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Accurate prediction of 'H chemical shifts in interstrand
cross-linked DNATt
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Structural analysis of modified DNA with NMR is becoming ever more difficult with increasingly complex
compounds under scrutiny for use in medical diagnosis, therapeutics, material science and chemical
synthesis. To facilitate this process, we developed a molecular modeling approach to predict proton
chemical shifts in sufficient agreement with experimental NMR measurements to guide structure
elucidation. It relies on a QM/MM partitioning scheme and first principle calculations to predict the spatial
structure and calculate corresponding proton chemical shifts. It is shown that molecular dynamics
simulations that take into account solvent and temperature effects properly are of utmost importance to
sample the conformational space sufficiently. The proposed computational procedure is applicable to
modified oligonucleotides and DNA, attaining a mean error for the proton chemical shifts of less than 0.2
ppm. Here, it is applied on the Drew-Dickerson d(CGCGAATTCGCG), dodecamer as a benchmark system
and the mispair-aligned N3T-ethyl-N°T cross-linked d(CGAAAT*TTTCG), undecamer, illustrating its use as
computational tool to assist in structure elucidation. For the proton chemical shifts in the cross-linked
system our methodology yields a strikingly superior description, surpassing the predictive power of (semi-)
empirical methods. In addition, our methodology is the only one available to make an accurate prediction
for the protons in the actual cross-link. To the best of our knowledge, this is the first computational study
that attempts to determine the chemical shifts of oligonucleotides of this size and at this level of
complexity.

facilitate this process: in a carefully designed computational
approach, the spatial structure of a modified DNA oligomer

Modified DNA is increasingly used in medical diagnosis™> and
therapeutics,®* in materials science® and chemical synthesis.’
New developments in these areas can be stimulated by
understanding phenomena at the molecular level which
requires structural insight into the DNA oligomer and its
modifications. However, NMR structure analysis is becoming
ever more stringent, especially with the growing size of the
oligomer being considered. Molecular modeling can greatly
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can be obtained from simulation, along with its NMR
properties. This allows comparison with experimental data
and completion of gaps in the sequential resonance assign-
ment. However, few modeling methodologies are accurately
and universally applicable to (novel) chemical modifications.
Here, we address this shortcoming and develop a density
functional theory (DFT) approach to accurately predict proton
chemical shifts in (modified) DNA oligomers. We focus on
model interstrand cross-linked (ICL) oligonucleotides and
concentrate on the cross-link region, where traditional semi-
empirical methods fail to predict chemical shifts that are
sufficiently close to the experimental NMR data to guide
further structure elucidation.

ICLs are perhaps the most well known modifications to
DNA. Induced by various chemical agents (e.g. nitrogen
mustards),” the (mammalian) cell struggles to repair this
damage,® requiring a complex but poorly understood process
involving several enzymes and different pathways.”° In cancer
chemotherapy this very property is exploited to prevent
proliferation of malignant cells, leading to a host of anti-
tumor therapeutics such as cisplatin or nitrogen mustards"’
even though many tumors display resistance to such drugs.™
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Short DNA oligomers function as model compounds to
improve our understanding of cross-links, and furthermore
show potential as biomimetic scaffolds.'” Various strategies
have been developed for synthesizing them, including—most
recently—a new furan-oxidation based methodology to site-
specifically cross-link nucleic acids in a very fast and efficient
way.>7'® The observed specificity is, however, still not entirely
understood, requiring full structural characterization of the
complete duplex structure before and after cross-linking.

Direct structural characterization of these oligonucleotides
can be achieved via NMR analysis and site-specific labeling,"”*°
or, more cost-effectively, by sequential resonance assignment
via proton hopping®® based on distance restraints from the
Nuclear Overhauser Effect (NOE). Unfortunately, this approach
can easily fail if the dipolar couplings between protons of
sequential nucleotides are missing or unresolved. The ICL
region is particularly sensitive in this respect, since its canonical
structure can be distorted or protons that are crucial for the
assignment can be absent in the modification, leading to
considerable ambiguity.

Molecular modeling is increasingly used as a complemen-
tary tool in this process. Using a molecular mechanics (MM)
approach or by combining quantum mechanics with mole-
cular mechanics (QM/MM), the spatial structure of the ICL is
obtained through computational means,'®**>” and chemical
shifts are calculated, allowing cross-reference with measure-
ments. Several computational schemes exist to calculate
chemical shifts based on a given structure. Empirical®® or
semi-empirical®® schemes are very fast and accurate for
unmodified DNA but rely on a reference set of chemical shift
values and correction factors based on statistical analysis of
experimental NMR data. Hence, these methods are either
inherently unable to predict the chemical shifts of the ICL
region, or require extensive additional parameterization. The
DFT-based computation of NMR parameters—possibly in a
QM/MM framework to include an extended molecular envir-
onment®*°—is not restricted by these limitations and has truly
become an established tool,>" progressively complementing
the NMR experiment for structure elucidation.***

