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ABSTRACT: We have developed, implemented, and assessed an
efficient protocol for the prediction of NMR chemical shifts of
large nucleic acids using our molecules-in-molecules (MIM)
fragment-based quantum chemical approach. To assess the
performance of our approach, MIM-NMR calculations are
calibrated on a test set of three nucleic acids, where the structure
is derived from solution-phase NMR studies. For DNA systems
with multiple conformers, the one-layer MIM method with trimer
fragments (MIM1,....) is benchmarked to get the lowest energy
structure, with an average error of only 0.80 kcal/mol with respect
to unfragmented full molecule calculations. The MIMI-NMR .,
calibration with respect to unfragmented full molecule calculations
shows a mean absolute deviation (MAD) of 0.06 and 0.11 ppm, respectively, for "H and "*C nuclei, but the performance with
respect to experimental NMR chemical shifts is comparable to the more expensive MIM1-NMR and MIM2-NMR methods with
trimer subsystems. To compare with the experimental chemical shifts, a standard protocol is derived using DNA systems with
Protein Data Bank (PDB) IDs 1SY8, 1K2K, and 1KR8. The effect of structural minimizations is employed using a hybrid
mechanics/semiempirical approach and used for computations in solution with implicit and explicit—implicit solvation models in our
MIMI1-NMRy;.., methodology. To demonstrate the applicability of our protocol, we tested it on seven nucleic acids, including
structures with nonstandard residues, heteroatom substitutions (F and B atoms), and side chain mutations with a size ranging from
~300 to 1100 atoms. The major improvement for predicted MIM1-NMRy;... calculations is obtained from structural minimizations
and implicit solvation effects. A significant improvement with the explicit—implicit solvation model is observed only for two smaller
nucleic acid systems (1KR8 and 7NBK), where the expensive first solvation shell is replaced by the microsolvation model, in which a
single water molecule is added for each solvent-exposed amino and imino protons, along with the implicit solvation. Overall, our
target accuracy of ~0.2—0.3 ppm for "H and ~2—3 ppm for *C has been achieved for large nucleic acids. The proposed MIM-NMR
approach is accurate and cost-effective (linear scaling with system size), and it can aid in the structural assignments of a wide range of
complex biomolecules.
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1. INTRODUCTION ical shift predictions for nucleic acids have lagged behind those
for proteins. For nucleic acids, the employment of NMR
chemical shifts can be even more advantageous due to the
complications in NMR experiments and subsequent assign-
ments. However, due to the high degree of flexibility in nucleic
acids, particularly in RNA4, it is highly challenging for NMR
experiments to generate a complete description of interproton
nuclear overhauser effect (NOE)-derived distance restraints
that are needed for their structural characterization.”® While

Nuclear magnetic resonance (NMR) chemical shifts are
heavily employed for the structural elucidation of proteins
and nucleic acids. However, chemical shifts are influenced by,
and are sensitive to, several important factors, such as the local
structures surrounding the nuclei of interest, conformational
flexibility of the biomolecule, and the solvation environment.
Due to the complex nature of such interactions, predicting
accurate chemical shifts is crucial for peak assignments and
subsequent structure validation for biological macromolecular
systems.'~* In particular, a large number of NMR experiments Received: September 27, 2022 e
have been conducted on proteins to understand their Published: January 11, 2023
underlying structural parameters that have subsequently been

used to fit empirical formulae as well as to construct various

protein prediction models. In contrast, due to the scarcity of

high-quality three-dimensional (3D) structures, NMR chem-
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Scheme 1. Cartoon Representing the MIM-NMR Method for ds-DNA Type Nucleic Acids”
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“Circles represent nucleotides that are connected by bonds (bold black lines), dotted bonds in green color represent the intramolecular hydrogen-
bonding interactions. Primary subsystems are color coded as open brackets, which represent each dimer unit. Overlapping primary fragments are
shown as derivative subsystems. (b) DNA structure with red dotted line through the 4'C—5'C bonds that are cut to make the monomers.

empirical approaches, such as SHIFTS,” NUCHEMICS,?
PPM,” and RAMSEY,'? are used in the field of nucleic acid
chemical shift predictions, they have significant limitations.
Most of these methods rely on experimental data from a small
number of high-quality structures and they use empirical or
semiempirical equations to account for the effects of non-
neighboring residues. These empirical methods are not well
adapted to dealing with noncanonical structures, and are
insensitive to structural changes in nucleic acids, leading to
inaccurate predictions.'’ Furthermore, even for the exper-
imentally assigned nucleic acids, chemical shifts of non-proton
nuclei still limit the reliability of empirical methods targeting
these nuclei.’

Most currently available quantum mechanics (QM)-based
techniques have a key drawback in that they become too
expensive as the system size grows. Because full quantum
chemical computations for large proteins are currently not
possible, a majority of previous investigations have relied solely
on localized truncated structural models to determine the
NMR chemical shifts. As an alternative strategy, fragmentation-
based hybrid approaches have recently emerged as highly
efficient tools to achieve asymptotic linear scaling for QM
computations. Larger molecules are divided into smaller pieces,
and the wavefunction, energy, and other energy derivatives
(i.e, spectroscopic characteristics) of each fragment are
computed using quantum mechanical calculations. The results
of the fragments are then assembled appropriately to derive the
properties of the entire large molecule. Fragmentation
strategies rely on the chemical localization of macromolecular
systems, presuming that atoms far away from the region of
interest have only a minor effect on the local region of a
macromolecule.

Several fragmentation methods employing a QM/molecular
mechanics (MM) framework,'"'> and a range of density
functional theory (DFT)-based methods like adjustable density
matrix assembler (ADMA), fragment molecular orbital (FMO)
method, combined fragmentation method (CFM), generalized
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energy-based fragmentation (GEBF), and systematic molecular
fragmentation analysis (SMFA) have been developed by
different groups to compute the NMR chemical shifts of
various macromolecular systems.'>~>° Almost all of these
fragmentation methods are tested and benchmarked on either
proteins, peptides, or molecular crystals. Only a few studies are
on nucleic acids such as a recent study using electrostatically
embedded generalized molecular fractionation with conjugate
caps (EE-GMFCC) scheme for the excited-state properties of
fluorophore RNA systems. Among the few studies specifically
on NMR chemical shift predictions, QM/MM-based AFNMR
and DFT-based ADMA methods have been used; however,
both these methods showed only modestly successful perform-
ance with mean deviations of ~0.4—0.6 ppm for 'H NMR
chemical shifts, nearly twice as large as the ~0.2—0.3 ppm
attained for peptide systems.”" !

In prior work on proteins, we found that the SHIFTX2 and
AF-QM/MM methods failed to predict the chemical shifts for
labile protons and nonstandard residues.”” In contrast, our
QM-based molecules-in-molecules (MIM) fragmentation
method can overcome most of the limitations in empirical
methods or other DFT-based fragmentation methods by
employing more efficient fragmentation strategies, effective
structural minimizations on the relevant conformers, and by
accurately describing the solvation environment. Interestingly,
quantum chemical calculations on small test systems like
mononucleotides, trinucleotides, and base pairs showed that
sugar ring puckering, torsional effects of rings, hydrogen
bonding between base pairs, and ring current effects from base
stacking have profound influence on chemical shifts.***~° The
presence of such nonbonded interactions in nucleic acid
systems demands a reasonably large fragment size for accurate
MIM predictions.

