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ABSTRACT: Electrostatic interactions in proteins play a crucial role in determining the
structure—function relation in biomolecules. In recent years, fluorescent probes have been
extensively employed to interrogate the polarity in biological cavities through dielectric
constants or semiempirical polarity scales. A choice of multiple spectroscopic methods, not
limited by fluorophores, along with a molecular level description of electrostatics involving
solute—solvent interactions, would allow more flexibility to pick and choose the experimental
technique to determine the local electrostatics within protein interiors. In this work we report
that ultraviolet/visible-absorption, infrared-absorption, or *C NMR can be used to calibrate the
local electric field in both hydrogen bonded and non-hydrogen bonded protein environments.
The local electric field at the binding site of a serum protein has been determined using the
absorption wavelength as well as the carbonyl stretching frequency of its natural steroid
substrate, testosterone. Excellent agreement is observed in the results obtained from two
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independent spectroscopic techniques.

he polarity within protein interiors affects the protein’s

interactions with ligands, substrates, and other proteins,
making it a critical determinant of protein structure, stability,
and activity. Because electrostatic interactions are prevalent in
any biomolecular system,' > computational and experimental
studies have focused on describing local electrostatics and
polarity within biological cavities. Protein polarity is often
described by a low dielectric constant (¢ = 2—4); however,
electrostatics calculations suggest large electric fields are
produced by charged and polar groups in folded proteins that
can vary from site to site in magnitude and direction.*™°
Experimental studies for protein polarity determination have
mostly relied on the sensitivity of the fluorescent probes to the
microenvironment.”® These studies are informative and report
on protein polarity by correlating peak emission wavelength to
dielectric constant or semiempirical solvent polarity parameters
and scales.””'> However, there are a few limitations: (a)
Polarity measurement in protein depends on efficient
fluorophore insertion, thus limited by the affinity of the ligand
binding site. (b) The fluorescent probe might alter the
molecular architecture of the native protein and thereby change
the function and stability. (c) The dielectric constant is a bulk
solvent property and cannot define the local microenvironment
around the optical probe. (d) Most of the semiempirical
polarity parameters [with a few exceptions, e.g,, Er(30)] cannot
account for the specific intramolecular and intermolecular
interactions like hydrogen bonding. We therefore require a
noninvasive label-free spectroscopic method that probes
chemical groups preferably either present in the native proteins
or in their natural substrates. We would also require a
microscopic and quantitative descriptor of electrostatic
interactions inside proteins that is dependent on the molecular
architecture of the biomolecule and the coordinates of the
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surrounding solvent molecules. Moreover, a direct coupling,
understood on a theoretical basis and independently verified by
experiments, should exist between the spectroscopic observable
and the local electrostatics descriptor.

Carbonyl (C=0) groups are ubiquitous in biomolecules and
are also common in the natural substrates of the proteins.
Probing C=O moieties paves the way to use label free
spectroscopic techniques. Here, we focus on noninvasive
spectroscopic methods like infrared (IR) spectroscopy, nuclear
magnetic resonance (NMR) spectroscopy, and ultraviolet/
visible (UV/vis) n—z* absorption spectroscopy that provide
spectral signatures of the C=O moiety. Moreover, the
spectroscopic observables like C=O IR frequencies, C
NMR chemical shifts of the C=O carbon, or n—n*
wavelengths are sensitive to the immediate surroundings of
the C=0 group and therefore should be ideal to report on the
local electrostatics within proteins.'*~'® The electric field
estimated at any point inside the protein depends on the
distances of all the other atoms in the system (both solute and
solvent atoms) from that point as well as the residual partial
charges on each atom and has been reported to influence every
aspect of protein function.'”'® Because biomolecules consist of
polar, polarizable, and charged residues, the electric field
experienced by C=O from its environment can provide
microscopic insight about how enzymes function within the
highly heterogeneous protein environment.'* For example, a
small change in the environment, such as a modification in the
protonation state or a conformational rearrangement upon
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Figure 1. For carbonyls, the spectroscopic observables of IR spectroscopy, NMR spectroscopy, and UV/vis absorption spectroscopy change with the
solvent polarity. Panel A represents the shift (and the direction of the shifts) in the observables for testosterone with the varying solvent polarity.
Linear correlations exist among the three independent spectroscopic observables of testosterone, namely, (B) C=0 stretching frequency and *C
chemical shift of the C=0 carbon, (C) C=0 stretching frequency and n—z* wavelength, and (D) n—z* wavelength and "*C chemical shift of the
C=0 carbon in hydrogen bonding and non-hydrogen bonding solvents. The black lines denote the best-fit lines; the black circles represent aprotic
solvents [(1) DBE, (2) THF, (3) VLN, (4) ACN], and red circles represent protic binary solvent mixtures [(5) ALOW, (6) A20W, (7) A30W, (8)
A40W, (9) ASOW]. The regression values of the fitted lines are shown in the figures.