Yet, a sufficiently detailed molecular system has to be
included in these simulations. The chemical nature of the
molecular environment, including nucleotide sequence and
solvent,®® strongly influences the chemical shift of a nucleus.
At the same time, chemically identical protons in the
nucleotides show only a very small chemical shift dispersion®®
and computational methods need to be able to discriminate
these as well. Finally, the flexibility of the ICL oligonucleotide
and the effect of the resulting conformational dynamics on the
chemical shifts need to be included in the computational
protocol. Several studies on nucleotide constituents®”>° have
indicated that this leads to nontrivial changes in the chemical
shifts. Inclusion of this temperature effect can be achieved by
Boltzmann-weighing the NMR properties of a limited set of
static conformations®® or by averaging them for regularly
sampled conformations taken from a molecular dynamics
(MD) simulation at a finite temperature.”*°
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In this work, we develop a QM/MM DFT approach to predict
proton chemical shifts in (ICL) oligonucleotides that are
sufficiently close to the experimental NMR data to assist
structure elucidation. First, a successful computational proto-
col is established using an unmodified DNA oligomer as a
benchmark system: the Drew-Dickerson dodecamer®®*!
d(CGCGAATTCGCG),, focusing on a central nucleotide pair.
Compared with experimental NMR data,*>™¢ all ingredients
that are expected to substantially affect the computation of
chemical shifts have been submitted to a thorough assess-
ment: (i) the partitioning of the QM/MM scheme, (ii) the role
of the solvent, and (iii) the type of calculation (static versus
dynamic protocols). A satisfactory protocol is then selected
and applied to an ICL oligonucleotide for which structural and
chemical shift data are available in the literature: a mispair-
aligned N°T-ethyl-N°T cross-linked undecamer®’
d(CGAAAT*TTTCG),. To the best of our knowledge, this is
the first computational study that attempts to determine with
DFT the
oligonucleotides at this level of complexity. The derived
procedure is applicable to modified oligonucleotides and
DNA, and has the potential to be applicable to other biological
systems.

'H chemical shifts of interstrand cross-linked

Methods and computational details

Structural models

Initial structures for both systems were taken from the pdb
database: 7BNA*® for the Drew-Dickerson dodecamer and
1S37* for the cross-linked d(CGAAAT*TTTCG), undecamer.
Topologies were constructed for these structures using the
XLEAP interface and AmberTools 1.0.* The parmbsc00
refinement®® of the Amber®' force field was applied for all
nucleic acids, whereas the cross-link modifications were
specifically described by parameters taken from the general
Amber force field (GAFF).>*> Hydrogens were added and each
oligomer duplex was solvated in a cubic TIP3P>* water box,
with cell size 73 A for the Dickerson dodecamer and 71 A for
the thymine mispair-aligned undecamer. Sodium counterions
(22 respectively 20) were inserted in the water box to ensure
charge neutrality. Scheme 1 illustrates the different computa-
tional procedures that were subsequently applied to these
structures.

MM calculations

Unrestrained MD simulations were performed after an
equilibration protocol similar to that of ref. 54. Energy
minimizations were performed on the initial structures, first
with harmonic restraints (100 kcal mol ™' A~2) on all nucleic
acid atoms, then without restraints. Each system was subse-
quently heated to 300 K during a 20 ps NVT MD run, again
with restraints on the oligomer. These were gradually lifted
during a subsequent 150 ps NPT MD simulation at 1 bar. Box
dimensions were scaled corresponding with the average
volume from the last 40 ps, followed by another MD run of
150 ps in the NVT ensemble. The velocities from the last
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Scheme 1 Flowchart schematically illustrating the setup of the computational methodologies to calculate proton chemical shifts in interstrand cross-linked DNA.
Energy minimization and molecular dynamics simulations were conducted with Amber®>>® and CP2K (http://www.cp2k.org). NMR properties were calculated with
Gaussian09.”" Initial structures for each system were taken from the pdb databank, but in the general case could alternatively be generated using Nucleic Acid Builder

(NAB), part of AmberTools.*

snapshot were rescaled to correspond to 300 K and used as a
starting point for an NVE equilibration run of 600 ps. Finally, a
2 ns NVE production MD simulation was performed and
snapshots - for use in later NMR calculations — were collected
every 20 ps (10 ps in the dodecamer case). The average
temperature during these runs was 299.2 K for the Drew-
Dickerson dodecamer and 291.4 K for the d(CGAAAT*TTTCG),
undecamer; the average root-mean-square-deviation (RMSD)
with respect to the crystal structures (7BNA and 1S37) was
4.06 A, respectively 4.02 A.

All force-field simulations were conducted under periodic
boundary conditions with the AMBER 9 molecular simulation
package.®>® A 15 A cutoff was employed for the particle mesh
Ewald summations®” of nonbonding interactions. During MD
simulations, the SHAKE algorithm®® was applied to bonds
involving hydrogen atoms, allowing a 2 fs time step.
Temperature was regulated using Langevin dynamics® with
a collision frequency of 1.0 ps™'. Pressure regulation was
achieved with isotropic position scaling, and the pressure
relaxation time was set to 2.0 ps.

