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Abstract

The vibrations in the azide, N3, asymmetric stretching region and nitrile, CN, symmetric stretching
region of 2’-azido-5-cyano-2’-deoxyuridine (N3CNdU) are examined by two-dimensional infrared
spectroscopy (2D IR). At earlier waiting times, the 2D IR spectrum shows the presence of both
vibrational transitions along the diagonal and off-diagonal cross peaks indicating vibrational
coupling. The coupling strength was determined from the off-diagonal anharmoncity to be 66
cm~1 for the molecular distance of ~7.9 A based on a structural map generated for this model
system. In addition, the frequency-frequency correlation decay is detected, monitoring the solvent
dynamics around each individual probe position. Overall, these vibrational reporters can be
utilized in tandem to simultaneously track global structural information and fast structural
fluctuations.

Graphical Abstract

Introduction

Infrared reporters, such as nitriles and azides, have become widely utilized as vibrational
probes to study biomolecules due to their sensitivity to local environment, small size, overall
chemical stability, and relatively localized transitions.1~10 In particular, ultrafast
measurements of the stretching mode of the nitrile group in a variety of biological systems
have provided insight into site-specific vibrational dynamics.1-17 Since both the N3 and CN
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transitions are found in a spectrally transparent region of most biological molecules, several
studies have benefited from the isolated and relatively sharp spectral feature to investigate
beta-amyloid aggregation, drug-enzyme interactions, and other biological

processes.: 25 11,18,19 Degpite a wide variety of applications, the relatively small
absorption cross section of the nitrile vibrational transition limits its feasibility for use in
nonlinear IR spectroscopy due to the need of much higher concentrations than desirable for
biological systems. However, several alternatives have recently been developed so that more
suitable vibrational reporters can be chosen for a desired application within a biological
system.20-24

One example where the azide group has shown much promise is seen in the study of the
nucleoside, 2’-azido-2’-deoxyuridine.2 The absorption cross section of the N transition is
one order of magnitude greater than nitriles allowing lower concentrations to be utilized.
Specifically, the aliphatic azide substitutions are stable under most conditions and often
avoid accidental Fermi resonances, allowing the azide reporter to more effectively detect
local environment in peptides, proteins, and nucleosides.? 12. 25-27 Both the N5 transition
and the CN transition have many similar spectral properties and a direct comparison of these
probes has been documented using 2’-azido-5-cyano-2’-deoxyuridine (N3CNdU).10 The
changes in vibrational frequency resulting from hydrogen bonding and sensitivity to local
electric field changes of both localized infrared transitions offer many advantages to studies
of structural dynamics.2}: 24 Further studies have extended the application of these probes in
nucleosides to infrared, 2D IR, and NMR experiments.?8 2% The sensitivity of these
reporters to the local environment?: 2 8 28 and hydrogen bonding? 5 provides an avenue to
track these dynamics by 2D IR methods using chemical exchange3?: 31 and spectral
diffusion 111317

Two-dimensional infrared photon echo (2D IR) spectroscopy has shown utility in both
observing and understanding vibrational properties including spectral diffusion, inter-mode
coupling, conformational analysis, chemical exchange, and many others.6: 30. 32-36
Furthermore, 2D IR can provide structural information3 via vibrational coupling in a
similar way to many traditional spectroscopic rulers,38: 39 such as EPR and FRET. While
energy transfer has been observed for azide and nitrile anions in solution by 2D IR40: 41 and
coupling has been suggested in the linear IR for two isotopomeric CN probes,* there is no
such 2D IR study on the direct vibrational coupling between these two different reporters
within a single biological system. Here, we report the 2D IR of the N3 and CN region of
N3CNdU and capture the direct vibrational coupling between these probes in water. In
addition to demonstrating the utility of this ‘spectroscopic ruler’ for biomolecules, we show
the capability to detect site-specific dynamics at two positions simultaneously. While this
study focuses on a small-molecule model system, the observed coupling suggests two
reporters can be utilized as a structural tool to gain distance and dynamic information in
larger biomolecular systems.

