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Abstract — A coaxial driven planar slot antenna resonant
in the microwave regime was used to detect changes in pro-
tein conformation induced by temperature modulation. Si-
multaneous dielectric and UV/VIS spectroscopy measure-
ments were obtained by attaching the slot antenna to a fused-
quartz UV/VIS sample holder. Similar thermodynamic pa-
rameters (midpoint temperature and enthalpy) were ob-
tained from both techniques over a wide concentration range
and under a variety of pH conditions. Here we demonstrate
that a near-field antenna can be used to detect changes in
conformation at very low protein concentrations, and that
the protein is not destabilized by the presence of microwave
power.
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1. INTRODUCTION

Several methods are currently employed for the study of
conformational changes of biological macromolecules in
solution, including ultraviolet/visible (UV/VIS), circular
dichroism, and fluorescence spectroscopies and several
varieties of microcalorimetry. With the exception of fluo-
rescence spectroscopy, all of these techniques require
large concentrations of macromolecule; fluorescence spec-
troscopy uses only small amounts of reagent, but requires
the presence (or the addition) of an appropriate fluores-
cent agent. Dielectric spectroscopy has been seldom ap-
plied to the study of biological molecules, but our varia-
tion on this technique shows promise for sensitive detec-
tion over a wide range of conditions.

The current work establishes a new application for di-
electric spectroscopy in which proteins or other bio-
molecules are studied in an aqueous environment and in
which UV/VIS spectroscopy is simultaneously performed.
This method not only allows measurement of proteins and
other biomolecules in their “natural” aqueous state, but
also permits correlation and comparison with results ob-
tained using an established method.

We employ a coaxial driven planar slot antenna reso-
nant at approximately 3 GHz when loaded with a fused-
quartz cuvette and aqueous solution. Although proteins
experience rotational orientation (called the B-dispersion

[1]) in the kHz to MHz range, this protein dispersion is
overwhelmed by the stronger relaxation of water. At
room temperature, bulk water possesses a dispersion over
a very broad range centered at 19.2 GHz (y-dispersion
[17). A protein or other biological molecule (e.g. nucleic
acid or lipid) in aqueous solution is surrounded by a one
or more layers of “bound” water molecules; these bound
waters are rotationally and translationally hindered in
comparison with bulk water and undergo dispersion at
lower frequencies (8-dispersion [1]). We use bound water
as a reporter for the conformation or activity of a biologi-
cal molecule. By focusing on the low GHz region,
changes in &-dispersion, and thus changes in conforma-
tion, are detected as changes in the resonance of the slot
antenna.

The slot antenna was attached to a fused-quartz cuvette
suitable for UV/VIS spectroscopy. This enables simulta-
neous detection of dielectric and UV/VIS data, allowing
correlation of changes in the resonance of the slot antenna
with an established method.

Equilibrium thermal unfolding and refolding of the bo-
vine pancreatic ribonuclease (RNase A) was used as a test
system. RNase A is a small globular protein that under-
goes reversible unfolding over a variety of buffer, salt and
pH conditions [2]. Unfolding of a protein from the tightly
folded native conformation to the more loosely packed,
less ordered unfolded state is one of the largest conforma-
tional changes a protein can exhibit, and causes a large
rearrangement of the water distribution around the protein.
Thus, equilibrium thermal unfolding/refolding is a good
target system for the investigation of detection of protein
conformational change.

II. EXPERIMENTAL SETUP

The slot antenna was cut from RO-4003C, a high-
frequency laminate (Rogers Corporation). The slot length
was chosen to yield a principal resonance at approxi-
mately 3 GHz. The antenna was driven by a semi-rigid
coaxial cable soldered across the center of the slot. Re-
turn loss was measured using a Hewlett-Packard 8720D
vector network analyzer.
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RNase A solutions were prepared in one of the two
buffers: 1) 50 mM glycine/HCl, 100 mM NaCl for pH 2-
3.5; or 2) 50 mM sodium acetic/acetic acid, 100 mM NaCl
for pH 4-5. All solutions were dialyzed exhaustively be-
fore use. Protein concentration was determined by ab-
sorbance at 278 nm for concentrations above 1 pM [2];
lower concentrations were measured using a modified
Lowry assay: [3] (Pierce Biotechnology, Inc.). Thermal
unfolding was monitored spectrophotometrically at 288
nm [2] using a Hewlett-Packard 8452A diode-array spec-
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Figure 1: Representative return loss spectra for 78 pM RNase A
at pH 3.5. From bottom to top, the temperatures are 19.78,
39.55, 59.30 and 78.96 °C.
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Figure 2: Variation in peak position vs. temperature for a se-
lected peak. Protein concentration and pH are the same as in
figure 1. Error bars indicate the uncertainty .in peak position
from the fit of the return loss spectrum to Lorentzians.