QM/MM calculations

The initial structures for all molecular systems were also
subject to full energy minimization in a QM/MM scheme,
employing the quasi-Newton LBFGS algorithm.®® The resulting
structures deviated from the corresponding crystal structures
(7BNA and 1S37) with an RMSD of 3.21 A for the Drew-
Dickerson dodecamer and 3.45 A for the d(CGAAAT*TTTCG),
cross-linked undecamer. In addition, MD simulations were
performed for the latter system. However, unlike force-field
MD simulations, the ns timescale is beyond reach of QM/MM
methods at an affordable computational cost. To still include
slower molecular motions to some extent, 10 QM/MM MD
simulations were initiated in parallel, starting from 10
snapshots regularly sampled along the 2 ns MM production
run (i.e. every 200 ps). In each of these MD runs, temperature
was first equilibrated to 300 K during 2 ps, followed by a 3 ps
production run, totaling 50 ps of QM/MM MD simulations.
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The production runs were sampled every 100 fs, generating in
all 300 snapshots for later use in the NMR calculations. This
methodology is illustrated in Scheme 1.

All QM/MM simulations were performed with the CP2K
software (http://www.cp2k.org). For each molecular system, the
(30.0 A® QM region contained the central or cross-linked
nucleotide pair, at the 3’ end the next phosphate and
-C(5')H,~- groups, and at the 5 end the next deoxyribose
(except the —-C(5')H,~- group). This partitioning is illustrated in
Scheme 2. A link atom approach was used to saturate with
hydrogen the six broken bonds spanning the QM/MM
boundary. The interaction between the MM and QM layers
was calculated at the QM level, using the Gaussian expansion
of the electrostatic potential method (GEEP) as developed by
Laino et al.®' For the QM layer, the PBE density functional®
was used in combination with the Gaussian and plane waves
(GPW) dual basis set method.** Norm-conserving GTH
pseudopotentials®*®> were expanded up to a density cutoff
of 280 Ry and Gaussian triple-{ basis sets®® augmented with
polarization functions were employed for H, C and N (TZVP),
and for O and P (TZV2PX). For the MM layer, the parmbsc00
refinement® of the Amber’" force field was maintained. A
timestep of 1 fs was used throughout all QM/MM MD
simulations, which were performed in the NVT ensemble. To
regulate temperature, separate thermostats were applied to the
QM and MM regions, employing a fast constant velocity
rescaling algorithm®” during the first 1 ps and the Nosé-
Hoover algorithm®®®® for the remainder of the MD simulation.
A time constant of 10 fs was used in the former method, 100 fs
in the latter. A Nosé-Hoover thermostat chain of length 5 was
applied.

NMR calculations

Chemical shifts were calculated for QM/MM optimized
structures and for snapshots collected during MM and QM/
MM MD simulations. Initial attempts to also perform these
calculations within the periodic scheme of CP2K’® proved
computationally challenging and unsatisfactory, after which a
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Scheme 2 Adopted QM/MM partitioning scheme for energy minimizations and MD simulations on Drew-Dickerson dodecamer (a) and mispair-aligned N°T-Ethyl-
N3T cross-linked undecamer d(CGAAAT*TTTCG), (b). All atoms in red are included in the QM layer. Bonds indicated in green span the QM/MM partitioning and are
saturated with hydrogen atoms in a link atom approach. A bond-scaling factor of 1.4 was used for all broken C-C bonds, a factor of 1.35 for all broken C-N bonds.

cluster approach was followed. To this end, each of the MM or
QM/MM structures was again partitioned in a QM subsystem
and MM subsystem. Except when otherwise mentioned, the
former included the crosslink modification (if present), the
central nucleotide pair, the three neighbouring nucleotide
pairs on either side and all sodium ions or water molecules
(typically about 30) closer than 2.3 A to any atom of the central
nucleotide pair. Terminal phosphate groups were replaced by
hydroxyl groups and hydrogen link atoms were added to
saturate the dangling bonds of the QM subsystem. Included in
the MM subsystem were all sodium ions or water molecules (of
the order of 2200) within a 25 A radius of the center of mass of
the central nucleotide pair, except those already taken up in
the QM subsystem.

The Gaussian09 software package’' was used to calculate
the chemical shieldings, employing gauge including atomic
orbitals (GIAO)”®> and the mPW1PW91”® density functional in
combination with the 6-31 g(d,p) basis set’*”® for all atoms of
the QM subsystem. This particular level of theory was shown to
yield satisfactory results at a reasonable computational
expense.”” All atoms in the MM subsystem were represented
by point charges, taken from the Amber parmbsc0 force field
refinement.

Proton chemical shifts were calculated as ¢ = o(ref) — o, in
which ¢ is the isotropic component of the chemical shielding
tensor of a particular proton and of(ref) is a reference 'H
shielding constant. Frequently, this latter value is obtained
from a separate DFT calculation on tetramethylsilane (TMS),
which is usually used as a reference compound. However, this
approach depends critically on an accurate calculation for
TMS and can easily suffer from systematic errors because of
the computational method.”® Hence, a reference proton
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shielding constant was determined in each case via linear
regression of the experimental shifts and calculated shieldings
for all molecular systems, adopting an approach similar to that
of ref. 79 and 80. These values range from 31.3 to 31.8 ppm
(see further on) and are quite comparable to the shielding
values obtained from separate DFT calculations on a tetra-
methylsilane molecule.

