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Abstract

We have developed an efficient protocol using our two-layer Molecules-in-Molecules
(MIM2) fragment-based quantum chemical method for the prediction of NMR chemical shifts of
large biomolecules. To investigate the performance of our fragmentation approach and
demonstrate its applicability, MIM-NMR calculations are first calibrated on a test set of six
proteins. The MIM2-NMR method yields a mean absolute deviation (MAD) from unfragmented
full molecule calculations of 0.01 ppm for *H and 0.06 ppm for *C chemical shifts. Thus, the
errors from fragmentation are only about 3% of our target accuracy of ~0.3 ppm for 'H and 2-3
ppm for 1*C chemical shifts. To compare with experimental chemical shifts, a standard protocol is
first derived using two smaller proteins 2LHY (176 atoms) and 2LI11 (146 atoms) for obtaining an
appropriate protein structure for NMR chemical shift calculations. The effect of the solvent
environment on the calculated NMR chemical shifts is incorporated through explicit, implicit, or
implicit-explicit solvation models. The expensive first solvation shell calculations are replaced by
a micro-solvation model in which only the immediate interaction between the protein and the
explicit solvation environment is considered. A single explicit water molecule for each amine and
amide protons is found to be sufficient to yield accurate results for *H chemical shifts. The *H and
13C NMR chemical shifts calculated using our protocol give excellent agreement with experiments
for two larger proteins 2MC5 (the helical part with 265 atoms) and 3UMK (33 residue slice with
547 atoms). Overall, our target accuracy of ~0.3 ppm for *H and ~2-3 ppm for 3C has been
achieved for the larger proteins. The proposed MIM-NMR method is accurate and computationally

cost-effective and should be applicable to study a wide range of large proteins.
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1. Introduction

Analytical technigues such as NMR, X-ray crystallography, and electron microscopy are
widely used to determine the structures of biomolecules.l® Among these techniques, nuclear
magnetic resonance (NMR) stands out as a particularly versatile and powerful spectroscopic tool
for understanding the structure and dynamics of biomolecules for applications in scientific
research, medicine, and industry.%** Often, NMR experiments on proteins are conducted in
solution at the physiological pH and can help us determine the functions of proteins in biological
systems under realistic conditions. While NMR is widely used to deduce the structures and
properties of proteins, the data obtained, however, are often noisy, and hence, there is significant
uncertainty about the actual protein structure.*? In such cases, computational methods present a
reliable alternative to get accurate structures of proteins by utilizing the available experimental

NMR results in conjunction with quantum chemical techniques.t3-1

The primary data in NMR experiments include chemical shifts, coupling constants, and
relative integrated intensities. Among these, the chemical shift includes information about the local
magnetic as well as chemical environmental effects, and can be effectively studied using quantum
chemical computational tools, including semi-empirical, ab initio, and density functional theory
(DFT) methods.'* 13! However, empirical methods, such as SHIFTS, SHIFTX2, CAMSHIFT,
and PROSHIFT, that use parameters derived from fitting empirical formulae to the known
experimental chemical shifts, are most widely used to determine the structures of larger organic
molecules and biomolecules.>2® While such methods have been shown to perform well for
systems similar to those used in the parameterization (e.g., standard amino acids in their native
environment), their performance may have limitations for nonstandard systems such as mutated

residue side chains, metal cofactors, and protein inhibitors.*®

As an alternative, first principles-based electronic structure calculations can, in principle,
provide accurate chemical shifts, comparable to experimentally determined values, independent of
the chemical composition of the molecule.3”-*® However, the reliability of the NMR results depends
on the accuracy of the quantum mechanical (QM) method used and proper modeling of the solvent
environment.*® For the larger biomolecules such as proteins that contain several hundreds or
thousands of atoms, the computational cost of the highly accurate QM methods becomes
intractable. Therefore, as is often the case, there is a trade-off between accuracy and computational
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cost while dealing with large molecules. For example, accurate ab initio methods such as MP2 or
CCSD, used in conjunction with gauge-independent atomic orbital (GIAO) NMR calculations, are
affordable only for chemical shifts of small molecules, whereas DFT methods with reasonable

accuracy but much more cost-effectiveness, are often used for larger biomolecular systems.*!-4