In this work, we report our results on NMR chemical shift
predictions for a diverse set of nucleic acid systems based on
our MIM fragmentation-based method.”’~*° For medium-to-
large systems, the MIM method has previously demonstrated

https://doi.org/10.1021/acs.jctc.2c00967
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excellent performance in a variety of spectroscopic studies,
including infrared, Raman, vibrational circular dichroism, and
Raman optical activity spectra.31_33 In addition, our previous
work using multilayer MIM helped us to accurately predict the
NMR chemical shifts of large proteins.””** Because nuclear
shielding is a local property, using high-level QM methods on
smaller fragment subsystems makes MIM an accurate and cost-
effective method for predicting the NMR chemical shifts of
large biomolecules. In this study, we report an efficient MIM-
NMR protocol for nucleic acids by carefully calibrating
fragmentation size and combining various levels of theory.
Furthermore, we also performed MIM energy evaluations on
conformers, as well as the effect of structural minimization on
the computed NMR spectra. Additionally, we present a cost-
effective approach to incorporate solvation effects for the
accurate prediction of NMR chemical shifts.

2. METHODS

2.1. Molecules-in-Molecules (MIM) Method. All MIM
and MIM-NMR calculations were performed usingg an external
Perl module and the Gaussian16 program suite.'” The details
about the working principles of our MIM fragment-based
approach, different fragmentation schemes, and capabilities of
our method have been described in previous publications.** ™’
Therefore, only a brief and relevant discussion will be given
here. In MIM, initial non-overlapping fragments, called
“monomers” in this work, are formed by cutting single bonds
between heavy (nonhydrogen) atoms. In the case of nucleic
acids, we keep all of the partial double bonds intact along with
the rings from the nucleobase, pentose sugar rings, glycosidic
bonds, and phosphate groups (preserve phosphodiester
bonds). Parent fragments are formed by cutting the 4'C—
5’C bond of the deoxyribose sugar from each side of the DNA
ladder by keeping the base pairs and phosphate groups intact
as shown in Scheme 1. It is important to note that hydrogen-
bonded nucleotide pairs are considered as monomers and
terminal 4'C—5'C bonds are kept intact. Additionally, for
DNA structures with local unpaired nucleobases, the
mononucleotide is considered as a monomer along with
other paired nucleotides for the MIM protocol. Neighboring
monomers are combined to form primary and derivative
subsystems (vide infra) to capture the interactions between the
monomers.

In this study, we have compared the performance of one-
layer (MIM1) and two-layer (MIM2) approaches to compute
the relevant properties of the molecule. In MIM2, two
fragmentation parameters and two levels of theory are used.
The primary subsystems formed with a small fragmentation
parameter (r) are calculated with both high and low levels of
theory, and those with a large parameter (R, full molecule in
this study) accounting for long-range interactions are
calculated only at a low level of theory. With the smaller
fragmentation parameter (r), the primary subsystems are
formed by combining two or three of the adjacent monomers
resulting in dimer or trimer subsystems. The dimer primary
subsystems are ideal for the NMR calculations for nucleic acids
since their size is ideal to capture the base pair stacking and
intramolecular hydrogen-bonding interactions using a high
level of theory. Since the primary subsystems are formed by
starting from each of the monomers, there are overlapping
parts that need to be accounted for. To account for the
overcounting of the overlapping parts, derivative subsystems
are formed using the inclusion—exclusion principle. Conven-
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iently, as shown below (vide infra), the rigid construct of DNA
and the localized property of NMR chemical shifts help to
accurately predict the NMR chemical shifts using a single layer
of MIM protocol without adding the secondary long-range
interactions. The truncated bonds in the subsystems are
saturated with link-hydrogen atoms. MIM1 and MIM2
energies can be written like the standard ONIOM extrap-
olation expression, as shown in eq 1 and eq 2.

MIMI _ o

(1)
(2)

Here (r) and (R) represent generalizations of the “model
system” and “real system,” respectively, as in the standard
ONIOM calculations. Thus, Ejg, Eio,, and ER,, represent the
generalized E,_, E;, and E; in the ONIOM energy expression.
As has been described previously, the energy summation for
the high and low levels of theory is carried out, according to
the inclusion—exclusion principle, taking into consideration the
appropriate signs of the energy terms involving the different
primary and derivative subsystems.”’ ™"

2.2. NMR Calculations. For the NMR-gauge-including
atomic orbital (GIAO) method, isotropic shielding tensor, "
for atom N, is given as the second derivative of the electronic
energy, E, with respect to the external magnetic field B and the
nuclear magnetic moment my.

MIM2 r r R
E = Ehigh - Elow + Elow (1’ < R)

N 0’E

Gjj
0B,omy
71B=0

3)

where 63’ is the ijth component of the shielding tensor, B; is
the ith component of the external magnetic field, and my is the

jth component of magnetic moment of the nucleus N.
In MIM2, isotropic shielding tensor for all of the atoms is
calculated using a general expression

2
N _ 4 Etotal

0 =
0B,0omy
71B=0

0By 0’E,,
0Bomy  0Bomy
] ]

0’E,,
0B,0my
y)

(4)
The atomic NMR shielding constant is one-third of the sum of
the trace of the atomic shielding tensors from eq 3. ¢;, which is
the isotropic chemical shift, is subtracted from the correspond-
ing standard reference value (o,) to yield the chemical shift of
each atomic species. For 'H and "C, the chemical shift is
calculated using tetramethylsilane (TMS) as the reference. For
SN, the NH; molecule is taken as the reference.

0, = 0 — O,

(5)

For the initial calibration calculations, the two-layer MIM
(MIM2) model was compared with the one-layer MIM
(MIM1) model for energy evaluations as well as NMR
chemical shift predictions. For the MIM2[mPWI1PW91/6-
311G(d,p):mPW1PW91/6-31G] method, mPWI1PW91/6-
311G(d,p) is used in high layer and mPW1PW91/6-31G in
a low layer, whereas for the MIMI1[mPWI1PW91/6-311G-
(d,p)] method, mPWI1PW91/6-311G(d,p) is used in a single
layer. The scaling factors determined for 'H, C, and PN
nuclei using the mPW1PW91/6-311G(d,p) method are 31.86,
190.33, and 273.38 ppm, respectively. Note that mPW1PW91
has previously been shown to give quite accurate results for the
calculations of the NMR chemical shift predictions of small

https://doi.org/10.1021/acs.jctc.2c00967
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(a) 1SY8

. (b) IK2K

(c) IKR8

Figure 1. Structures of 1SY8, 1K2K, 1KR8 nucleic acid systems employed for benchmarking studies.

molecules, natural products, and our previous study on
proteins.”>*® It is important to note that nucleic acids have
polar functional groups, which may give an overall charge to
the system. Since electrostatic interactions in gas-phase
calculations are significantly overestimated, charged residues
are neutralized, as customarily done in several previous
studies.” ™’

2.3. Solvation Models. The solvent environment for the
MIM-NMR calculation is incorporated using implicit, and
explicit—implicit solvent models. For implicit solvation, the
SMD-SCRF" implicit solvation model is used.