For comparison, proton chemical shifts were also calculated
using the (semi)-empirical methods of Altona®® and
Wijmenga.”® To this end, the sequences of the Drew-
Dickerson dodecamer and the cross-linked undecamer were
submitted to the DSHIFT server.®'

Results and discussion

Benchmarking the NMR computational scheme

As mentioned earlier, calculated proton chemical shifts are
known to be very sensitive to the extent of the molecular
environment that is included in the calculation.® Ideally, one
should account for as much as possible of the true molecular
system. Of course, a larger molecular environment in the
calculation increases the computational cost substantially. A
careful benchmark is therefore needed, in which the extent of
the environment is gradually increased until near-convergence
of the calculated properties is reached. Here, such bench-
marking was performed for the QM/MM optimized structure
of the Drew-Dickerson dodecamer, focusing on the central
A(6)-T(19) basepair, as schematically shown in Scheme 2.
Various calculations of the proton NMR chemical shieldings
were performed using the Gaussian09 software”' (adopting a

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 QVI/MM optimized structure of the Dickerson-Drew dodecamer,

illustrating the variations in the QM/MM partitioning for the subsequent
calculation of proton chemical shieldings.

procedure similar to that outlined in the Methods and
Computational Details section) in which the composition of
the QM and MM subsystems was varied, as illustrated in Fig. 1.
Three main alterations were examined:

(a) the number of nucleotide pairs, neighboring the central
nucleotide pair, taken up in the QM subsystem (ranging from
1-blue to 9-orange),

(b) whether or not water molecules and sodium ions in close
proximity (within 2.3 A) of the central nucleotide pair were
taken up in the QM subsystem (space-filling models in the left
part of Fig. 1),

(c) the amount of point charges in the MM subsystem. As a
measure, the radius of the sphere centered at the center of

mass of the central nucleotide pair is given (ranging from 10 to
28 A).

The resulting variation of the proton chemical shieldings for
the central adenosine (6) as a function of the QM/MM
composition in the NMR calculation is displayed in Fig. 2 (a
similar dependence is observed for the central thymidine—not
shown).

Disregarding at first the medium and point charge descrip-
tion of the MM subsystem, gradual convergence of the
chemical shielding values is observed when increasingly more
neighboring nucleotide pairs are taken up in the QM
subsystem (illustrated in the left part of Fig. 2). Proton shifts
in DNA are very sensitive to the aromatic shielding of the
neighboring bases, and here especially the H2' and H2"'
deoxyribose shieldings, and also H62 of the nucleobase seem
to be strongly affected (consider, e.g., the variation in size for 1
to 5 nucleotide pairs). Although convergence quickly sets in,
the mean absolute error (MAE, relative to the results of the
most elaborate model) only drops below 0.1 ppm once 7
nucleotide pairs are included. This corresponds to the
methodology of the very first empirical "H chemical shift
prediction methods®>®® where also the three nearest nucleo-
tide pairs on 3’ and 5’ side are taken into account.

Long and short-range interactions with the medium also
affect the chemical shieldings. Considering only the electro-
static interactions, by incorporating point charges within 19 A
to the center of mass of the central nucleotide pair, clear
effects on the polarizable protons are apparent. As illustrated
in the right part of Fig. 2, the chemical shieldings are
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Fig. 2 Fluctuation of central adenosine (6) proton chemical shieldings as a function of QM/MM partitioning in the NMR calculation. (a), (b) and (c) refer to the number
of nucleotide pairs, the inclusion (yes/no) of medium in the QM subsystem, and the radius (in A) of the inclusion sphere for MM point charges, respectively (see text).
The sequence of the Dickerson-Drew dodecamer, position of the central nucleotide pair, chemical structure and proton numbering scheme for adenosine are given at

the top.
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considerably shifted with respect to the previous 7-nucleotide
calculation, with H2 and H62 deviating the most. Yet, the
prime effect of the medium—hydrogen bonding—is not
merely electrostatic in nature.®® This is clearly visible when
incorporating those water molecules in the QM subsystem that
are involved in hydrogen bonds with the central A(6)-T(19)
nucleotide pair. The H62 shielding undergoes the most
spectacular shift (=1 ppm), as it is involved in a tight
hydrogen bond (2.11 A) with a water molecule (see Fig. 1).
Extending (or reducing) the inclusion of longer-range electro-
static interactions on top of the explicit water description, by
altering the radius of the sphere of point charges in the MM
subsystem, has a much less pronounced effect. Convergence is
also observed for radii larger than 16 A, which describes the
first sphere fully surrounding all 7 nucleotide pairs of the QM
subsystem (see Fig. 1). Given the low computational cost of
adding point charges to an NMR calculation, selecting a
sphere radius of 25 A for the MM subsystem is entirely
feasible, while minimizing the MAE (0.02 ppm) and maximum
error (0.06 ppm) with respect to the most elaborate model
system (at the far right of Fig. 2). A reduction of the number of
nucleotide pairs taken up in the QM subsystem can not be
compensated by a more extended point charge description in
the MM subsystem (e.g. 5 nucleotide pairs and a 19 A spherical
MM subsystem). These schemes systematically lead to much
larger MAEs.

The benchmarking for the Drew-Dickerson dodecamer
indicates that a good trade-off between extent of the model
system and computational expense is reached for a computa-
tional scheme in which 7 neighboring nucleotide pairs and the
closest surrounding water of the central pair are taken up in
the QM subsystem, combined with a MM subsystem compris-
ing point charges for all atoms within a 25 A radius of the

center of mass of the central nucleotide pair. All further NMR
calculations were conducted with this scheme (see Methods
and Computational Details).