Although difficulties have been encountered for incorporating azide reporters into nucleic
acids using standard methods,#3-45 several approaches for the incorporation of stable azide
and nitrile groups into DNA and RNA has been successful recently.3: 28. 29, 42, 46 \jjth these
synthetic approaches, N3 and CN probes can be placed virtually anywhere providing a useful
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monitor of site-specific dynamics in environments such as the major groove, minor groove,
and phosphate-sugar region. Herein, we demonstrate the effectiveness of a pair of vibrational
reporters as tools to investigate structural and dynamic aspects of different regions of DNA
and RNA aptamers using 2D IR.

Materials and Methods

Sample Preparation

The synthesis of N3CNdU is described in our previous publication.19 In short, dimethoxy-
trityl-protected 2’-amino-2’-deoxyuridine was converted to the 2’-azide through a copper-
catalyzed diazotransfer reaction with triflic azide. Bomination of the uracil followed by
cyanation with potassium cyanide and detriylation with dichloroacetic acid afforded
N3CNdU in a yield of 12.5% for the four steps.

Linear and 2D IR Method

A solution of 15-20 mM N3CNdU in H,O was used for both 2D IR and FTIR experiments.
The sample was placed in a Harrick sample cell with CaF, windows and a path length of 56
pum. The linear IR spectrum was measured using a Nicolet 6700 FTIR spectrometer.

Fourier-transform limited 80-fs pulses with a central wavelength of 4580 nm were used in
the 2D IR experiments. Each of the three laser pulses have an energy, ~ 1 uJ, with wave
vectors Ky, ko, and ks, incident to the sample to generate a signal in the direction k=
—kq+ko+ks with the ordering 123 (rephasing) and 213 (nonrephasing). To obtain absorptive
spectra, the rephasing and nonrephasing 2D frequency spectra were properly phased and
combined. To observe any changes in the spectral characteristics, the waiting time, 7,
between the second and third pulse, was varied from 0 to 3 ps. After appropriate Fourier
transforms along the coherence, <, and detection, t, axes, the 2D IR spectra were plotted as
wy VS. w47 The vibrational relaxation times, 77, for the two main transitions were
estimated from the decay of signal strength of the v=0 — v=1 transition in the 2D IR

spectrum at different waiting times and fitted to a single exponential function, A:Age_%'

Computations

Gaussian09 Ab Initio Density Functional Theory (DFT) calculations of N3CNdU were
performed using B3LYP/6-31+G** level of theory with implicit solvation model of water
calculated by a self-consistent reaction field (SCRF). The solvation model considered was
the conducting polarizable continuum model (CPCM). For all N3CNdU structures, an
optimization was first performed using B3LYP/6-31+G** in the given solvent model,
thereby obtaining frequency and energy data. These optimizations were used to determine
the coupling constant using the finite difference method (FDM) as explained by Torii and
Tasumi.*8 To implement this approach, the molecule was displaced along the normal modes
of the nitrile and azide functional groups of N3CNdU by a small amount (0.03 A) and a
single point energy calculation was performed. These energies were used to calculate the
vibrational coupling through the second derivative of the energy with respect to the normal
modes discussed below. The dihedral angle along the C-N bond between the base and sugar
rings of the nucleoside, defined by atoms shown in Figure S1 in Sl, was rotated from -180°
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to 180° to map out the potential energy surface along this degree of freedom. These different
structures were optimized with the dihedral angle held fixed and the rest of the molecule
allowed to relax to an optimal configuration. The energy, angle between the nitrile and azide
dipoles, and coupling constants were then calculated for each structure.® 50 In this way, a
structural map of the distance between the two reporters was generated corresponding to
specific angles between the transition dipoles and the calculated coupling constants for
comparison to experiment.

Linear and 2D IR Spectroscopy

The linear IR spectrum of N3CNdU in water exhibits two bands in the region between 2050—
2300 cm™1 (Figure 1a). The two transitions are observed at 2124 and 2242 cm™1, which
correspond to the asymmetric stretching mode of the N3 and the symmetric stretching mode
of CN, respectively. The FWHM was measured to be 26 cm™1 for the N3 and 10 cm™2 for
the CN mode. The observed separation between the two transitions in the infrared spectrum
is approximately 118 cm~1 with the peak extinction ratio between the N3 to CN transitions
of approximately 2.7.

