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The vibrational Stark effect (VSE) has proven to be an effective method for the study of electric fields in
proteins via the use of infrared probes. To explore the use of VSE in nucleic acids, we investigated the Stark
spectroscopy of nine structurally diverse nucleosides. These nucleosides contained nitrile or azide probes in
positions that correspond to both the major and minor grooves of DNA. The nitrile probes showed better
characteristics and exhibited absorption frequencies over a broad range; that is, from 2253 cm-1 for 2′-O-
cyanoethyl ribonucleosides8 and9 to 2102 cm-1 for a 13C-labeled 5-thiocyanatomethyl-2′-deoxyuridine3c.
The largest Stark tuning rate observed was|∆µ| ) 1.1 cm-1/(MV/cm) for both 5-cyano-2′-deoxyuridine1
and N2-nitrile-2′-deoxyguanosine7. The latter is a particularly attractive probe because of its high extinction
coefficient (ε ) 412 M-1cm-1) and ease of incorporation into oligomers.

Introduction

DNA and RNA are polyanions, with one formal negative
charge per monomer unit, where the phosphate charge ensures
that water solubility and electrostatic interactions play important
roles in their structure and function. Electrostatic interactions
in nucleic acids have been studied extensively by a variety of
theoretical methods,1-7 often with conflicting results. In contrast,
relatively little experimental data on electric fields in nucleic
acids are available, including only one spin-labeling electron-
electron double-resonance EPR study9-11 and one fluorescein
pKa shift experiment.12,13 The probes used in both of these
studies are large relative to a single nucleoside, and this presents
two potential limitations: they cannot properly address changes
in electrostatic potential over short distances, and they may also
disrupt the native structure of the DNA.

Recently, the vibrational Stark effect (VSE), which describes
the sensitivity of a vibrational probe to an external electric field,
has been used to measure electric fields in proteins.14-18 In this
method, a probe vibration is calibrated by measuring the Stark
tuning rate of the transition in a known external electric field,
after which it is used as a reporter of electrostatic environment
in an organized system whose electric field changes in response
to a mutation, folding, or binding event. This change in electric
field, ∆FBsystem, interacts with the change in dipole moment or
Stark tuning rate,∆µbprobe, for the vibrational transition to produce
a frequency shift,∆νjobs (in cm-1)

whereh is Planck’s constant andc is the speed of light. With
∆µbprobecalibrated in a defined external electric field, frequency

shifts can be measured in a variety of environments by
conventional IR spectroscopy and interpreted in terms of the
projection of∆FBsystemon ∆µbprobe; the resulting∆FBsystemcan be
directly compared with electrostatics calculations.

The ideal properties of a VSE probe for a biomolecule14,19,20

include the following: (1) an absorption frequency that is in a
clear region of the IR spectrum; (2) an absorption band that is
narrow with a relatively high extinction coefficient; (3) an
absorption band that is as sensitive as possible to changes in
the local electrostatic environment, that is, has the largest
possible Stark tuning rate (given in units of cm-1/(MV/cm),
which describes the shift in cm-1 of an IR absorption band per
unit of electric field projected on the vibrator bond axis); (4)
small size so that the perturbation of the native structure is
minimized; and (5) chemical stability. Nitriles (R-CN) meet all
of these requirements.14,19-26 Azides (R-N3) may also be useful,
though they are less stable than nitriles, their IR spectra are
more complex, and contributions from different resonance
structures may complicate the analysis. Nevertheless, azides
have been incorporated into carbohydrates,27 proteins,28 and
nucleic acids29 because of their ability to undergo selective
reactions, such as “click” cycloadditions with alkynes.30

Nitriles, thiocyanates, and azides can be readily incorporated
into DNA31-39 and RNA.38-40 Previously, these functional
groups were incorporated into oligomers by accident,31,32or they
were synthesized in order to test medicinal, biochemical, or
electronic properties. It is desirable to have probes in both the
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Figure 1. (a) Thymine-adenine base pair. (b) Guanine-cytosine base
pair. (R1 ) major groove vibrational probe; R2 ) minor groove
vibrational probe).
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major and minor grooves, Figure 1, requiring structural diversity
in the nucleosides containing the vibrational probe. To this end,
we have prepared nine nucleosides with nitrile, thiocyanate, or
azide groups, shown in Chart 1, and explored their potential to
act as vibrational probes.

Materials and Methods

The nucleosides studied were known compounds (6, 8, 9) or
prepared from known compounds.41 All new compounds (1-
5, 7) had1H NMR, 13C NMR, IR, and mass spectral properties
that are fully consistent with the assigned structures.41 The
experimental setup for measurement of Stark tuning rates and
the equations used to determine the Stark tuning rate from the
spectral data have been described in detail elsewhere.14 All Stark
spectra were carried out on 25-µm-thick samples in frozen glass
solvents to prevent poling of the sample in response to the
applied electric field. Typically, external electric fields of up
to 1.4 MV/cm were achieved.