Drew-dickerson dodecamer: comparing theory and
experiment

In the previous section, the chemical shieldings were
compared between various computational models, i.e. with
respect to a benchmark in which the molecular model was
systematically extended to approximate the true molecular
environment. An even more stringent test for the computa-
tional protocol is its ability to reproduce the experimental
chemical shifts. This comparison is taken up in Table 1 and in
Fig. 3 for all proton chemical shifts of the central A-T
nucleotide pair. Comparison is made with the experimental
data of ref. 43 and 45. For the QM/MM optimized structure
(blue dots in Fig. 3), the agreement between theory and
experiment is quite satisfactory, but deviations of 0.5 ppm and
more occur in the region between 2-3 ppm and 6-9 ppm. The
prediction correlates well with the experimental data and a
linear fit is characterized by an R* coefficient of determination
of 0.974, quite close to the diagonal. The MAE with respect to
the experimental data is 0.32 ppm, largely due to the poor
prediction of the chemical shifts for the H1’, H2' and H2"'
carbohydrate protons and H2 of the adenine.

In part, these differences are the result of the static nature of
the calculations, which only consider one point on the
potential energy surface. The oligonucleotide conformational
dynamics are not accounted for, whereas this does have an
impact on the NMR chemical shifts. The sugar ring conforma-
tion considerably influences the deoxyribose shifts®® and
nucleobase protons are heavily affected by these dynamics
and the interaction with the solvent.*® To account for these

Table 1 Overview of calculated and measured chemical shift data for the central A(6)-T(19) nucleotide pair of the Drew-Dickerson dodecamer. All values are in ppm,
except for R? (dimensionless). For the dynamic data, the standard deviation is given between parentheses. All experimental chemical shifts were taken from ref. 45

except for H5" and H5'', where the values reported in ref. 43 were used

Experiment*>* QM/MM-opt MM-MD Wijmenga®’ Altona”®

H5' 4.19 4.42 4.30 (.35) 4.17 4.28
H5"' 4.24 4.47 4.15 (.41) 4.13 4.22
H4' 4.44 4.53 4.39 (.41) 4.27 4.44
H1' 6.13 6.75 6.51 (.49) 6.14 6.12

A(6) HS 8.07 7.92 7.99 (.65) 8.15 8.12
H2 7.61 8.44 8.09 (.46) 7.80 7.58
H3' 4.98 5.20 5.32 (.41) 4.92 4.99
H2' 2.54 2.02 2.59 (.47) 2.58 2.54
H2" 2.88 3.47 2.97 (.44) 2.77 2.88
H5' 4.14 4.39 4.33 (.34) 4.02 4.32
H5"' 4.14 4.37 4.31 (.40) 3.98 4.20
H4' 4.11 4.45 4.25 (.44) 417 4.22
H1' 5.87 6.33 6.12 (.47) 5.95 5.95

T(19) H6 7.07 7.02 7.50 (.58) 7.30 7.19
H3' 4.78 4.82 4.99 (.37) 4.72 4.84
H2' 1.95 1.64 1.95 (.46) 2.08 2.00
H2"' 2.53 3.02 2.74 (.48) 2.47 2.53
H5(CH3) 1.26 1.35 1.39 (.32) 1.50 1.35
R? 0.974 0.994 0.996 0.999
MAE 0.32 0.19 0.11 0.05
o(ref) 31.67 31.78
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typical motions (on the nanosecond timescale) and their
impact on the chemical shifts, NMR calculations were
performed on 200 snapshots from a 2 ns MM MD simulation
(as outlined in Scheme 1). The resulting average shifts are also
indicated in Fig. 3 (green dots) and Table 1. These calculated
values present an overall better agreement with experiment:
the MAE with experiment is reduced to 0.19 ppm and the R?
coefficient is 0.994. Only one proton still deviates considerably
from the linear fit—adenine H8—but all others correspond
much better to the fit than in the NMR calculation for the QM/
MM optimized geometry. The slope of the linear fit is 1.0367,
which indicates an increasing systematic error downfield. In
principle, this could be easily improved by scaling—commonly
used®*—but this was not done here, allowing an unadulterated
assessment of the adopted computational scheme.

The variation throughout the dynamics of the calculated
chemical shift values for the central adenosine is illustrated in
Fig. 4. The distribution of shift values is broad for all protons,
with standard deviations ranging from 0.35 ppm for the H5'
proton to 1.14 ppm for the H62 amine proton (see Table 1). In
fact, both amine protons display an extremely broad chemical
shift distribution. This is caused by rapid fluctuations in the
solvent environment of these protons, and the resulting
variations in hydrogen bonding. But also non-exchangeable
protons can suffer from this effect: the same applies for the
aromatic H8 and—to a lesser extent—H2 protons of the
nucleobase, as already noted in another study.*