III. ANALYSIS AND RESULTS

A. Return loss spectra and analysis

Representative return loss spectra recorded at selected
temperatures for a solution of 78 pM RNase A in 50 mM
glycine/hydrochloric acid, 100 mM NaCl, pH 3.5 are
shown in Figure 1. The general shape of the return loss
spectra was invariant: a large resonance at approximately
3 GHz, with multiple side resonances. The spectra dis-
played temperature-dependent changes in both amplitude
and frequency. Unfolding was 100% reversible (data not
shown).

Return loss spectra were analyzed by fitting the spec-
trum at each temperature to a fixed number of Lorentzian
peaks. The temperature-dependent behavior of a single
peak could then be observed by plotting its position versus
temperature. Some peaks exhibited sigmoidal tempera-
ture-dependent behavior characteristic of cooperative pro-
tein unfolding (see Figure 2). These sigmoidal peaks were
subjected to a baseline-free analysis [4] that yielded mid-
point temperature (T,,, defined as the temperature at which
50% of the protein molecules are unfolded) and van’t
Hoff enthalpy (AH,,, defined as the heat released during
the unfolding event, or the heat absorbed during refold-
ing). These values of T,, and AH,, are very similar to
those obtained from concurrent spectrophotometric assays
of unfolding/refolding (see Figure 3).

The sigmoidal peaks observed in protein solutions are
absent when buffer is heated and cooled under the same
conditions (data not shown). We conclude that the sig-
moidal peak behavior is a reflection of protein conforma-
tional change, and not an artifact of the experimental con-
ditions.

B. Concentration dependence

Unfolding/refolding assays at concentrations from
19 pM to 680 uM were performed. For concentrations
above 8.8 pM, simultaneous UV/VIS absorbance was also
recorded; the absorbance was too small for accurate meas-
urement below 8.8 uM. These experiments served two
purposes: 1) to test for microwave-related destabilization
at low concentrations; 2) to establish the limits of sensitiv-
ity of the slot antenna system.

Since RNase A is a monomeric protein known to un-
dergo two-state unfolding, no concentration-related varia-
tion of Ty, or AH,,, such as would occur with multimeric
proteins, was expected. Any concentration-related varia-
tion in these thermodynamic parameters was therefore due
to the effects of microwave power.

The average midpoint temperature over this concentra-
tion range was 52.25 + 3.44 °C. No concentration-depen-
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Figure 3: Analysis of peak positions from Figure 2 (solid sym-
bols) and UV/VIS absorbance data (open symbols). Thermody-
namic parameters from the peak position data were T,, equals
51.38 + 1.37°C and AH,, equal to 47.67 + 5.83 kcal/mol. For
the UV/VIS data, T,, was 53.44 = 0.60 °C and AH,, was 67.35 =
3.00 kcal/mol.

dent increase or decrease in T, was detected. The large
error is probably due to increased experimental error at
low concentrations. The average van’t Hoff enthalpy was
50.83 + 4.81 kcal/mol. These figures compare well with
midpoint temperature (54.01 = 0.57 °C) and enthalpy
(73.39 + 8.54 kcal/mol) determined under the same condi-
tions from UV/VIS spectroscopy. Thus we observed reli-
able data at concentrations several orders of magnitude
lower than could be observed using standard methods
such as UV/VIS or circular dichroism spectroscopy.