Implicit __ - Implicit
ETotal - Emh

(6)

Recent theoretical studies suggest that the local solvent
environment near sensitive amino groups is important in
prediction of accurate chemical shifts.””*” It has been shown
that adding a small number of direct hydrogen-bonded water
molecules is sufficient to accurately predict the amino proton
chemical shifts. In our explicit—implicit solvation model, the
explicit solvent molecules are added to the spines of the DNA
molecule near the exposed amino groups. The well-packed
rigid structure of DNA molecules and the local nature of NMR
chemical shifts can be used to our advantage while considering
the MIM fragmentation strategy. The assumption here is that
the dimer primary subsystems with the explicit—implicit
solvation model can accurately model the local intramolecular
hydrogen-bonding interactions as well as intermolecular
explicit interactions with the solvent (vide infra) at the high
level of theory. Our results show that contributions from the
long-range interactions are negligible and the one-layer MIM
model with the explicit—implicit solvation model substantially
lowers the computational cost of performing the full molecule
calculations. In our explicit—implicit solvation model, the
short-range hydrogen-bonding interactions are captured by
including one explicit water molecule per amine proton, and
other solvation effects are captured using the SMD implicit
solvation model. Because the turns and twists formed by such
interactions cannot accommodate an explicit water molecule,
amine groups with intramolecular hydrogen-bonding inter-
actions are excluded from the addition of explicit solvent
molecules. This avoids adding a random number of explicit
water molecules, which would necessitate proper equilibration
and careful sampling of solvent molecules, potentially leading
to significant increases in computational cost. In contrast, our
approach is systematic while keeping computational costs to a
minimum. Finally, all of the explicit water molecules are
geometry optimized using the PM6D3H4 semiempirical
method using Molecular Orbital PACkage (MOPAC) while
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freezing the rest of the DNA molecule to preserve its
conformation.”'

3. DETERMINATION OF FRAGMENTATION
PROTOCOLS FOR MIM-NMR OF NUCLEIC ACIDS

In this section, we calibrate the performance of different
fragmentation schemes in MIM for the calculation of the
energy and NMR chemical shifts of the DNA molecules. First,
we calibrate the performance of MIM for obtaining accurate
energy ordering of multiple conformers of nucleic acids, and
then, we calibrate one-layer and two-layer MIM-NMR
methods on the lowest energy conformer for the prediction
of NMR chemical shifts. To calibrate the MIM methods, we
have obtained the structure and experimental chemical shifts of
three DNA molecules 1SY8 (BMRB ID 6186),** 1K2K
(BMRB ID 5339),” and 1KR8 (BMRB ID 5282)* from
the Protein Data Bank (PDB), as shown in Figure 1. 1SY8 and
IK2K DNA molecules are used for regulation of gene
expressions and intercalation site for several anticancer drugs,
whereas 1KR8 is an extraordinarily stable mini-hairpin
d(GCGAAGC) heptamer. 1SY8 and 1KR8 DNA molecules
have 10 and 14 conformers each submitted to the Protein Data
Bank, 1SY8 being a DNA duplex with d(TGATCA)2
sequence, and 1KRS, a hairpin structure with d(GCGAAGC)
sequence. The third system, 1K2K, with d(CGTACG)2 has
one submitted conformer in the PDB.

In these calibrations, we first used multiple conformers of
the 1SY8 DNA duplex with 12 residues and 6 base pairs for the
calibration of MIM-based conformational energies. Both 1SY8
and 1K2K DNA duplexes were then used for calibration of the
MIM-NMR method starting from gas-phase calculations at
experimentally determined geometries. Subsequently, we
optimize the MIM-NMR protocol for 1SY8 and 1K2K
structures along with the heptamer hairpin structure of 1KR8
by incorporating structural minimizations and solvation effects
for the prediction of NMR chemical shifts by comparing it with
the reported experimental values. All three nucleic acids
considered for developing the MIM protocol have polar
functional groups and side chains, which contribute to overall
charge to the systems. To minimize errors resulting from the
overestimation of the strengths of electrostatic interactions in
the calculations, charged residues are neutralized and this
approach has been used previously as a reasonable
approximation for proteins.”>*"*

3.1. Calibration of MIM Energy vs Full Energy for
Multiple Conformers of the 1SY8 System. 1SYS8 DNA
molecule, with 12 residues and 390 atoms, has 10 conformers.
To check the performance of the MIM method for
conformational energy differences, we evaluated the single-

https://doi.org/10.1021/acs.jctc.2c00967
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Figure 2. (a) Cluster plot to show the absolute error for calculated energies of 1SY8 DNA duplex using MIM1[CAM-B3LYP-D3BJ/6-31+G(d)]
compared to unfragmented calculations. Magenta pattern-filled column and green-filled column for MIM1 dimer and trimer fragmentation
energies. (b) Cluster plot for the relative energies of the 10 conformers of 1SY8 DNA duplex with respect to the lowest energy conformer
calculated using the CAMB3LYP-D3BJ/6-31+G(d) method. Blue pattern-filled column and yellow-filled column for MIM1 dimer and trimer
relative energies, and the red line plot shows the unfragmented relative energies of the conformers.

point energies of all conformers using the CAM-B3LYP-D3B]J/
6-31+G(d) method and compared with MIM1g,., (MIM1
with dimer subsystems) and MIM1,,... (MIM1 with trimer
subsystems) energies. The calculated mean absolute error
(MAE) of energies using MIM is shown in Figure 2a and Table
S1. MAE of the MIMly;,.. and MIM1,. .. methods with
respect to the unfragmented (full molecule) calculation gives
an average MAE of 7.79 and 0.80 kcal/mol, respectively. As
expected, the absolute energies are better reproduced by the
trimer model. However, the relative energy ordering of
conformers obtained using both dimer and trimer MIMI1
fragmentation is the same as in the unfragmented full molecule,
with conformer 7 (conf-7) being the lowest energy structure as
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shown in Figure 2b. Since the errors obtained from the
MIM1 method are very small (less than 1 kcal/ mol), it is
an excellent method to get the energy ordering of closely lying
conformers instead of doing the expensive full molecule
calculation. The MIM1,,,., model can also be used to estimate
the conformational energies without significant loss in accuracy
though we use the more rigorous MIM1,,, in this study. In
our previous MIM-NMR studies for proteins, Boltzmann
averaging of conformers was used to get the relevant
conformers for the NMR chemical shift evaluations.”> Here,

trimer

a detailed evaluation of Boltzmann contributions of each
conformer from different methods is shown in the Supporting
Information (SI) (Tables S2—S4 of the SI). The evaluation of

https://doi.org/10.1021/acs.jctc.2c00967
J. Chem. Theory Comput. 2023, 19, 544—561


https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c00967/suppl_file/ct2c00967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c00967/suppl_file/ct2c00967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c00967/suppl_file/ct2c00967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c00967/suppl_file/ct2c00967_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c00967/suppl_file/ct2c00967_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00967?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00967?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00967?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00967?fig=fig2&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c00967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article
A
0.080
IH 0.140 13 C 1 5N
0.070 0.600
0.120
0.060 aConf-7
0.100 0.500
0.050 oConf-8
0.080 0400
~ 0.040 oConf-5
£ 0.060 0300
o 0.030
e 0.040 0200
0.020
g
E 0010 0.020 0.100
= 0.000 0.000 0.000
s MIM1-NMRgimer MIM1-NMRerigaer MIM2-NMRimer MIM2-NMRrigner MIMI-NMRaimer MIM1-NMRerigaer MIM2-NMRaignee MIM2-NMR riner MIM1-NMRaimer MIMI-NMRuricoer MIM2-NMRaizmer MIM2-NMR rimer
S
0350 17 0.060
= 0] 31p
=]
2 0300 0.050
<
0250
= 0.040
<
] 0200
E 0.030
0.150
0.020
0.100
0.050 0010
0.000 0.000
MIM1-NMRgimer MIM1-NMR qrigner MIM2-NMR gigner MIM2-NMRyrigner MIMI-NMRimer MIM1-NMRirigmer MIM2-NMR gimner MIM2-NMRrigner

Figure 3. Mean absolute deviation (MAD) for calculated chemical shifts at MIM1[mPW1PW91/6-311G(d,p)] and MIM2[mPW1PW91/6-
311G(d,p):mPW1PW91/6-31G] for dimer and trimer primary subsystems, compared to NMR chemical shift calculated for the full, unfragmented

conformers 7, 8, and 5 of DNA duplex 1SY8.