ligand binding, would result in a change in the electric field
experienced by C=O. Moreover, because C=O hydrogen
bonding interactions are electrostatic,">'? the electric field at
C=0 includes specific solute—solvent interactions like hydro-
gen bonding. In this work, we have shown independent linear
correlations of IR, NMR, and UV/vis spectroscopic observables
to the electric field exerted on C=O. Depending on the
biomolecular system, we can pick and choose the spectroscopic
method to determine the local electric field within
biomolecules.

Serum albumins, one of the most abundant proteins in the
circulatory system, maintain osmotic pressure and pH of blood
and transport several lipophilic compounds, such as fatty acids,
drugs, and steroid hormones. Testosterone, a steroid hormone,
is one of the natural substrates of serum albumins. The
association of testosterone with serum proteins regulates its
biological activity. The steroid—protein interaction has major
biological implications, and the local electric field at the
testosterone binding site of bovine serum albumin (BSA) has
been probed in the present work.

To interrogate the local electrostatics at the binding site of
BSA, solvatochromic IR, *C NMR, and UV/vis experiments
were performed for testosterone in a wide range of solvation
environments of varying polarity. Testosterone was dissolved in
various organic solvents and binary aqueous mixtures of
acetonitrile/water to mimic non-hydrogen bonding and
hydrogen bonding solvation environments of the substrate.
Due to the change in polarity, a shift in the respective peak
positions is observed in each of the spectroscopic techniques
(Figure 1A). The n—z* absorption wavelength of testosterone
shows a monotonically increasing blue-shift with the increasing
polarity of the aprotic solvents and the protic aqueous binary
mixtures (with increasing water content) (Table 1). The C=0
stretching frequency of testosterone shows a monotonic red
shift with the increasing polarity of the same set of neat solvents

Table 1. n—n* Absorption Wavelength, C=0 Stretching
Frequencies, and *C NMR Chemical Shifts for Testosterone
in Non-hydrogen Bonding and Hydrogen Bonding Solvents

n—7* carbonyl
serial wavelength stretch BC chemical
no. solvent (nm) (em™) shift (ppm)
1 dibutyl ether 333.47 1682.4 No peak
(DBE)
2 tetrahydrofuran 330.39 1676.8 196.79
(THF)
3 valeronitrile (VLN) 326.50 1673.3 198.02
4 acetonitrile (ACN) 322.80 1670.1 199.39
S 90% ACN + 10% 312.57 1660.5 201.39
water (A10w)
6 80% ACN + 20% 308.50 1657.7 201.99
water (A20W)
7 70% ACN + 30% 304.93 1653.9 202.31
water (A30W)
8 60% ACN + 40% 303.77 1652.6 202.73
water (A40W)
9 50% ACN + 50% 301.37 1649.4 203.08
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water (ASOW)

and solvent mixtures (Table 1). The *C NMR chemical shift of
the carbonyl carbon shows a downfield shift with the increasing
polarity of the solvation environment (Table 1). We observe
linear cross correlations within the spectroscopic observables in
various non-hydrogen bonded as well as hydrogen bonded
environments (Figure 1B—D). This result illustrates that
measurement of one of the spectroscopic observables can
directly predict the other observables from the calibrations
shown in Figure 1. To verify the generality of the linear
correlation between independent spectroscopic variables as
seen for testosterone C=O0, we have performed solvatochro-
mic experiments on small molecule ketones, esters, and amides,
and the results show trends similar to those found in
testosterone (shown in the Supporting Information). Thus, a
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Figure 2. (A) Cartoon of BSA—testosterone complex. The protein is shown in green, and the substrate is shown in red. (B) The n—z* absorption
spectra and (C) the IR spectra of C=0 stretch of testosterone in BSA—testosterone complex can be used to estimate the local polarity at the
binding site of BSA using electric field (D). The predicted electric fields from UV/vis and IR experiments are within 0.7 MV/cm (error ~3.5%). The
dotted vertical lines in panels B and C represent the peak maxima of aprotic solvents and binary aqueous mixtures. The numbers (2, 4, 6, and 8)

correspond to those in column 1 of Table 1.