The 2D IR spectra of N3CNdU in water has two positive peaks along the diagonal at
positions w, = w;= 2124 cm™! and w, = w;= 2242 cm™1 corresponding to the v=0 — v=1
transition of the N3 asymmetric and the CN symmetric modes, respectively (Figure 1c). The
negative peak, resulting from the v=1 — v=2 transition, of the azide mode is shifted along
the w,axis to w;= 2085 cm~1 indicating an anharmonicity ca 39 + 1.0 cm™1. Similarly, a
shifted negative peak for the nitrile mode appears at w;= 2216 cm™1 which indicates the
diagonal anharmonicity is 0.67 times less than that of the azide mode. In the region of the
CN transition, a small positive peak is observed below the main transition likely due to a
Fermi resonance, which have been often identified for other azide and nitrile reporters in
different molecules.l 651 Since the peak extinction of the N3 transition is roughly 2.7 times
larger than the CN transition in the FTIR spectrum, it is expected that the azide signal would
approximately 7 times larger in the 2D IR spectrum. Thus, the spectrum is dominated by the
peaks arising from the N3 transition. As a result of the population relaxation ( 7;), the
positive diagonal signals decay during the waiting time, T, with a time constant of 1.1 £ 0.1
ps and 2.8 = 0.3 ps for azide and nitrile, respectively (Figure 2). At later times, the intensity
of N3 transition becomes similar to CN signal due to the nitrile group’s significantly longer
vibrational lifetime.

Noticeable cross peaks are also observed between the azide and nitrile transition in the off-
diagonal region of the 2D IR spectra (Figure 1d and 2a—c). The positive peak is located at
{wy,wp} = {2122,2242} cm™L. The negative peak is red shifted to w,= 2198 cm™!
corresponding to the off-diagonal anharmonicity of 44.0 + 3.3 cm™L. The intensities of the
off-diagonal peaks are maximal at the earliest time (T=0) and decay exponentially as a
function of the waiting time, T (Sl Figure S2). By 1 ps, the cross peak intensity has decayed
by more than 25% and these 2D IR transitions become significantly less pronounced in the
spectrum (Figure 2).
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Both diagonal peaks are tilted and elongated along the diagonal at the earliest waiting times
as a result of significant inhomogeneous broadening (Figure 3). As the waiting time
increases, the shape of the peaks become more circular, giving evidence of the loss of
frequency correlation (spectral diffusion) due to the fluctuations in the vibrational frequency,
as shown in prior publications.12 52 This significant spectral diffusion is clearly observed
through the slope at the intersection of the positive and negative peaks®? of both the azide
and nitrile group. It should be noted that the CN transition (v=0 — v=1) is somewhat
distorted at later times due to the weaker dipole strength of the nitrile and the influence of
scatter leading to a lower signal-to-noise ratio.

The loss of correlation can also be observed by the center line slope (CLS) method. With
this method, a line along the longitudinal axis of the ellipse passing through the zeroth
contour is used to measure the change in the slope of the diagonal peak. This is achieved by
determining the maximum intensity of w;along several horizontal slices of w, for the peak
corresponding to the v=0 — v=1 transition. At T=0, the line is parallel with the diagonal
line of the contour plot and it becomes more vertical at later waiting times, T, indicating
complete loss of correlation. The correlation decay is plotted with inverse of the CLS,

[S(t)]71, over waiting time and fitted to a single exponential decay function A:Aoe‘%
where < is the decay constant.>* 55 Through the CLS analysis, the correlation decay time
constants from the spectral diffusion in water were measured for both modes (Figure 4).
These frequency-frequency correlation decays®3-55 illustrate that each individual reporter is
capable of detecting the local vibrational dynamics and timescales associated them. The
correlation decay times for azide and nitrile were determined to be 1.4 + 0.1 psand 1.3 £ 0.2
ps, respectively. Both vibrational reporters exhibit a similar decay time suggesting each
transition is exposed to similar dephasing mechanisms. Since both correlation decays do not
start from unity, it is also expected that a significant portion of the spectral diffusion comes
from homogeneous components.