the Boltzmann contributions using the MIMIl, . method
shows that conformers 7 and 8 have 89.2 and 10.5%
contributions, respectively. MIM-NMR studies were then
performed on structures with Boltzmann contributions to
understand their importance on chemical shift predictions.
3.2. Calibration of MIM-NMR vs Full Molecule NMR
Calculations for 1SY8 and 1K2K DNA Duplex Struc-
tures. After obtaining the energy ordering of conformers for
1SY8 duplex, we applied the one-layer and two-layer MIM-
NMR protocols to evaluate the chemical shifts. We selected
the two lowest energy conformers, conformer 7 (conf-7) and
conformer 8 (conf-8), along with the highest energy
conformer, conformer S (conf-5), to compare the NMR
chemical shifts of the full molecule vs fragmentation
calculations in the gas phase. The MIM fragments for DNA
molecules were generated by cutting the carbon—carbon single
bond in the phosphate backbone while preserving the nucleic
acid—base pairing interactions as shown in Scheme 1 (vide
supra). The NMR calculations are carried out using the
mPW1PW91/6-311G(d,p) method for MIM1 (and full
molecule calculations for calibration), whereas
[mPW1PW91/6-311G(d,p):mPW1PW91/6-31G] methodol-
ogy is used for MIM2-NMR calculations. The mean absolute
deviation (MAD) in isotropic magnetic shielding tensors using
MIM1 and MIM2 methods was compared with the full
molecule calculations and are shown in Figure 3 and Table S5
of the Supporting Information. From the figure, it is evident
that for all three conformers, as the fragment size increases, the
mean absolute deviation becomes smaller. For proton ('H)
and carbon (**C), the average MAD error of 0.06 and 0.11
ppm for MIM1g... improved to an average error of 0.02 and
0.04 ppm for MIM1-NMR., calculations. Similarly, MIM2-

549

NMRy;,..r error of 0.01 and 0.03 ppm for proton and carbon
improved to 0.006 and 0.008 ppm, respectively, for MIM2,; ...
calculations. The errors from both MIM2-NMRy,... and
MIM2-NMR;... methodologies show lower errors compared
to MIM1-NMR chemical shift evaluations.

Like 1SY8, calibrations are performed on the 1K2K DNA
molecule with 12 residues and 388 atoms. The only submitted
conformer of 1K2K in the PDB is used for the MIM-NMR
calibrations. The MAD values with respect to full calculations
for MIM1 and MIM2-NMR evaluations of dimer and trimer
subsystems are shown in Table S6 of the Supporting
Information. In general, MIM-NMR.... gives less MAD
values compared to MIM-NMRy,.,, irrespective of one-layer
or two-layer models. When the one-layer and two-layer models
are compared, MIM2 outperforms the MIM1 model with the
lowest MAD values for MIM2-NMRy,.... with 0.006 ppm for
'H and 0.01 ppm for *C.

For both 1SY8 and 1K2K systems, going from dimer to
trimer for both MIM1 and MIM2 fragmentation methods
showed significant improvement in the calculated deviations
with respect to unfragmented calculations. This evaluation
shows that the size of the fragment and the addition of the
second layer improve the MAD values with respect to the
unfragmented full molecule calculations.

3.3. Calibration of Gas-Phase MIM-NMR vs Exper-
imental '"H NMR Chemical Shifts for 1SY8 and 1K2K
DNA Duplexes. MAD values for calculated NMR chemical
shifts with respect to experiments for conformers 7, 8, and 5 of
1SY8 system using different fragmentation schemes are shown
in Table 1. It is interesting to note that the MAD values for all
conformers with respect to the experimental NMR chemical
shifts stayed the same around ~0.40 ppm with an R* value of
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Table 1. Mean Absolute Deviation of 'H Gas-Phase NMR
Chemical Shift Using MIM1[mPW1PW91/6-311G(d,p)]
and MIM2[mPW1PW91/6-311G(d,p):mPW1PW91/6-
31G] for Dimer and Trimer Primary Subsystems of
Conformers 7, 8, and S of 1SY8 DNA Duplex, with Respect
to Experimental NMR Chemical Shifts”

MIM,,-NMR dimer trimer unfragmented
model conformers (MAD/R?) (MAD/R?) (MAD/R?)
'H MIM1- conf-7 0.39/0.92  0.40/0.91 0.40/0.91
NMR conf-8 0.38/0.92  0.39/0.91 0.40/0.91
conf-5 041/091  0.42/0.91 0.42/0.91
'H MIM2- conf-7 0.41/0.91 0.41/0.91
NMR conf-8 0.40/091  0.40/0.91
conf-S 0.42/091  0.42/0.91

“MAD values are given in the units of ppm.

0.91, irrespective of the size of the fragment considered or the
number of layers used in the MIM fragmentation scheme. The
MAD values of the highest energy conformer conf-S are
marginally higher than those of conf-7 and conf-8, whereas the
MAD values for both conf 7 and 8 with respect to the
experiments stayed the same. Even though the two-layer
method outperformed the one-layer method for calibration
calculations, a comparison with the experimental calculations
shows that the MIM1,;,.,-NMR method can predict the gas-
phase NMR experimental chemical shifts with similar accuracy
as MIM2 or unfragmented NMR calculations, as shown in
Table 1. Comparable errors from the two lowest and the
highest energy conformers of the 1SY8 DNA molecule suggest
that Boltzmann evaluation may not be needed to predict the
NMR chemical shift of DNA molecules, suggesting that the
lowest energy conformer can be used as the representative
structure for further optimization of NMR chemical shift
predictions.

For 1K2K DNA duplex, MAD values for experimental NMR
chemical shifts with respect to one-layer and two-layer MIM
models with dimer and trimer are shown in Table 2. Again, a

Table 2. Mean Absolute Deviation of '"H Gas-Phase NMR
Chemical Shift Using MIM1[mPW1PW91/6-311G(d,p)]
and MIM2[mPW1PW91/6-311G(d,p):mPW1PW91/6-
31G] for Dimer and Trimer Primary Subsystems of 1K2K
DNA Duplex, with Respect to Experimental NMR Chemical
Shifts”

MIM,,-NMR dimer gMAD/ trimer gMAD/ full (MAD/
model R%) R%) R?)
'"H MIM1-NMR 0.50/0.96 0.50/0.96 0.51/0.96
'"H MIM2-NMR 0.51/0.96 0.51/0.96

“MAD values are given in the units of ppm.

cheaper MIM14,,,.-NMR calculation gives a MAD value of
0.50 ppm with an R* of 0.96 with respect to the experiments,
whereas a second layer or larger fragmentation method did not
show any improvement in the MAD values. This evaluation
further strengthens our observations from the 1SY8 molecule
that MIM2-NMR methods and MIM1-NMR,;;.... methods do
not improve the gas-phase chemical shift predictions,
compared to much cheaper MIM1-NMRy,,... calculations.
Broadly, two factors play a key role in the success of the
MIM1 4imerNMR methodology: (1) the double-helical struc-
ture of nucleic acids and (2) NMR being a localized property.
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A dimer fragment consists of two rungs of the DNA ladder
with two base pairs and associated backbones. Moreover, the
modest size of dimer fragments is enough to capture the major
nonbonded interactions like intermolecular hydrogen bonding
between the base pairs and the stacking interaction between
different rungs of the DNA ladder. This evaluation shows that
the MIM14,,.-NMR calculation is enough to capture the local
information, compared to expensive multilayer fragmentation
methods. Therefore, we chose to select the lowest energy
conformer of 1SY8 system, conf-7, in this example, to further
evaluate the NMR chemical shifts of DNA molecules using a
MIMI1-NMRy,,., model with the mPWI1PW91/6-311G(d,p)
method.