direct coupling of any of these spectroscopic variables to the
local electric field within the biomolecular interior would allow
us to quantify local electrostatics by performing any one of the
above-mentioned noninvasive spectroscopic experiments.

Interestingly, the C=0 IR frequencies are known to show
linear sensitivity toward the electrostatic field through vibra-
tional Stark effect (VSE).** A change in the local environment
modifies the electrostatic field exerted on the IR probe, thereby
causing a shift in the IR transition energy. Moreover, vibrational
Stark tuning rate, the change in IR frequency caused by a unit
change in field, can be measured independently from
vibrational Stark spectroscopy (VSS). For a diatomic chemical
moiety like C=0, the varying electrostatic field along the C=
O bond in solvatochromic experiments polarizes the charge
density and changes the perpendicular elements of the shielding
tensor.”' The change in charge density changes the shielding on
the C=0 carbon nucleus, and the *C chemical shift has been
reported to vary linearly with the field. Thus, while the linear
sensitivity of C=0 to electrostatic field is the difference dipole
(VSE) that for *C NMR is the shielding polarizability. Because
both C=0 stretching frequencies and "*C chemical shifts of
the C=O0O carbon show linear sensitivity toward electrostatic
field, the electrical and magnetic properties of the ground
electronic state tend to vary linearly (Figure 1B). The linear
correlation between C=O IR frequencies and the n—z*
absorption wavelengths arises as the solvent shell orientation in
the Franck—Condon state is adapted to the electrostatic
interactions of the ground state. The excitation process is much
faster than the solvent shell reorientation process, and the
solvatochromic shifts of the n—z* transitions are dominated by
the ground-state electrostatic stabilization of the spectroscopic
probe.””

The tuning rate of 19-nortestosterone (another steroid with a
similar structure) has been measured and reported by Boxer
and co-workers."* Using molecular dynamics (MD) simu-
lations, we have calculated the electrostatic field at the midpoint
of the C=O0 of testosterone in all the different solvation
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environments of the solvatochromic experiments. The calcu-
lated fields, corrected using the experimentally measured Stark
tuning rate (see Supporting Information for details) show a
linear correlation with the C=0 IR frequencies (Figure 2). *C
NMR chemical shifts of the C=O carbon and the n—z*
absorption wavelengths also show similar linear sensitivities to
the calculated electrostatic fields as expected from Figure 1. The
straight lines shown in Figure 2D can independently calibrate
the sensitivities of C=O IR frequency, *C chemical shift
(shown in Figure S15 of the Supporting Information), and
n—n* wavelength to the electrostatic field exerted on the
carbonyl at the testosterone binding site of the serum protein.