This journal is © The Royal Society of Chemistry 2013

The dynamics considerably improve the agreement between
theory and experiment for the deoxyribose protons, especially
in the region 1-3 ppm. Clearly, the snapshots taken from the
MD represent a sufficient conformational ensemble to
describe the rapid ring puckering and fluctuations in the
exocyclic torsion angles, which are known to influence the
sugar proton chemical shifts.®> In Fig. 5, the dependence of
the H1' chemical shift of adenosine (6) on the deoxyribose ring
conformation is illustrated. The sugar ring does not assume
just one conformation (as obtained from the static QM/MM
optimization), but rather switches between the south (C2'-
endo) and north (C3’-endo) conformations, with the former
clearly predominating. In this C2’-endo conformer, the H1’
chemical shift attains rather high values (7-8 ppm) but the less
populated conformations attenuate the shift. Accounting for
the full conformational ensemble obtained from the MM-MD
simulations causes the H1’ shift to drop (from 6.75 to 6.51
ppm), yielding a better agreement with experiment (6.13 ppm).
The aromatic protons of the nucleobases (adenine H8, H2 and
thymine H6) remain poorly predicted by the dynamics with
deviations of up to 0.4 ppm from the experimental values. This
method even seems to perform worse for H6 of T(19).
However, the MM-MD value for this proton is consistent with
the linear fit (Fig. 3), contrary to the QM/MM-opt result.
Adenine HS8, on the other hand, falls outside the linear fit,
even though the predicted value is almost identical to the
experiment shift.
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Overall, the MAE with experiment for the MM-MD results
(0.19 ppm) is almost on par with that for the chemical shifts

method (with a standard deviation of about 0.17 ppm) relies
on the semi-empirical relations of Giessner-Prettre and

predicted with the Wijmenga®® approach (see Table 1). This  Pullman®” but is only applicable for canonical B-DNA. Even
C2’-exo C3’-endo
[Ppm]
5
C1’-endo C4’-exo
5.0 HZc\O/N HQC\G/N
55
6.0 H,C N HCw PON N
O1’-exo z\é/ s \Q/ O1’-endo
6.5
7.0
gy -y
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8.0

C3’-exo
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Fig. 5 Polar plot of the puckering coordinates for the deoxyribose in the adenosine(6) residue of the Dickerson-Drew dodecamer throughout 200 snapshots of a 2 ns
MM-MD run. Representative stages along the pseudorotation pathway are indicated at the corresponding phase angles (in degrees). The radius is the puckering
amplitude (from 0.0 to 1.0 A). Data points are colored according to the chemical shift value of H1’. Polar coordinates were calculated with the MD-TRACKS toolkit.5®
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Fig. 6 Sequence and position of the N>T-ethyl-N>T cross-link in the undecamer.
Chemical structure and atom numbering scheme of the cross-link region.

though the MAE is 0.11 ppm, larger deviations persist for the
aromatic nucleobase protons, analogous with the MM-MD
results. The empirical Altona approach®® yields an even closer
agreement with experiment, further reducing the MAE to only
0.05 ppm. This is quite logical since it is based on statistical
analysis of experimental shifts for reference state B-DNA
forms, of which the Drew-Dickerson dodecamer is a proto-
typical example.

N°T-ethyl-N°T cross-linked undecamer

The grand test for our computational methodology is its
performance in predicting chemical shifts of novel chemical
modifications to DNA, such as interstrand cross-linked
oligonucleotides. Few, if any, modeling methodologies are
able to do so and remain universally applicable. The
benchmarked computational NMR methodology was therefore
applied to the mispair-aligned N°T-ethyl-N°T cross-linked
undecamer”” d(CGAAAT*TTTCG), for which the structure
and sequence is shown in Fig. 6. NMR calculations were
performed on three types of structures: on the QM/MM
optimized geometry, on 100 snapshots taken from a 2 ns
MM-MD trajectory, and on 300 snapshots taken from ten 3 ps
QM/MM-MD trajectories (see Scheme 1). The latter set of
extensive simulations was specifically performed to examine
whether the cross-link region is properly described by the
GAFF>? force field parameters (see Supporting Informationt).
This cannot a priori be assumed since the parameters were not
calibrated for these specific cross-linked sequences. A QM/MM
description of this region is therefore much less biased by the
choice of parameters than an MM description. In addition, as
previous results indicate that proper account of molecular
flexibility is of utmost importance, additional QM/MM
molecular dynamics runs were performed. In Fig. 7 and
Table 2, the calculated proton chemical shifts are compared to
the measured NMR data.”” The simulations confirm our
earlier findings that the static description of the oligonucleo-
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Fig. 7 Correlation between theoretical and experimental proton chemical shifts for the central cross-linked T-T pair in the d(CGAAAT*TTTCG), undecamer. The ethyl
proton chemical shifts of the cross-link are represented by triangles. Via linear regression, a reference proton shielding constant of 31.64 ppm was determined for the
QM/MM optimized structure (blue), 31.77 ppm for the results of the MM dynamics (green), and 31.29 ppm for the QM/MM dynamics (red).
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Table 2 Overview of calculated and measured chemical shift data for the central T-T nucleotide pair of the N3T-ethyl-N>T cross-linked undecamer. All values are in
ppm, except for R? (dimensionless). For the dynamic data, the standard deviation is given between parentheses