We conclude in this section that conformational energy
differences can be reliably determined with both MIM1 4.,
and MIM1,;,.., models, though the latter has much smaller
absolute energy errors. Since single-point energy evaluations
are quite efficient, we chose to use the MIM1;,..., model to
find the lowest energy conformer. For the more expensive
MIM-NMR calculations, the MIM14;,.. model is adequate and
gives results very similar to those from more expensive
MIM1 e, or MIM2 (dimer or trimer) or even unfragmented
calculations for the prediction of NMR chemical shifts.

4. OPTIMIZATION OF MIM1-NMR COMPUTATIONAL
PROTOCOLS USING CONSTRAINED
MINIMIZATIONS AND SOLVATION EFFECTS FOR
1SY8, 1K2K AND 1KR8 SYSTEMS

The calibrations carried out thus far for both 1SYS and 1K2K
systems used experimentally determined geometries along with
gas-phase MIM-NMR calculations. They showed that the
errors from fragmentation are small and that the computed
results using MIM models are close to those using
unfragmented models. However, any error coming from the
computational models (e.g, density functional, solvation
model) is still present. The calculated "H chemical shift errors
for 1SYS and 1K2K, 0.39 and 0.50 ppm, are outside the target
range of 0.2—0.3 ppm though they are not too far off.
However, for 1KR8, a small nucleic acid hairpin system of 7
residues (228 atoms) with three paired and an unpaired
nucleotide, the errors are significantly larger (MAD 0.78 ppm,
vide infra). For the 1IKR8 system, the unpaired mononucleo-
tide is considered as a monomer for the fragmentation
protocol, along with three paired nucleotides counting to a
total of four monomers for the MIM protocol (vide supra).
The evaluation of 14 conformers of 1KR8 using the
MIM1:CAM-B3LYP-D3BJ/6-31+G(d) method gave conform-
er 3 (conf 3) as the lowest energy structure and used for
further NMR calculations. The MIM1,.., energies for IKR8
conformers are shown in Table S7 of the supporting
information. It is interesting to note that the energy error in
MIMI1 ., with respect to full unfragmented calculation is just
0.11 kcal/mol. However, as noted above, the MAD in the 'H
NMR chemical shifts with the MIMlyy,. protocol is
significantly larger (0.78 ppm). The same MAD value with
respect to experiments is obtained for the MIMIg, .,
MIMl,y and the unfragmented calculations as shown in
Table S8, strengthening the fact that the larger error is not
coming from the MIM fragmentation protocol. More
sophisticated computational models that go beyond the gas-
phase NMR calculations are clearly needed.

https://doi.org/10.1021/acs.jctc.2c00967
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The major challenge of all NMR prediction models is to
accurately obtain the chemical shifts of protons, which are
involved in hydrogen-bonded systems. Hydrogen-bonded
backbone, base stacking, and base pairing protons have an
important role in maintaining the structure of nucleic acids.”
Therefore, we use the chemical shift of protons to optimize our
MIM-NMR protocol by minimizing the MAD values of
calculated NMR chemical shifts from the experiments. Based
on the analysis in the previous section, the lowest energy
conformer from MIM1,;,... [CAM-B3LYP-D3BJ/6-31+G(d)]
and chemical shifts from MIM1g,., [mMPW1PW91/6-311G-
(dp)] are used as a good starting point in this subsection.

Further improvement of gas-phase NMR chemical shifts can
be obtained by constrained minimization of the geometry
using a combination of molecular mechanics and semiempirical
methods along with the addition of implicit and explicit
solvation models, which are evaluated using four different
MIM-NMR models as shown in Figures 4—8. These four
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MIM-NMR models correspond to (A) MIM,,, (B)
MIMEZ™™ (C) MIMEa, and (D) MIMES . A
detailed description of each of the above models is given and
discussed below.

4.1. Gas-Phase MIM1-NMR Calculations. Figure 4
shows the comparison of 'H MIM1,,, calculations with the
experimental chemical shifts for the 1SY8 system, which spans
around 0—9 ppm in the NMR spectra, while Figures S and 6
show similar comparisons for 1K2K and 1KR8 systems with
chemical shift spans between 0 and 14 ppm. For 1SY8 and
1K2K systems, the linearly fitted plot gives the MAD value of
0.39 and 0.50 ppm with R*> values of 0.92 and 0.96,
respectively. Compared to 1SY8 and 1K2K systems, 1KR8
gave the largest MAD of 0.78 ppm from the experiment with
an R? value of 0.81 for 'H MIM gas-phase calculations. Along
with "H chemical shifts for 1KRS, *C and "N experimental
NMR chemical shifts are compared with the MIM,,

calculations and shown in Figures 7 and 8. Here, it is

https://doi.org/10.1021/acs.jctc.2c00967
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important to note that these results are from the gas-phase
structures directly obtained from the Protein Data Bank
without further minimization. To obtain a good starting
structure for NMR calculations, we performed constrained
minimizations on DNA structures without disturbing the
complex intramolecular hydrogen-bonding network that holds
the shape of the molecule (vide infra).

4.2. Constrained Minimizations. To assess the effect of
geometry minimizations on the accuracy of calculated NMR
chemical shift predictions, constrained minimizations were
performed in two steps. Initially, the lowest energy structures
were minimized using AMBERI10:EHT forcefields by con-
straininﬁg all of the heavy atoms and allowing the protons to
move."”"” In the next step, the PM6D3H4 semiempirical
method is used for constrained minimization of all of the
amino and imino groups in nucleobases, using MOPAC,*"
while freezing the rest of the DNA molecule to preserve the
conformation.
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As shown in Figures 4—8B, MIM gas-phase constrained
optimizations resulted in a significant improvement in
calculated NMR chemical shifts, compared to unoptimized
structures for 1SY8, 1K2K, and 1KR8 systems. The
MIMgoi*™*** method shows that the deviation from the
experimental chemical shift improved to 0.35 ppm with an
R? value of 0.93 for the 1SY8 molecule, whereas the MAD
value improved to 0.40 ppm with an R* value of 0.97 for the
1K2K system. Finally, the MIM constrained gas-phase
structure of the 1KR8 system showed significant improvement
in MAD values of 'H (0.62 ppm), '*C (2.58 ppm), and "N
(6.44 ppm).

4.3. Implicit and Explicit—Implicit Solvation Model
for MIM1-NMR Calculations. Along with geometry mini-
mizations, modeling an accurate solvation model is important
in capturing the noncovalent interactions between the nucleic
acid and the solvent water molecules. The NMR chemical
shifts of labile protons are largely affected by the solvation

https://doi.org/10.1021/acs.jctc.2c00967
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environment, and we used the SMD implicit solvation model
and explicit—implicit solvation environment to capture the
missing solvation effects in the gas-phase MIM calculations. As
shown in Figures 4C and SC, incorporating implicit solvation
calculations on constrained minimized structures substantially
improved the deviations and helped bring down the MAD
values to 0.22 ppm for 1SY8 and 0.29 ppm for 1K2K nucleic
acid systems, well within our target accuracy of ~0.2—0.3 ppm
for 'H. However, while we saw a significant improvement from
the implicit solvation model in the MIMf,;’,‘ﬁféftmt deviations for
the 1KR8 system, the MAD value of 0.45 ppm for H is
outside our target accuracy. In our previous study for proteins
using the MIM-NMR method, a microsolvation model of
adding a few water molecules near the highly hydrophilic
exposed amino groups and capturing the rest of the solvent
interactions using the implicit model remarkably improved the
predicted chemical shifts.”> To explore this, for the 1KRS
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system, after adding six explicit water molecules, PM6D3H4
optimizations were carried out for the exposed hydrogen-
bonding amino protons along with the explicit water molecules
by fixing the heavy atoms and other protons. This dramatically
improved the MAD values for the 1K2K system and reduced
the error to 0.28, 2.43, and 3.15 ppm, respectively, for 'H, *C,
and N nucleic acids. Being a small nucleic acid unit, most of
the amino groups are exposed in the DNA molecule and
implicit solvation is not sufficient to fully capture the solvation
effects here. As shown in Figures 6—8D, MIMeti i
calculations showed a huge improvement from gas-phase
calculations for 'H, *C, and >N NMR chemical shifts, and we
achieved the target accuracy (~0.2—0.3 ppm for 'H, ~2.0—3.0
ppm for '*C, and ~3 ppm for *N) for all three nuclei with
reported experimental NMR chemical shifts.