Results and Discussion

Nitriles satisfy all of the criteria for probe selection described
above, and therefore we synthesized an array of nucleosides
containing this functional group. It is known that aromatic
nitriles generally have larger Stark tuning rates than aliphatic
ones;19 however, in the interest of creating a structurally diverse
set of probes, we chose to synthesize nucleosides containing
either type of nitrile. As expected, a large Stark tuning rate was
seen in1 (|∆µ| ) 1.1 cm-1/(MV/cm)), in which the nitrile is
directly bound to the uracil ring (Table 1). This is a larger Stark
tuning rate than that observed for 4-cyanophenylalanine, a VSE
probe for protein electrostatics,14 making this compound an
excellent choice for probing the DNA major groove. As an
illustration of the superiority of aromatic over aliphatic nitriles,
the major groove probe2, which differs from1 by a single
methylene group between the nitrile and the uracil ring, is less
suitable, having low intensity (ε ) 23 M-1cm-1) and no
observable Stark effect even at 500 mM concentration in an

applied electric field of up to 1.4 MV/cm. Likewise, the cytidine-
based probe5, also containing a cyanomethyl group on the
aromatic ring, has low intensity (ε ) 22 M-1cm-1) and no
observable Stark effect. Despite the poor characteristics of these
cyanomethyl groups, significant Stark effects were observed for
aliphatic nitriles at remote positions to the bases. For example,
the RNA minor groove probes8 and9, which have a cyanoethyl
group on the ribose moiety, have Stark tuning rates nearly half
that of the aromatic nitrile1 (|∆µ| ) 0.46 and 0.50 cm-1/(MV/
cm), respectively). We expect a similar Stark tuning rate for
other 2′-cyanoethyl-ribose-labeled nucleosides, making this a
versatile motif for probing electric fields in a wide range of
oligonucleotides.

One advantage to using VSE probes in oligonucleotides is
that it is straightforward to incorporate any number of modified
nucleosides by standard solid-phase synthesis techniques. This
provides an opportunity to incorporate multiple spectrally
resolved probes in order to get information about the electrostatic
environment at several locations simultaneously. To this end,
we have examined several aminenitriles and thiocyanates, which
are expected to have peaks at lower energies than standard
carbon-bound nitriles. Indeed, the aminenitrile7 has a CN stretch
that is more than 60 cm-1 lower in energy than in any of the
carbon-bound nitriles. Despite the relative broadness of this peak
compared to carbon-bound nitriles, it has the highest intensity
and Stark tuning rate of any compound that we examined (ε )
412 M-1cm-1; |∆µ| ) 1.1 cm-1/(MV/cm)), making it a useful
probe of the DNA minor groove. An additional benefit of probe
7 stems from the fact that it can be easily incorporated into
oligomers using the known conversion of a dimethylforamidine
(dmf) protecting group to a nitrile as part of the solid-phase
synthesis.31 The method involves the use of the commercially
available dmf protection only on the deoxyguanosine(s) under-
going conversion to the nitrile probe and the traditional
isobutyryl protection on all others.42 We have found that the
most-effective method for conversion is to treat the oligomer
with a small quantity of iodine and ammonia after the synthesis

CHART 1

TABLE 1: IR and Stark Spectroscopic Data for Nucleoside Vibrational Probesa

compound
peak position

(cm-1)
FWHM
(cm-1)

ε
(M-1 cm-1)

tuning rate
(cm-1/MV/cm) solvent

DNA Major Groove
1 2231 8 332 1.1 2-MeTHF
2 2252 14 23 2-MeTHF
3c 2102 8 175 0.30 2-MeTHF
4 2117, 2104, 2076 0.51 2-MeTHF
5 2250 10 22 2-MeTHF

DNA Minor Groove
6 2139, 2120, 2097 0.45 2-MeTHF
7 2170 29 412 1.1 4:1 PhMe/DMSO

RNA Minor Groove
8 2253 10 41 0.48 2-MeTHF
9 2253 9 25 0.50 1:1 PhMe/MeOH

a Abbreviations: DMSO (dimethyl sulfoxide), MeOH (methanol), 2-MeTHF (2-methyltetrahydrofuran), PhMe (toluene).
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cycle is complete but prior to the final deprotection.42 To get
to even lower energy, we have synthesized the13C-labeled
thiocyanate3c, which has its peak at 2102 cm-1. This compound
has a smaller Stark tuning rate (|∆µ| ) 0.30 cm-1/(MV/cm)),
making it less useful as an individual probe, but still allowing
it to complement1 and 7 in a three-probe oligonucleotide
sequence.

In addition to the variety of nitrile-containing nucleosides that
we have studied, we have also synthesized two azide-containing
nucleosides: probe4 is analogous to the nitrile-containing2,
and probe6 has an azide directly bound to the 2′ position on
the ribose moiety. Both4 and 6 have three overlapping IR
absorption bands in the azide region because of the presence of
coupled symmetric and antisymmetric stretching modes. Stark
effects were observable for each of the bands, and for both
probes, the Stark tuning rate is similar although not identical
across the three azide bands. We report an averaged value of
the Stark tuning rate for each of these azide-containing
compounds in Table 1; however, the inability to deconvolute
the Stark tuning rates of the individual bands makes the
interpretation of peak shifts as a function of electrostatic field
potentially more difficult for the azides than for the simpler
nitrile probes.

In conclusion, we have laid the foundation for the use of VSE
as a new experimental method to measure electric fields in
nucleic acids by measuring the Stark tuning rates for a variety
of nitrile and azide probes. Nitrile-deoxyuridine1 and nitrile-
deoxyguanosine7 appear to be particularly attractive probes
for the major and minor grooves, respectively, of DNA. Work
on Stark shifts of nitriles incorporated into DNA oligomers is
ongoing.
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