Computational Results

To confirm the identity of the transitions and determine the transition dipole strengths,
Gaussian09 DFT frequency calculations were computed after optimization. As expected, the
azide and nitrile normal modes were the only two transitions observed in the spectral region
corresponding to the N3 asymmetric mode and the CN symmetric mode. The transition
dipole strengths were calculated to be 0.474 Debye for N3 and 0.198 Debye for CN
vibrational modes with an angle of 60 degrees between the transition dipoles. Transition
densities were determined by calculating the difference in the electron density from the
equilibrium structure after a displacement of +£0.03 A along each normal mode (Figure 5a
and b). From these plots of transition densities with gradient of 0.002 esu/bohr, it is clear
that the modes are localized with respect to the N3 and CN atoms.

The geometry-optimized structure, shown in Figure 1b, has a dihedral angle (defined in
Figure 5¢) of 10.21°. In order to generate a structural map of the distance as a function of the
angle between the dipoles and the vibrational coupling, the conformation of the molecule
was varied by rotation around a dihedral angle (shown in Figure 5c) and the energy relative
to the minimized structure was computed upon minimization (Figure 5d). Three energetic
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minima arise along the potential energy surface (PES) located at 1, 2, and 3, with the
original geometry optimized structure exists in minimum 2. Minima 2 and 3 exist within the
thermal equilibrium while 1 is significantly higher in energy along this PES. The energies of
the different conformations further suggest that the minimum at position 3 is the most
thermodynamically favored. However, upon further computations testing different solvation
models, it was determined that the conformation space of the PES around position 3 shows
only a very shallow local minimum that is not thermodynamically favored, see Sl.

At each dihedral angle the coupling constants between the modes were calculated using
finite difference method. The angle between the dipoles was also computed for each point
along the surface. In minima 1, 2 and 3 of the PES, the average value of the coupling
constant was determined to be 47.6 cm™1, 62.0 cm™1, and 35.7 cm™1, respectively. The
corresponding average angle between the dipoles for minima 1, 2, and 3 were measured as
83.7° £ 10.2°, 64.3° £ 8.9°, and 77.72° + 7.8°, respectively. Although only the relevant
values are reported at these important regions of the PES, the coupling constants and the
angles between the dipoles were calculated for each dihedral angle. It should be noted that a
large variance was observed in the values of the coupling constants and corresponding
angles along the PES. The distance between the dipoles was also measured for each dihedral
angle and the range varied from 5.0-8.5 A.

Discussion

The FTIR spectrum of 2’-azido-5-cyano-2’-deoxyuridine in water has two transitions in the
region of 2050-2300 cm™? arising from the asymmetric stretch of N3 and the symmetric
stretch of CN. The overall shape of both vibrational transitions can be fit to a single
Gaussian profile.”- 12 The presence of these two reporters within a close proximity in the
same molecule results in significant vibrational coupling between their dipoles. As a result,
the relative intensities of the infrared transitions are sufficiently different than expected from
prior literature’- 12: 28 a5 well as the calculated transition dipole ratio. The observed
vibrational frequencies and relative intensities of the linear IR spectrum can often be
predicted from the solutions to the Hamiltonian shown below:

g [ Ens P2 ’
B2 ecy

where B, represents the coupling between the azide (e ) and nitrile (e cp) vibrational
modes.

From this bilinear coupling model, a shift in the observed absorption peak maxima and a
change the relative intensity of the two transitions, which is dependent of the coupling
strength, would likely occur when compared to the uncoupled systems. The observed change
in relative intensities (10:1 vs. 2.7:1) clearly indicates the presence of coupling.*2 However,
due to the large energy difference, 118 cm™1, between the two uncoupled oscillators (2124
cm™1 for the azide group!? and 2241.9 cm™1 for the nitrile group’), the overall change in
energy of the peaks is not expected to be significant. However, it is known that determining
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the coupling strength between these two transition dipoles through the splitting in the FTIR
spectrum is sometimes difficult.42