Experiment*’ QM/MM-opt MM-MD QM/MM-MD Wijmenga®’ Altona*®
H1' 5.71 4.51 5.97 (.47) 5.78 (.89) 5.95 5.95
H6 6.92 7.48 7.32 (.48) 7.10 (.79) 7.30 7.19
T*(6) H3' 4.71 5.97 4.54 (.49) 4.53 (.72) 4.72 4.84
H2' 1.74 1.03 1.73 (.65) 1.43 (1.06) 2.08 2.00
H2" 2.44 2.98 2.66 (.42) 2.95 (1.10) 2.47 2.53
H1' 5.71 4.90 6.10 (.46) 6.10 (.78) 5.95 5.95
H6 6.92 7.46 7.45 (.52) 7.18 (.90) 7.30 7.19
T*(17) H3' 4.71 6.28 4.69 (.49) 4.80 (.76) 4.72 4.84
H2' 1.74 1.31 1.95 (.52) 1.65 (.92) 2.08 2.00
H2" 2.44 3.14 2.69 (.40) 2.81 (1.02) 2.47 2.53
H1 3.13 3.48 3.39 (.48) 3.28 (.98)
ICL H2 3.23 3.61 3.90 (.52) 3.62 (1.08)
H3 3.13 3.64 3.78 (.73) 3.22 (1.03)
H4 3.23 2.79 3.35 (.49) 3.34 (1.07)
R? 0.845 0.983 0.985 0.994 0.999
MAE 0.71 0.30 0.23 0.20 0.20
a(ref) 31.64 31.77 31.29

tide results in large errors for the predicted chemical shifts, for
deoxyribose protons (H1’' and H3' in particular) but also for
the ethyl protons of the cross-link (H1 to H4). For non-cross-
link protons, MM as well as QM/MM dynamics considerably
improve the agreement with experiment. The cross-link
protons require a QM/MM-MD treatment (see further on).
Overall, the MM-MD and QM/MM-MD results yield MAE values
of 0.30 ppm and 0.23 ppm respectively, compared to 0.72 ppm
for the QM/MM optimized structure. The linear fits are also
more consistent in the dynamic cases, with R* values much

closer to 1.00 as compared to the data of the QM/MM
optimized structure.

A striking feature in Fig. 7, for all calculation methods, is
that the chemical shifts of equivalent protons in both thymine
nucleotides are different. In reality, these protons are
chemically identical, yielding the same chemical shifts and
giving rise to a deposited pdb-structure (1S37)*’ that is
perfectly symmetrical. Such a situation never arises in our
structural calculations, partly because the solvent and ionic
environment of the oligomer is inherently asymmetric, but
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Fig. 8 Histograms of the cross-link ethyl proton chemical shifts for the ICL d(CGAAAT*TTTCG), undecamer, calculated for 100 snapshots from a 2 ns MM-MD
simulation (green) and 300 snapshots from ten 3 ps QM/MM-MD trajectories (red). Averaged values for each distribution are shown at the top of the plots.
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values throughout the MM-MD (green) and QM/MM-MD simulations (red).
Averaged dihedral angle values for each distribution are shown as lines at the
top of the plot. (Top) Influence of this dihedral angle on the H3 chemical shift.
Dots indicate the shift values obtained by averaging over all structures in the
corresponding dihedral angle bins. Linear fits merely illustrate the trend for the
MM-MD and QM/MM-MD simulations. Grand average H3 chemical shifts (as
reported in Table 2) are also shown by thick horizontal lines on the left of the
plot. (Bottom) Structural representation of a snapshot from the QM/MM-MD
simulations, zooming in on the T-ethyl-T cross-link. Spheres indicate the
C2(T17)-N3(T17)-C(ICL)-C(ICL) dihedral; the H3 proton is marked by a smaller,
purple sphere. Thymine-6 is colored blue, thymine-17 in red. Transparent lines
illustrate the conformational flexibility of the ethyl crosslink throughout the
dynamics. The oligonucleotide backbone is represented by a grey ribbon, water
molecules by red spheres.

mostly because very long MD trajectories would be required to
reach completely symmetric conformational ensembles for
both sides of the oligomer. One way to circumvent this would
be to average the chemical shifts of equivalent protons over
both thymine residues (T(6) and T(17)), yielding smaller MAE
values with respect to experiment. However, this was not done
here, since such a procedure is not possible for asymmetrically
cross-linked DNA oligomers.

This journal is © The Royal Society of Chemistry 2013

The overall performance of the MM and QM/MM dynamic
methods is similar in predicting the chemical shifts of non-
cross-link protons. Neither outperforms the other, with larger
deviations from the measurements for the aromatic nucleo-
base protons in the former and for some carbohydrate protons
in the latter dynamic method. Comparable errors are now also
apparent for the (semi)-empirical methods (see Table 2), which
do not take into account the deviation from canonical B-DNA
structure in the cross-linked undecamer. Furthermore, no
chemical shift values are readily available for the interstrand
ethyl cross-link using the Wijmenga or Altona approaches.