MIMEEs, e calculations were also performed on 1SY8
and 1K2K systems and, interestingly, no improvement is

https://doi.org/10.1021/acs.jctc.2c00967
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observed compared to MIMj " predictions. Additionally,
MIMfrfl‘I‘jféft‘m calculations on the highest energy conformer of
1SY8 (conf-S) gave nearly the same results as conf-7, and no
improvement is observed with the MIMg,‘;;igﬁii_“meM model. In
this context, we note that for both 1SY8 and 1K2K nucleic acid
molecules, we already achieved the target accuracy of 0.2—0.3
ppm with implicit solvation on the constraint-minimized
structure, while for the 1KR8 system, major improvement
came from the added explicit solvent molecules using the
microsolvation model. Thus, we have adopted the more
complete MIMEEG i method as the standard protocol for
DNA-type nucleic acid systems and assessed the performance

of the MIM1-NMRy,.., method in the next section.

5. RESULTS AND DISCUSSION: APPLICATION OF
MIM1-NMR PROTOCOL FOR THE PREDICTION OF
NMR CHEMICAL SHIFTS

Now that we have established the protocol for NMR chemical
shift predictions for nucleic acids, we have applied it to a wide
variety of nucleic acid systems shown in Figure 9.

These include a DNA duplex with PDB ID: 2NSP (structure
a), five nonstandard DNA systems with PDB IDs: 6XAH,
2LIB, IN2W, 2LFX, and 7NBK (structures b—f), and one
DNA/RNA hybrid system with PDB ID: 2LAR (structure g).

Table 3 shows MIM,,, MIMgr ™", MIMEE", and
MIMEE, e evaluations of the chemical shifts of 'H, C,

and N nuclei with respect to experiments for all seven nucleic
acids tested here. For comparison, the corresponding values for
the three nucleic acids used for training the MIM1-NMRy; ...
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protocol are also listed in Table 3. Figures S1—S8 of the
supporting information show the improvement in MAD and
correlation coefficients of the MIM1-NMRy,,.., method with
respect to experiments for all seven nucleic acids with ~300—
1100 atoms, going from unoptimized gas-phase calculations to
calculations in explicit—implicit solvation environment on
constraint-minimized DNA structures (vide infra). Figure 10
illustrates the performance for all seven DNA systems with our
best model, viz. MIMEi{,‘ﬁiﬁiﬁ‘fmpm

5.1. DNA Duplex with PDB ID: 2N5P (BMRB: 25724).
Our first example, 2NSP, is a synthetically constructed
oligonucleotide DNA, used as a control for universal
nucleobase studies for applications, such as templates for
PCR primers, randomized sequencing, and DNA-based
devices.”* We used the only conformer of the DNA duplex
submitted to the PDB, which is composed of 570 atoms,
containing 18 residues with d(GAGCTCCAT), sequence for
MIMI-NMRy,., calculations. Following our protocol, we
added 14 explicit water molecules forming hydrogen bonding
with the DNA structure along with the implicit SMD solvation
model. From Table 3 and Figure S1 (in SI), it is evident that
going from gas-phase MIM1-NMRy,., calculations with a
MAD value of 0.39 ppm (R* = 0.94) to the gas-phase
constraint-minimized structure, we observe a slight improve-
ment in the calculated values, with a MAD of 0.32 ppm (R* =
0.96). Significant improvement was observed when using the
implicit solvation calculations, bringing down the MAD values
to 0.19 ppm (R* = 0.98). However, there is no further

improvement observed for explicit solvation MIMgici™, iici
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Figure 9. Molecules used to compare the MIM method with experimental chemical shifts. (a) 2NSP with 571 atoms, (b) 6XAH with 1130 atoms,
(c) 2LIB with 649 atoms, (d) IN2W with 789 atoms, (e) 2LFX with 783 atoms, (f) 7NBK with 378 atoms, and (g) 2LAR with 594 atoms.
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Table 3. Structural Information, MAD (in ppm) Values between the Experiment and MIM-NMRy;,, .. Predictions for Nine

Nucleic Acid Systems Used in This Study

PDB N atom/
no. entry description residues
1SY8  d(TGATCA), 390/12
1IK2K  d(CGTACG), 388/12
1KR8 d(GCGAAGC) hairpin 228/7
2NSP  DNA duplex with no substitutions 571/18
6XAH  modified nucleobases with abasic site 1130/36
2LIB DNA duplex with one a anomeric adenosine 649/20
nonstandard residue
7 IN2W  modified DNA duplex with deoxyguanosine 789/24
residues
8 2LFX  modified DNA duplex with deoxyguanosine 783/24
residues
9 7NBK  fluorine-substituted nonstandard residues 378/12
10 2LAR  DNA/RNA hybrid with boron-substituted 594/18

nonstandard residue

nuclei

MIM MIMCOnStraint

constraint, constraint
bee D) o R B
'H 0.39/0.92 0.35/.93 0.22/0.97 0.22/0.97
'H 0.50/0.96 0.40/0.97 0.29/0.98 0.30/0.98
'H 0.78/0.81 0.62/0.85 0.45/0.91 0.28/0.97
B¢ 2.79/0.96 2.58/0.97 2.45/0.97 2.43/0.97
N 6.69/0.93 6.44/0.94 3.86/0.98 3.15/0.98
'H 0.39/0.94 0.32/0.96 0.19/0.98 0.20/0.98
'H 0.39/0.95 0.40/0.95 0.26/0.98 0.26/0.98
'H 0.43/0.96 0.34/0.98 0.21/0.99 0.22/0.99
Bc 2.32/0.99 2.57/0.99 1.93/0.99 1.89/0.99
'H 0.61/0.89 0.58/0.90 0.44/0.94 0.37/0.96
'H 0.33/0.96 0.31/0.96 0.22/0.98 0.22/0.98
'H 0.81/0.74 0.81/0.74 0.65/0.81 0.47/0.91
'H 0.46/0.96 0.41/.96 0.33/0.97 0.30/0.98
Bc 2.98/0.98 2.88/0.98 2.47/0.99 2.38/0.99

constraint

calculations relative to MIM{Tici™ calculations. Perhaps, this
is not surprising since the implicit solvation already yielded
results that exceeded our performance measures (0.2—0.3
ppm). These MIM evaluations show that including the implicit
solvation is critical in obtaining accurate NMR chemical shift
predictions on the optimized structure.