The binding constant (K,) of 8.89 (£1) X 10* M is
obtained for BSA-testosterone complex using tryptophan
fluorescence quenching of the protein. This result shows
good agreement with the previously reported value of K, by
Tajmir-Riahi and co-workers.”® For the spectroscopic experi-
ments of the protein—steroid complex, 1 mM of testosterone
was added to 1.5 mM BSA solution in phosphate buffer (pH
7.0). At these concentrations, >99% of the steroid is bound to
the serum protein, implying that the detected spectroscopic
signals of the ligand reflect that of the bound state. The n—n*
absorption wavelength and the C=O stretching frequency of
testosterone observed in 1:1 BSA-testosterone complex are
312.6 nm (Figure 2A) and 1661.7 cm™" (Figure 2B),
respectively. It is important to note that the experimentally
observed C=0 IR frequency shows excellent agreement with
the frequency predicted from the n—7z* wavelength, 1660.8
cm™’, by the calibration curve in Figure 1B. The corresponding
electrostatic fields predicted from the peak maxima of the n—z*
absorption spectrum and the C=O IR spectrum at the BSA
binding site of testosterone are —18.70 and —18.03 MV/cm
(Figure 2C), respectively. A negligible ~3.5% error in the field
estimation from the independent spectroscopic techniques
illustrates that either of these noninvasive experimental
methods can be used to predict the local electric field at the
binding site of the protein.
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Apparently, testosterone senses a large electric field at the
binding site of BSA that is similar to that sensed by testosterone
in a polar (10% acetonitrile/water) solvent. The electric fields
in solution are homogeneous and increase with the overall
solvent polarity. However, a nominally nonpolar protein matrix
with surface charges can produce an inhomogeneous electric
field similar to that in polar solvation environment required for
the spectroscopic shift. In a recent work by Boxer and co-
workers, an extremely large electric field was found to be
exerted on the substrate by the oxyanion hole at the active site
of an enzyme.'* Semiempirical polarity parameters provide only
a qualitative understanding and fail to depict a microscopic
description of the structure—function relation. The electrostatic
field on the other hand serves as a quantitative and microscopic
descriptor of local electrostatics and can be estimated from
multiple choices of spectroscopic experiments as well as
molecular dynamics (MD) simulations.

The implications of these results are manifold. We have
shown that IR, UV/vis, or "*C NMR experimental techniques
can be used to calibrate the local electric field within protein
interiors. Choice of the spectroscopic technique depends on the
concerned biological/chemical process. For example, n—n*
absorption might be the favored technique to determine
electric field for protein—ligand complexes where the
absorption peak of the ligand can be monitored, as shown in
this work. A long wavelength n—z* absorption of the ligand (as
seen in testosterone) has less overlap with the protein
absorption as compared with the overlap of the carbonyl
stretch with the amide I protein IR band. Another inherent
technical advantage of UV/vis spectroscopy over IR spectros-
copy in the case of protein ligand complexes arises from the
ease of subtracting the background protein spectra. The
commonly used IR sandwich sample cells make it difficult to
maintain the same path length in individual IR measurements.
However, no such error from the reproducibility of the path
length arises for the standard cuvettes (fixed path length) used
for UV /vis absorption experiments. On the other hand, isotope
editing (*C=0 or *C='%0) has been extensively used to
isolate the C=O frequencies of a specific amino acid in a
protein. In such cases, both IR as well as *C NMR will be able
to provide the local electric field within the protein interior.
However, the electric field should be projected along the
direction of the transition dipole of the amide normal mode
which is not along the C=O bond as shown here for
testosterone. These results are also significant from the
computational viewpoint. When crystal structures are unavail-
able for protein—substrate complexes, molecular docking
provides a snapshot of the orientation of the substrate with
the biomolecule. However, multiple orientations of the ligand
with respect to the receptor might be equally probable as
predicted from docking studies. MD simulations of each of
these conformers and subsequent electric field estimation when
compared with the electric field predicted from the
spectroscopic experiments can underpin the orientation of
the substrate at the binding site and provide a molecular level
picture of the biological process.

B EXPERIMENTAL SECTION

Testosterone; bovine serum albumin; and solvents, such as
dibutyl ether, tetrahydrofuran, valeronitrile, acetonitrile, and
D,0O, were obtained from Sigma-Aldrich and used without
further purification. UV absorption spectra were measured on a
Shimadzu UV 3600 Plus spectrophotometer using a quartz cell
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of 1 cm path length. The concentration of testosterone used for
solvatochromic UV/vis absorption experiments was 5 mM. The
BC NMR spectra were obtained on a 400 MHz JEOL ECX
NMR spectrometer. Here, peak positions were reported as the
maximum value. IR absorption spectra were recorded on a
FTTR-8300 (Shimadzu) spectrometer with 2 cm™ resolution at
room temperature. For each sample (testosterone), ~60 uL of
the sample solution was loaded into a demountable cell
consisting of two windows (CaF,, 3 mm thickness, Shenzen
Laser), separated by a mylar spacer of 56 um thickness.
Testosterone was dissolved independently in aprotic solvents
and protic binary aqueous mixtures (acetonitrile/water) such
that the final concentration of liquid sample is 10 mM for the
solvatochromic IR studies. More details about the IR
spectroscopy are given in the Supporting Information. The
details of the MD simulations and electric field calculations are
given in the Supporting Information.
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