2D IR spectroscopy is fully capable of measuring vibrational coupling via cross peaks in the
off-diagonal region of the spectrum.49: 5657 Therefore, 2D IR was invoked to investigate the
coupling for these two vibrational reporters in N3CNdU. The off-diagonal region (black
rectangle — Figure 1) of the spectrum shows the presence of vibrational signatures resulting
from coupling between the CN and the N3 transitions. This coupling appears at T=0 and
decreases as a function of waiting times, T, indicative of direct coupling between the
dipoles.5® By fitting the data to a single exponential function the decay of the cross peaks
intensity was determined to be 3.5 + 1.0 ps as a function of the waiting time (see Sl). Yet,
after 1 ps, the coupling signal is less pronounced, due to the dependence of the signal
strength on the average value of the vibrational population decays, 774 and the transition
dipole strength. (Figure 2).52: 57 Since the azide reporter has a shorter lifetime and a larger
transition dipole magnitude, the decay of the cross peaks is somewhat dominated by these
factors. It should be noted that the overall cross peak intensity is easily measurable despite
the weak absorption cross section of the nitrile reporter.>’

The coupling, P12, is directly measured from the anharmoncity of the off-diagonal peaks,
A1y, from perturbation theory within the weak coupling regime, |B1l/leas = eci < 157

2
App=4A bz . :
(€N3 —€ — A2

GN)

A value of 32 + 1.0 cm™1 was calculated for the geometric average of the diagonal
anharmonicity, A. Using the energy difference between the coupled vibrations (118 cm™1)
and the measured off-diagonal anharmonicity of 44 + 3.3 cm™1, the resulting coupling, B12,
is 66.4 + 5.4 cm~1. The angle was estimated to be 53° + 1° from the relative intensities of
the coupled transitions in the FTIR spectrum (see SI).37 In an attempt to determine the
distance between the reporters transition dipole coupling was implemented, a simple model
which assumes coupling is solely due to electrostatic coupling of point dipoles. Using
transition dipole coupling (TDC) theory,%8 a distance of 2.9 A was calculated from the
coupling constant and the transition dipole strengths along with the angle between the two
dipoles (see Sl). It is clear by inspection of the molecule that this distance is an
underestimate. However, it is known that transition dipole theory underestimates the
coupling strength, because it breaks down at small distances.#2 %0 Thus, a more detailed
coupling model is required to obtain a coupling closer to the experimental value.>0

A more accurate theoretical model to obtain the coupling constant is the finite difference
method (FDM). In the FDM method, the coupling constant arises from the derivative of the
potential, V, with respect to the local modes, Q1 and Q:

O*V(Q1,Qo)
01Qy

12=
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This analytical derivative indicates that the coupling constant has a direct relationship to the
curvature of the potential with respect to the local modes.49: 0 Coupling between two modes
can arise from electrostatic, electrodynamics and mechanical contributions within the
molecule, sometimes distinguished as through space and through bond contributions. FDM
accounts for all of those components whereas TDC only considers through space coupling
from electrostatics within a point dipole approximation. Based on the transition dipole
densities shown in Figure 5a and 5b, it is suggested that the through bond contributions are
minimal. The electrodynamic contributions also do not play a significant role because no
transition density is observed when one mode is held at equilibrium and the other mode is
displaced.*®

In order to generate a structural map for this model system, the coupling constants for each
dihedral angle were determined by the FDM along the potential energy surface. The
structural map relates the coupling constants and the angle between the dipoles to the
distance between the two vibrational probes akin to the model put forth by Torii and
Tasumi.*8 The dihedral angle is free to rotate in a thermal equilibrium distribution but it is
constrained by the steric interactions of the rings and functional groups. At room
temperature, several structures are accessible along the PES. Within each minimum, the
average coupling constants were calculated to account for this thermal distribution. The
average value of the coupling determined for minimum 1 on the PES is approximately 20
cm™1 less than the observed experimental coupling. Moreover, the coupling constant at
minimum 3 has a value that deviates even more from the experimental findings. Minimum 2,
on the other hand, accounts for a coupling constant of 62 cm™1 of the dihedral angles within
the thermal distribution (0° to 30°). This value is in reasonable agreement with experiment.

To further confirm the position along the PES, the average angle between the dipoles was
determined at each minimum. Upon inspection of these angles, minima 1 and 3 are well
above the experimental value of 53° + 1°. The average angle at minimum 2 has a value of
64.3° + 8.9° which is in close agreement with experiment. Along with the coupling constant,
these results indicate that the favorable structural distribution is located within minimum 2
of the PES. Further support of this conformational distribution is shown in previous X-ray
crystallographic data on uridine and deoxyuridine®®: 60 as well as the prior theoretical results
of these molecules in the gas phase.51 From the structural map, the distance between the two
reporters was determined to be 7.9 + 0.3 A. The distances for specific coupling constants
and angles between the dipoles range from 5to 8.5 A.