5.2. Stable Interstrand DNA Cross-Link Involving the
deoxyAdenosine (dA) Amino Group and an Abasic Site
with PDB ID: 6XAH (BMRB: 30759). 6XAH is a stable DNA
with interstrand cross-link (ICL) between the nucleophilic N°®
amino group of deoxyAdenosine (dA) and the abasic site
(AP). Abasic sites in DNA are formed by spontaneous
depurination of canonical and chemically modified nucleo-
bases, which results in the most common form of DNA
damage in Homo sapiens.”” 6XAH has 10 submitted
conformers in the PDB with 36 residues and 1130 atoms,
which make it the largest DNA system in our study for the
prediction of NMR chemical shifts using the proposed MIM
protocol. From the MIM energy method shown in Table S9,
the lowest energy conformer, conf 3, is used for MIM-NMR
calculations. The fifth row of Table 3 and panels A—D of
Figure S2 (in SI) show the MAD value for the 'H chemical
shifts with respect to the experiments using MIM,,,
MIMge*t™, MIM{SE™, and MIMERES, e models. The
MIM,,, method gave a MAD value of 0.39 with an R? value of
0.95. Adding the constraint minimizations alone did not
improve the MAD value but the MIMHi™ model improved
the MAD value to 0.26 ppm (R* = 0.98). As in the case of
2NSP, there is no further improvement observed from the
MIMi e calculations relative to MIM{pic™ calcu-
lations. This analysis shows that for a large DNA structure,
where traditional unfragmented DFT methods would be too
expensive, our accurate MIM;‘,’,‘;{?@M protocol gave outstanding
performance with a MAD value of 0.26 ppm, exceeding our
target accuracy of 0.30 ppm.

5.3. DNA Duplex with Nonstandard a-Anomeric
Adenosine (axA) Base with PDB ID: 2LIB (BMRB:
17887). We chose a DNA duplex, with a 5'CaAG-3’ core
(PDB entry 2LIB, BMRB entry 17887), which is used in a
DNA sequence context to modulate detection and repair of
DNA damage. The nonstandard a-anomeric adenosine (aA)
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base of 2LIB is intrahelical in a reverse Watson—Crick
orientation and forms a weak base pair with thymine of the
opposite strand. Because of the core structure, 2LIB has a
significantly reduced local structural perturbation in the
backbone, stacking, tilt, roll and twists, resulting in a straighter
DNA with a narrow minor groove, with 20 residues and 640
atoms.”” For testing our MIM-NMR protocol, we used the
only conformer of 2LIB submitted to the PDB. Panels A—D of
Figure S3 (in SI) and Table 3 depict the theoretical—
experimental correlations calculated using MIM,,;,
MIMESDSmm, MIMESER, and MIMSRER - models. for
'H and “C chemical shifts. The MAD values for the entire
range of 'H are (A) 0.43, (B) 0.34 (C) 0.21, and (D) 0.22
ppm, with R* values of (A) 0.96 (B) 0.98 (C) 0.99, and (D)
0.99, respectively. Figure S4A—D and Table 3 show the *C
correlation graphs with MAD values of (A) 2.32, (B) 2.57, (C)
193, and (D) 1.89 ppm with an R* value of 0.99 for all
computational models. '"H NMR chemical shift for the 2LIB
structure did not show any further improvement in the MAD
values from the MIM{o»#5" model, whereas *C NMR showed
a slight improvement when microsolvation with 12 explicit
water molecules is introduced.

5.4. DNA Structures with Modified Deoxyguanosine
Residues (PDB IDs 1N2W and 2LFX with BMRB: 5385
and 17786). IN2W, containing a deoxyguanosine residue
with hydroxylated reactive oxygen species at the C-8 position,
is used to study the oxidative damage of DNA and its role in
cancer and aging.”' 2LFX is a deoxyguanosine-modified DNA,
which is used in mutagenicity and genotoxicity studies to
understand hydroxyl radical-damaged nucleic acids.”> Both
IN2W and 2LFX nucleic acids have 24 residues each with 789
atoms and 783 atoms, respectively. The seventh and eighth
rows of Table 3 and Figures SS and S6 of the SI show the
improvements in the MAD values for both these modified
DNA systems. For IN2W, the MAD value for the gas-phase
structure is 0.61 ppm, which is almost double compared to the
2LFX system with a MAD value of 0.33 ppm. This appeared to
indicate that IN2W gas-phase structure has more room for
improvement compared to the 2LFX system. However, the
constrained minimization of the gas-phase structure offered
only a modest improvement in the deviation for the IN2W
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Figure 10. Comparison of experimental '"H NMR of (a) 2N5P, (b) 6XAH, (c) 2LIB, (d) IN2W, (e) 2LFX, (f) 7NBK, and (g) 2LAR with
MIM1 e, 'H NMR calculated at the MIM1[mPW1PW91/6-311G(d,p)] level using the MIMoGt, e model. The MIM-calculated "H NMR
chemical shifts are depicted with reference to tetramethylsilane (TMS).

system (0.61—0.58 ppm) or 2LFX system (0.33—0.31 ppm).
For both IN2W and 2LFX structures, implicit solvation
(MIMf;;?féft'm calculation) yielded significant improvement to
the MAD values and brought them down to 0.44 and 0.22
ppm, respectively. The addition of explicit solvation along with
the implicit solvation model showed a further modest
improvement for the IN2W system (0.37 ppm) while the
deviation remained unchanged for the 2LFX system. Overall,
SMD implicit solvation on constraint-minimized structures
yielded the largest improvement for calculated NMR chemical
shifts, though explicit solvation brings the agreement closer to
the target value for IN2W.

5.5. DNA Duplex with Fluorine-Substituted Sugar
with PDB ID: 7NBK (BMRB: 34594). 2’'-Deoxy-2'2’-
difluorodeoxycytidine (gemcitabine) substituted B form
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DNA: DNA duplex 7NBK is a synthetic DNA containing
fluorine-substituted sugar to enhance the stability of the DNA
structure by providing charge polarizations from the high
electronegativity of F.>> 7NBK has 10 submitted conformers in
PDB, and the energy ordering of conformers using the MIM
energy method as well as with unfragmented calculations is
shown in Table S10 (in the SI). Based on this, we concentrated
on the lowest energy conformer, conformer 2 for our MIM1-
NMR studies. In this case, as shown in Table 3 and Figure S7
of the SI, the error in 'H NMR calculated using the MIM
protocol decreased by 42%, going from unrefined gas-phase
calculations (MAD = 0.81 ppm) to the constraint-minimized
structure in solution phase with explicit—implicit solvation
(MAD = 0.47 ppm), along with a substantial improvement in
R* values (0.74 to 0.91). In particular, similar to the 1KR8
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system from calibration studies, adding the explicit—implicit
solvation model compared to the implicit solvation model
showed a significant improvement in calculated MAD values of
'H, lowering the error from 0.67 ppm with an R* value of 0.81
to 0.47 ppm with an R? value of 0.91. In this context, it is
important to note that predicting the NMR chemical shift for
modified systems is challenging, especially when attached to
highly electronegative fluorine atoms. From Figure 10f, it is
evident that a few protons in ~6—8 ppm are responsible for
the relatively large MAD value for the MIM;‘:;ﬁtcriii_“fmphdt model.
When the labile amide protons and a protons, which are close
to the F atom-containing monomer (modified monomer, as
well as the monomers above and below), are omitted from the
analysis, the chemical shift MAD value drops to 0.30 ppm
(Figure S8). This clearly shows that the four fluorine atoms
present in the 7NBK backbone can drastically affect their
neighboring environments.

Even here, the error comes down to 0.47 ppm after applying
our MIM-NMR protocol with a simple one-layer MIM model.
Thus, lowering the error to 0.47 ppm, while it is somewhat
above our target accuracy of 0.3 ppm, is still a major
improvement, particularly when considering that empirical
treatments cannot be applied to nonstandard residues.