C. pH dependence

The midpoint temperature and enthalpy of RNase A are
known to decrease with pH for pH values in the range 2.5
to 5 [5]. This pH series fulfills two purposes: 1) to pro-
vide more evidence that the apparent dependence of peak
position on protein conformation is not an effect limited to
the specific conditions used in the previous experiments;
2) to allow estimation of the accuracy of the enthalpy

measurements through determination of the heat capacity,
AG,, defined as the slope of AHp, vs. T

Values of T, and AH,, determined for UV/VIS and con-
current return loss measurements are shown in Table L
The expected pH-dependent variation in thermodynamic
parameters is observed; the UV/VIS data compares well
with published reports [5]. With the exception of the data
at pH 2.5, midpoint temperature determined from return
loss data is generally lower than that determined from
UV/VIS absorbance; the average T,, decrease is approxi-
mately 3 °C. The enthalpy determined from return loss is
also generally lower than that determined from UV/VIS
absorbance. However, both sets of thermodynamic pa-
rameters yield good values of AC,: 0.79 kcal mol” K™ for
the UV/VIS data and 1.44 kcal mol’ K for the return
loss data. The published value of AC, (assumed tempera-
ture-invariant) is 1.15 kcal mol™ K™ [5].

IV. CONCLUSIONS

A coaxial-driven slot antenna has been demonstrated as
a viable method for ultra-sensitive detection of changes in
protein conformation. This system was used to assay the .
equilibrium thermal unfolding/refolding of RNase A.
Return loss spectra were fitted to a series of Lorentzian
peaks. The positions of selected Lorentzian peaks exhib-
ited sigmoidal behavior with temperature. Thermody-
namic parameters (midpoint temperature and van’t Hoff
enthalpy) obtained from return loss data are similar to
those from UV/VIS absorbance.

Protein conformational change could be detected using
the slot antenna at concentrations as low as 19 pM. This
is nearly 6 orders of magnitude lower than the lowest con-
centration observable using UV/VIS absorbance (ap-
proximately 8.8 pM). Of the common techniques used for
protein conformational studies, only fluorescence spec-
troscopy can be used at concentrations this low. Fluores-
cence spectroscopy requires either the presence of, or la-
beling of the protein with, suitable fluorescent agents. An
advantage of our technique is that labeling is not required

TABLEI
VARIATION OF MIDPOINT TEMPERATURE AND ENTHALPY WITH PH
pH UV/VIS Return loss
Tw (°C) AH,, (kcal/meol) Tm (°C) AH,, (kcal/mol)

2.5 39.21+0.30 56.06 +2.18 42.12+1.54 2256+ 7.23
3.0 46.77 £ 0.45 53.20+0.61 46.34 +1.00 63.02+4.15
3.5 54.01 + 0.64 69.79 +7.28 53.13 +£2.69 53.40+21.16
4.0 62.01 +2.85 70.73 +18.24 56.00 = 1.28 64,94 +£11.49
4.5 63.56 +0.76 68.48 +4.76 60.25 £ 5.53 60.62 +23.78
5.0 63.00 + 0.77 76.44 +10.31 57.29 + 1.29 5143 +12.15
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for detection. Purified protein can be studied at low con-
centrations without the presence of potentially perturbing
fluorescent agents. Midpoint temperature and enthalpy
determined from return loss data are generally lower, and
higher in error, than thermodynamic parameters obtained
from UV/VIS data. The error, particularly in the enthalpy,
is probably a result of uncertainty in the fitting of Lor-
entzian peaks. The lower Ty, and AH,, resulting from re-
turn loss data are noisy may be due to the differing nature
of the phenomena being studied. UV/VIS absorbance at
288 nm assays changes in the absorbance of tyrosine resi-
dues, which are largely buried in the protein interior. Re-
turn loss measurements monitor changes in the dispersion
of bound water, located on the protein surface. It is possi-
ble that the waters on the protein surface respond to pro-
tein unfolding at a Jower temperature than do the hydro-
phobic molecules of the core. Specifically, the entropy of
the hydrophilic surface residues may increase long before
the unfolding of the core, resulting in a lower observed T,
from dielectric measurements. The lower values of AH,,
may be explained if these changes in the entropy of sur-
face residues extend over a wider temperature range than
does unfolding of the hydrophobic core.

Future experiments include further testing of the system
including additional biochemical experiments (such as
chemical denaturation, enzyme kinetics and ligand bind-
ing) and also refinement and improvement of the antenna
system.
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