Although the calculations suggests that minimum 3 is more thermodynamically favorable
than minimum 2 by its slightly lower energy, the experimental values indicate minimum 2
represents the actual thermal distribution. Upon further investigation of the PES using a
different water model (Onsager model), it was determined that the minimum at position 3 is
higher in energy and less defined (see SI). Both minima 1 and 2 are quite similar for both
water models.

In addition to the coupling, significant changes in the spectral shape of both transitions in the
diagonal region of the spectrum with waiting time result from homogenization of the
frequency distribution. Measurements of the correlation decays for both the azide and nitrile
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modes revealed time constants of 1.4 + 0.1 ps and 1.3 £ 0.2 ps respectively. This observation
is expected based on the frequency-frequency correlation decay of typical N3 and CN modes
in water, ~1.5-2 ps.12: 13 The temporal evolution of the correlation decay manifests itself on
the time scales of motions associated with the surrounding solvent molecules. The observed
time constants match the characteristic timescale, 0.8-2 ps, for the making and breaking of
hydrogen bonds between water molecules and polar solutes.52-68 Using azide and nitrile
groups, 2D IR spectra of these probes captures the dephasing®® times at two distinct
locations within the same molecule. In this case, the two reporters are simultaneously
measuring the same local water dynamics. However, it is likely that the vibrational dynamics
will vary in larger biological systems when these two reporters are on separate nucleosides
and in different local environments.

In principle, this pair of reporters can effectively detect the local vibrational dynamics
around each reporter and correlate it to the larger structural motions measured by vibrational
coupling. By placing these probes on separate nucleotides, this utility can be extended to
detect even larger distances in these types of systems. This multi-faceted source of spectral
informational provided by the azide and nitrile groups within a single molecule afford a set
vibrational reporters capable of investigating the structural diversity found in RNA
apartmers. Furthermore, this dual nature of detection combined with the spectrally isolated
frequencies of vibration and reasonable oscillator strengths will prove useful in detecting the
mobility of water as well as local field fluctuations that may result from small hinging
motions in larger RNA structures, akin to the sidechain motions3® detected in peptides.

Conclusions

The symmetric stretch of the CN mode and the asymmetric stretch of the N3 mode have
been examined in tandem by two-dimensional infrared spectroscopy in water. By inclusion
of both vibrational reporters in the same biomolecule, both the correlation decay (~1.4 ps)
and the vibrational coupling (~66 cm™1) between the two transitions can easily be measured.
The distance determined from TDC (2.9 A) is unreasonable considering the chemical
structure suggesting that TDC is insufficient for certain cases. By the use of the finite
difference method, a theoretical model was generated that maps the distance between the
probes to the coupling constant and the angle between the dipoles. Upon application of this
model, the average distance between the two reporters was measured to be approximately
7.9 A. With an accurate coupling model, a ‘spectroscopic ruler’ within the range of 5-8.5 A
has been established. Furthermore, the correlation decay measured for each probe affirms
that the mobility of water can be detected at two different locations within the molecule.
Thus, the combination of this pair of reporters provides a spectroscopic tool for monitoring
structural changes and correlating these changes to the dynamics of water within nucleic
acid systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.

2D IR spectra of N3CNdU in water at waiting time: a) T=0,b) T=400fs, ¢) T = 1.0 ps. d)
Vibrational lifetime decays of N3 and CN transitions in N3CNdU.

J Phys Chem B. Author manuscript; available in PMC 2016 October 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Schmitz et al. Page 16

2145 T=200 fs 4
g F.
=
L2125
3 0
NN w7 2235
2105 ._ SE= J -2

2080 ‘( 2130 2160

T
o, (cm™)

Figure 3.
Real part of the absorptive 2D IR spectra of N3CNdU in water for (left) N3 and (right) CN at

waiting times T=200 fs and T=2.2 ps.
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asymmetric stretch in water.
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Figureb5.
Transition densities of (a) N3 and (b) CN. (c) N3CNdU molecule with the labeled atoms that

represent the dihedral angle of interest and (d) the calculated relative energies at different
dihedral angles.
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