7
to 10 nM, then increases with increasing ER-3 concentration.
The first region corresponds to primarily free fluormone and the
third region corresponds to primarily bound fluormone, with the
inner region representing a mixture of bound and free ligand.
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Fig. 8. Representative return loss for scaled slot antenna employed for

fluorescence polarization experiments. Sample is 38.8-nM estrogen receptor 3
with 0.24 nM in buffer. The grey circle indicates the peak considered in more
detail in Fig. 9.
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Fig. 9. Variation of return loss at 11.75 GHz with concentration of estrogen
receptor. Concentration of fluormone was fixed at 0.24 nM. Return-loss data
(closed symbols) was fitted to (5) and (6); fits are indicated by solid lines.
Fraction ligand bound (open symbols and dashed line) from Beacon data are
included in the lower graph. Dissociation constant &K, was determined to be
6.17 £+ 4.44 nM for return-loss data and 5.71 £+ nM for Beacon data.

The data fits well to (5) and (6) with dissociation constant K p
equal to 6.17 £+ 4.44 nM. Several other peaks were identified
that yielded good fits to a single-site binding model; values of
Kp varied from 1.94 to 8.78 nM, with average Kp 5.40 £
2.59 nM. Fluorescence data taken simultaneously yielded a Kp
value of 5.71 £ 0.47 nM. Both of these values compare well to
the published dissociation constant (5.53 nM) for a similar flu-
orescent estradiol [34].

We also performed label-free measurements of the binding
of estradiol and ER-{ using return loss alone. FP data were
not recorded for these experiments since no fluorescently ac-
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tive species were used. As with the fluormone titration experi-
ments, peak position shifted little with concentration, although
peak magnitudes varied. Several peaks fitted well to (5) and (6)
with Kp varying from 1.12 to 2.68 nM and an average Kp
of 1.60 £ 0.62 nM (data not shown). The dissociation constant
for this system measured by gel filtration analysis was 0.09 nM
[25]. Values of dissociation constant K p determined from flu-
orescence polarization and return-loss measurements are sum-
marized in Table V.

IV. DISCUSSION

Our coaxial-fed slot antenna has been used successfully for
detection of protein conformational changes in the antenna’s
near zone. We have demonstrated that both larger (unfolding/re-
folding) and smaller (ligand binding) conformational changes
can be monitored. In all cases, similar thermodynamic param-
eters (for either unfolding/refolding or binding) were obtained
with both the slot antenna and conventional optical means.

The combined cuvette/antenna system allows simultaneous
measurements of UV/VIS absorbance and return reflection loss,
enabling correlation of antenna measurements with an estab-
lished method. Fitting the return reflection loss to a series of
Lorentzian peaks allows examination of the temperature-depen-
dent behavior of individual peaks. Selected peaks, usually 1-2
peaks per return-loss pattern, could be fitted to a two-state un-
folding model, and frequency shifts of these peaks appear to
correlate with changes in protein conformation. Midpoint tem-
peratures determined from these frequency shifts are compa-
rable to the T, values derived from UV/VIS absorbance, and
exhibit similar pH-dependent behavior. Thermodynamic param-
eters were obtained at concentrations as low as 19 pM, far lower
than the minimum detectable concentration from UV/VIS ab-
sorbance. The midpoint temperature 7;,, measured by UV/VIS
absorbance in the absence of microwave power did not decrease
when simultaneous UV/VIS and dielectric measurements were
performed, implying that the protein is not destabilized by mi-
Crowave power.

An advantage of this slot antenna approach over other ap-
proaches is that proteins need not be labeled or otherwise al-
tered. The titration experiments discussed above in Section III-B
demonstrate that any dielectric material, including proteins and
nucleic acids, in aqueous solution can be examined by this tech-
nique. Position of peaks in the return-loss spectra were shown
to vary with calculated permittivity for titration of acetone and
methanol into water; data at permittivities below 60 fitted well to
the expected inverse square root of the permittivity (see Fig. 2).
Peak shifts were large, up to 200 MHz, for these experiments be-
cause of the large changes in solution permittivity. Peaks were
shown to vary linearly with concentration of either RNase or
RNA (see Fig. 3). Peak shifts for the biological macromolecule
titrations were much smaller than the organic solvents, probably
due to the low concentration of macromolecule (200 M or less)
and the higher water concentration (55.6 M). These results sug-
gest that the antenna resonance responds to nonspecific changes
in permittivity, meaning that a resonant slot antenna can be used
to observe any activity involving a permittivity change.
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Unfolding/refolding of RNase A was measured at concentra-
tions as low as 19 pM. Of the techniques currently used for sim-
ilar biological studies, only fluorescence spectroscopy can be
used to obtain measurements at protein concentrations in the
low picomolar to nanomolar range, but this technique requires
that most biomolecules be labeled with a fluorescent entity (see
Table III). Other common methods such as UV/VIS or circular
dichroism spectroscopy require much higher protein concentra-
tions.

Several unresolved issues need to be addressed. First, al-
though midpoint temperature may be ascertained to reasonable
accuracy from frequency shifts of network-analyzer peaks, de-
termination of unfolding/refolding enthalpy A H, iy has been far
less satisfactory. The values of AH,y from network-analyzer
peak fitting varied widely among different data sets. In some
cases, as in the RNase A unfolding at pH 4.5 above, values of
A H, g that are lower than those from UV/VIS absorbance, but
still reasonable, were obtained. In most cases, AH,x values
from network-analyzer data are small and extremely high in
error. These low values of enthalpy are unlikely to be due
to protein destabilization since unfolding/refolding enthalpy
values from UV/VIS absorbance from this work were very
similar to UV/VIS and calorimetric values from the literature
(data not shown).