5.6. DNA—RNA Hybrid with Boranophosphate Link-
age (PDB ID: 2LAR, BMRB:17535). 2LAR, a DNA/RNA
hybrid with boranophosphate linkage, is used to study RNase
H1 enzymatic activity.”* 2LAR is the only system in this study
with a uracil base. For 2LAR, an 18-residue system with 594
atoms, the single conformer submitted in the PDB, was used.
Figures S9 and S10 show the linearly fitted correlation of
MIM1-NMRg;,., computed chemical shifts of "H and "*C with
respect to experimental values. As seen in the benchmarking
studies and test systems discussed above, panels A—D of
Figures S9 and S10 show the NMR results calculated using
MIM, ., MIMSP™, MIMES and MIMEE, i models
for '"H and "*C chemical shifts, respectively. For the "H NMR
chemical shifts calculated using the MIM,, method, we
obtained a MAD value of 0.46 ppm with an excellent R*
(0.96). A slight improvement was observed when the
constrained minimized structure was used, with a MAD
value of 041 ppm (R* = 0.96). Adding implicit solvation
environment to the gas-phase minimized structure significantly
improved the 'H MAD values to 0.33 ppm (R* = 0.97) and
showed a further slight improvement to 0.30 ppm (R* = 0.98)
for the MIMgﬁ;ﬁgﬁi_"fmphcn model. For *C NMR chemical shifts,
MAD values for four computational models are (A) 2.98, (B)
2.88, (C) 2.47, and (D) 2.38 ppm with a correlation coefficient
of ~0.99 for each of the models. Interestingly, with a boron
heteroatom in the backbone of the 2LAR system, the
performance of our MIM-NMR protocol is remarkable with
the target accuracy achieved for both 'H and “C chemical
shifts.

6. COMPUTATIONAL SPEEDUP AND EFFICIENCY OF
THE MIM-NMR METHOD

For the MIM fragmentation method, there are two key factors
to be considered when discussing the computational cost: (a)
the actual time taken for the MIM and unfragmented
calculations using computational resources for the smaller
systems and (b) the scaling of DFT for the unfragmented
systems. For standard DFT SCF calculations, the computa-
tional cost grows with O(N*7>%) scaling, whereas scaling can
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be O(N*) for GIAO-NMR calculations.”>® This scaling is a
bottleneck in efforts to apply DFT calculations to structures
with more than a few hundred atoms, as is typically the case in
biomolecular systems like DNA.

As shown in Figure 11, the plot between the total CPU time
for MIM1 calculations vs the size of the system (i.c., the total
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Figure 11. Linear correlation plot between total CPU time for the
MIMI1 calculations vs number of atoms in the unfragmented DNA
systems used in this study.

number of atoms in the DNA) shows a linear fit with an R*
value of 0.98. This shows that the scaling of computational cost
of our MIM approach with the size of the DNA system is
linear. In our MIM fragmentation approach, the number of
fragments generated grows linearly with the size of the system
but the size of the largest fragment remains constant
irrespective of the size of DNA systems, as shown in Table
S11. For a small 1K2K DNA system with 338 atoms, we found
a speedup of 9%, when comparing the computational cost of
the largest fragment to the unfragmented calculation using the
mPW1PW91/6-311G(d,p) method. However, for a much
larger 6XAH system with 1130 atoms (~3X atom count
compared to 1K2K), a dramatic speedup of several 100X is
expected, when computational scaling for unfragmented NMR
calculation is considered. Moreover, an unfragmented NMR
calculation of the full molecule would involve 15728 basis
function and is impossible with our existing computational
resources. Thus, it is evident that larger DNA systems benefit
enormously from the MIM fragmentation method for accurate
NMR chemical shift predictions by substantially reducing the
computational time.

7. CONCLUSIONS AND PERSPECTIVES

The results reported here and in the Supporting Information
demonstrate that MIM fragment-based methods can accurately
predict the NMR chemical shifts of canonical and non-
canonical nucleic acid structures. The fragments are generated
by cutting the C—C bonds in the backbone, and a number-
based connectivity scheme is used for making the primary
subsystems. For DNA systems with multiple conformers, the
MIM1-energy;m.. method is benchmarked on 10 conformers
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of the 1SY8 system using the [CAM-B3LYP-D3BJ/6-
31+G(d)] method to get the lowest energy structure, with
an average error of only 0.80 kcal/mol with respect to
unfragmented full molecule calculations. The MIM1-NMRy; ...
calibration with respect to unfragmented full molecule
calculation using the [mPWI1PW91/6-311G(d,p)] method
showed a deviation of 0.06 and 0.11 ppm, respectively, for 'H
and "C nuclei, but the performance with respect to
experimental NMR chemical shifts is similar to those from
the more expensive trimer MIMI-NMR and MIM2-NMR
methods.

Furthermore, we demonstrated that geometry minimizations
employing molecular mechanics/semiempirical approaches are
effective for obtaining an appropriate starting geometry for
doing computations in solution with implicit and explicit—
implicit solvation models in our MIM-NMR y;,., methodology.
One of the major drawbacks of existing force field techniques is
the inability to precisely define hydrogen-bonding distances.>”
Clearly, the combination of heavy atom-constrained amber
force field minimizations and PM6D3H4 minimizations on the
imino and amino protons improved the structure determi-
nation of nucleic acids substantially in this study. As a result of
our structural investigations, we believe that NMR chemical
shifts can be employed as additional useful data for developing
enhanced force field methods for better nucleic acid geometry
determinations.

For the testing set of seven DNA systems, the '"H MAD
target value of 0.30 ppm is achieved overall Two of the
systems showed larger deviations, a slightly larger value of 0.37
ppm for IN2W, and the largest deviation of 0.47 ppm for the
challenging F-substituted 7NBK system. Our overall observa-
tions are very similar to performance obtained for proteins
from our previous study. The deviations from experiments in
the gas-phase calculations can be assigned to the structural
flexibility and an inadequate description of the interactions
with the solvent. It has been shown that these effects can be
better described in proteins by conformational averaging and
explicit solvent molecules usin% molecular dynamics and
quantum chemical calculations.'** However, for nucleic acid
systems used for this study, the major improvements in the
predicted MIM-NMR calculations are obtained from the
structural minimizations and the implicit solvation effects.
Interestingly, a significant improvement with the explicit—
implicit solvation model is observed in two of the smallest
nucleic acid systems (1KR8 and 7NBK), which can be
attributed to the more exposed amino and imino protons in
these systems.

With a few exceptions, there is a high correlation between
MIMI1-NMRy;... shift predictions and experiments, with
coefficients of determination ranging from 0.91 to 0.99 for
3C and 'H for practically all nucleic acids. A satisfactory target
accuracy has been attained using our proposed technique with
a constraint-minimized structure and an explicit—implicit
solvation model: ~0.2—0.3 ppm for 'H and ~2.0—3.0 ppm
for *C. More importantly, unlike empirical approaches, our
protocol may easily be applied to structures with nonstandard
residues, heteroatom substitutions, and side chain mutations.
Moreover, our modified one-layer MIM protocol with
reasonable-sized fragment calculations bypasses the expensive
unfragmented calculations of the full molecule, yields a
dramatic speedup for calculations, and shows excellent
correlations with experiments. Finally, the current analysis for
DNA may not be fully transferable for RNA systems because of
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their flexible structures. Therefore, developing a new
fragmentation scheme for RNA systems is important, and
studies are ongoing in our group. Our MIM1-NMR protocol’s
precision and cost-effectiveness on complex nucleic acid
systems bode well for structural predictions of a wide spectrum
of large biomolecules.
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