Our computational NMR methodology also has the ability to
predict the proton chemical shifts of this interstrand ethyl
cross-link. The corresponding values (H1 to H4) are taken up
in Table 2. For the cross-link region specifically, the results of
the QM/MM dynamics are much better than those of the MM
dynamics, especially for the H2 and H3 protons pointing
towards the major groove. Fig. 8 compares the variation of the
chemical shifts for all ICL protons for both types of molecular
dynamics simulations. The resulting distributions are very
broad, easily spanning 4-6 ppm, comparable to the amine
protons of the central adenosine in the Drew-Dickerson
dodecamer (see Fig. 4). The chemical shift of the ethyl protons
is very sensitive to the dynamic variations of the cross-linked
structure, but also to the surrounding solvent, despite their
apolar nature. Clearly, the varying hydrogen bonding pattern
with the nearby aromatic nitrogens and carbonyl groups
throughout the dynamics leads to microsolvation of the ICL
region, with a concomitant effect on the ethyl proton chemical
shifts. The width of the MM-MD distributions is more
compact, but the predicted H2 and H3 chemical shifts are
also apparently higher than in the QM/MM-MD case. This
clear distinction indicates that the conformational space of the
cross-link is fundamentally different in the MM and QM/MM
descriptions. As such, different preferential conformations are
attained during molecular dynamics, affecting the resulting
proton chemical shifts. This is explicitly illustrated in Fig. 9 for
the C2(T17)-N3(T17)-C(ICL)-C(ICL) dihedral and the H3
chemical shift (the other ICL protons show comparable, but
less pronounced trends). Histograms of the dihedral angle
values during both MD simulations show that the QM/MM-MD
distribution is biased towards a slightly higher dihedral angle,
as compared to the MM-MD distribution: the preferred
conformation for this dihedral is different in both simula-
tions. This conformational change in itself will affect the H3
chemical shift. More fundamentally though, the correlation
between the H3 chemical shift and the C2(T17)-N3(T17)-
C(ICL)-C(ICL) dihedral is significantly different in the QM/MM
and MM methodologies. This is not easy to interpret: the
reported correlations are rather low (0.48 for MM-MD and
—0.33 for QM/MM-MD) and many more structural variables
will affect the C2(T17)-N3(T17)-C(ICL)-C(ICL) dihedral and
H3 shift. Nevertheless, this difference further points out the
fundamentally different description of the ICL conformation
in the MM and QM/MM schemes. The latter method, though
computationally more expensive, seems best fit to predict and
reproduce the experimental chemical shifts in the ICL region.

RSC Adv., 2013, 3, 3925-3938 | 3935



Conclusions

An efficient way to obtain structural insight is duly needed to
promote development of novel applications of modified DNA.
Solving complications encountered in NMR structure analysis
when coping with oligonucleotides of increasing size can be
facilitated by complementary use of molecular modeling,
yielding structural as well as spectroscopic information
through simulation. Yet, computational prediction of NMR
chemical shifts remains challenging, especially for molecular
systems as extensive as (modified) DNA. We have developed a
computational methodology relying on first principles and a
QM/MM partitioning scheme that is able to satisfactorily
predict the proton chemical shifts of (modified) DNA systems,
significantly facilitating structural elucidation using NMR
spectroscopy. For instance, in interstrand cross-linked oligo-
nucleotides, our method could provide a complete assignment
of all chemical shifts related to the cross-link region, allowing
gaps in a sequential resonance assignment to be filled in. For
such molecular systems in particular, a QM/MM methodology
is essential, since standard (semi-) empirical chemical shift
prediction methods are less accurate and a better description
of the electronic structure of the modified DNA is required.

Benchmarking on a central A-T nucleotide pair of the
d(CGCGAATTCGCG), Drew-Dickerson DNA dodecamer, our
QM/MM DFT scheme was successfully tested, reaching
convergence below 0.1 ppm once sufficient nucleotide pairs
and water molecules surrounding the central nucleotide pair
were taken up in the QM subsystem, and enough point charges
were included in the MM subsystem. This computational
methodology performs quite well in reproducing the experi-
mental chemical shifts, with a mean error of less than 0.2
ppm, provided that the dynamics of the oligonucleotide are
properly taken into account. This is achieved with (force field)
molecular dynamics simulations to incorporate solvent and
temperature effects in the calculation of NMR properties.

This protocol was subsequently applied to the mispair-
aligned N’T-ethyl-N®T cross-linked d(CGAAAT*TTTCG), unde-
camer. Relying on the conformational sampling of MD
simulations in a force field and mixed QM/MM description
of the cross-linked oligonucleotide, dynamic proton chemical
shifts were calculated and compared with their experimental
counterparts. The resulting average deviations are of the order
of 0.3 ppm and 0.2 ppm respectively, with the QM/MM scheme
clearly providing a better prediction of the proton chemical
shifts in the cross-link region. This most advanced method
treats that complete region at the QM level and is best able to
describe its conformational space, since it does not crucially
depend on force field parameters for the cross-link.

Overall, the combined application to interstrand cross-
linked DNA oligomers of our derived methodology for NMR
calculations with molecular dynamic simulations, using either
a force field or QM/MM description, matches the predictive
power of (semi)-empirical methods. In addition, our metho-
dology is able to yield reliable information about the NMR
properties of the cross-link region. Furthermore, our metho-

3936 | RSC Adv., 2013, 3, 3925-3938

dology can be successfully applied to other (modified) DNA
systems, and is likely applicable to other (bio)molecular
systems.
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