There are two explanations for these small and error-prone
enthalpy values. First, accurate enthalpy determination is ren-
dered impossible by error in the native and unfolded baselines.
Generally, return response peak frequency shifts correspond to a
linear model at temperatures at which the protein is either folded
or unfolded, but baseline fitting to network-analyzer data was
usually not as accurate as was fitting to UV/VIS absorbance.
Uncertainty in baseline determination does not entirely explain
this problem since values of AH, g from the baseline-free fit-
ting method were similar in magnitude and error to those ob-
tained from the baseline-dependent method. These errors may
be due to a low-( antenna; improvements in the antenna system
may facilitate more accurate determination of T,,, and AH,p.

On the other hand, these values of unfolding or refolding en-
thalpy may indeed be accurate. Data from UV/VIS absorbance
and VNA return loss reflect very different phenomena. UV/VIS
absorbance assesses changes in the absorbance of aromatic
residues (in this case, tyrosine only, since wild-type or naturally
occurring RNase A possesses no tryptophan) and disulfide
bonds [35]. Aromatic residues such as tyrosine tend to be
located in the hydrophobic core at the protein interior. Of the
six tyrosines in RNase A, two (Tyr 76 and 115) are completely
solvent exposed; the remaining four are partially or completely
buried in the hydrophobic exterior [36]. Dielectric spectroscopy
in the observed frequency range focuses on changes in water
permittivity, particularly that of bound water [16]. Since RNase
A contains no internal water molecules, the waters affected by
the microwave radiation must be either on the protein surface
or in bulk solution. It is possible that the waters on the protein
surface respond to protein unfolding at a lower temperature than
do the hydrophobic molecules of the core. Perhaps the entropy
of the hydrophilic surface residues increases long before the
unfolding of the core, and this is the phenomenon observed by
the network-analyzer data. The lower values of AH,y may
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also be explained if these changes in the entropy of surface
residues extend over a wider temperature range than does
unfolding of the hydrophobic core. Additional experiments will
be necessary to resolve these enthalpy determination issues.

The low levels of microwave power used in these experiments
did not destabilize the protein. On the contrary, midpoint tem-
peratures measured by UV/VIS absorbance were higher in the
presence of microwave power. Our results support those of Bohr
and Bohr [33], in which the folding rate of a protein was en-
hanced by microwave power at 2.45 GHz. If the radiation did
not affect the protein’s unfolding rate, then the presence of mi-
crowave power would, therefore, increase protein stability. This
increase was expected to disappear at low power levels, but we
observed no power-dependent effects. There are several possible
explanations for this negative result. First, the apparent increase
of stability with microwave power may not be statistically sig-
nificant since the magnitude of the increase is approximately the
size of the experimental error The power output from the net-
work analyzer may not be sufficiently low to eliminate the sta-
bility increase. These experiments were performed over a fairly
small power range, only two orders of magnitude. Any change
in stability increase over this power range may be smaller than
the experimental error. Significantly lower power outputs may
be needed to eliminate or reverse the stability increase.

Ligand-binding experiments with estrogen receptor [
demonstrate that the slot antenna system’s usefulness is not
limited to unfolding/refolding experiments. It is expected that
the same phenomenon is observed by all slot antenna mea-
surements: changes in water permittivity, especially changes
due to reorganization of the water shells surrounding proteins
or small molecules in solution. Although estrogen receptors,
like other nuclear receptors, undergo considerable structural
change upon ligand binding [37], this conformational change
is not expected to be as large as that associated with protein
unfolding/refolding.

The smaller conformational change may be one reason for
error in dissociation constant determination. Unlike experi-
ments with larger-scale antennas used for unfolding/refolding
experiments, peak positions did not vary, although peak mag-
nitude appeared to reflect conformational changes. Another
cause for error was the mechanical instability of the system. As
with unfolding/refolding experiments, the coaxial cable feed
was highly sensitive to perturbation. In addition, the position
of the test tube within the sample holder had a large effect on
return loss.

Nonetheless, very similar dissociation constants were ob-
tained from data taken by both fluorescence polarization and
by return loss (5.71 nM versus 5.40 nM, respectively). We
also demonstrated that the system could be used alone to
detect binding events inaccessible to fluorescence polarization
by measuring the binding of unlabeled estradiol to the same
receptor. Although our value of Kp was somewhat larger
than that measured by other means (1.60 nM versus 0.09 nM
[34]), it is very promising that our technique can be used to
measure quantities previously accessible only through binding
of radiolabeled ligands.

Overall, the slot antenna system performed very well. Tem-
perature-dependent changes in RNase A could be measured, and
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thermodynamic parameters from these measurements were sim-
ilar to those derived from UV/VIS absorbance. Binding of a flu-
orescent ligand to estrogen receptor /3 was recorded using both
fluorescence polarization and return-loss measurement; similar
values of the dissociation constant K p were found from both
sets of data. Measurement of the binding of unlabeled estradiol
was monitored using only return-loss measurements; such mea-
surements cannot be performed using fluorescence polarization.
Future designs will include a more mechanically robust and
higher () antenna design. Also, other types of experiments such
as enzyme kinetics, chemical denaturation, and ligand binding
will be performed.
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