In addition to the accuracy of the QM method used, incorporating the solvation effects can
play a crucial role in obtaining reliable results compared to the experimental NMR chemical
shifts.*” Commonly, solvation effects are incorporated as a polarizable dielectric continuum,
instead of including explicit solvent molecules, to lower the computational cost. However, such
models neglect the non-bonded interactions (e.g., hydrogen bonding) between the solute and
solvent molecules, which can be essential for predicting accurate chemical shifts in NMR
spectroscopy. Indeed, explicit solvation is shown to provide significant improvements in the
chemical shifts of small molecular species in recent works.*® % In such a scenario, a full explicit
solvation model, or an implicit model containing a few nearby solvent molecules, would be

necessary.

Although numerous studies have been reported in the literature, many of the existing
empirical and quantum chemical methods still fail to accurately interpret NMR spectra in the case
of large biomolecules with more than one thousand atoms.® In particular, since several secondary
interactions are possible with overlapping spectral features, the correct interpretation of the NMR
spectra of such large biomolecules can be quite difficult. For example, Sumowski et al. found that
the QM methods are more sensitive to electronic and structural changes when compared to existing
empirical methods.®® The major limitation of the current QM-based approaches is that such
protocols become too expensive as the system size becomes larger.! Since full quantum chemical
computations for large proteins are currently not feasible, most of the previous studies have been
carried out only on localized truncated structural models to obtain the NMR chemical shifts.5? 53
Recently, fragmentation-based hybrid methods are evolving as highly efficient tools for linear-
scaling QM calculations of large systems.>* > Larger molecules are fragmented into smaller
pieces, and by employing QM calculations, the wave-function, energy, and other energy
derivatives (i.e., molecular properties) of each fragment are calculated. Then the results of the
fragments are combined to extrapolate to the results for the full molecule.®*%® Fragmentation

methods rely on the chemical locality of macromolecular systems, assuming the local region of a
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macromolecule is only slightly affected by the atoms that are far away from the region of interest.3®
52,60.69 The earlier work by Scheurer et al. used DFT calculations on manually generated fragments
to calculate the anisotropy tensors for chemical shielding.”® Subsequently, the local nature of
nuclear shielding tensors has been used with a QM/MM framework by Cui et al.>® Further,
adjustable density matrix assembler (ADMA) fragmentation-based method, fragment molecular
orbital (FMO) method, combined fragmentation method (CFM), generalized energy-based
fragmentation(GEBF), systematic molecular fragmentation analysis (SMFA), automated
fragmentation quantum mechanics/molecular mechanics approach (AF-QM/MM) and fragment
based electronic structure approach have been developed by different groups to compute the NMR
chemical shifts of proteins and nucleic acids.®® 7*"® Recent work from the Beran group
demonstrates the effect of solvation in prediction of NMR shielding tensors for molecular crystals
using PCM-embedded fragmentation approach.”

In this study, we have used our multilayer Molecules-in-Molecules (MIM) fragmentation-
based method, which shares a similar working principle with the popular ONIOM approach, to
calculate the NMR spectra of selected illustrative polypeptides.8-¢3 Our multilayer MIM scheme
also offers significant flexibility in choosing the combinations of levels of theory for calculating
the desired molecular property to lower the computational cost substantially. MIM method has
previously shown excellent performance on a range of spectroscopic studies including infrared
(IR), Raman, vibrational circular dichroism (VCD), and Raman optical activity spectra on large
systems.2+88 As discussed above, since the nuclear shielding is a local property, applying high-
level QM methods on smaller fragment sizes to include the most important components, and
capturing the long-range interactions through efficient low level theory calculations, makes MIM
an accurate and cost-effective method to predict the NMR chemical shifts of large biomolecules.
In this study, we have expanded our previously developed MIM-NMR method*® by carefully
calibrating the combinations of various levels of theory for the precise evaluation of NMR
chemical shifts. Furthermore, we also evaluate the effect of including conformational changes as
well as the effect of structural minimization on the computed NMR spectra. Additionally, we
present an accurate and cost-effect approach of incorporating solvation effects on the calculated
NMR chemical shifts.
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2. Methods

2.1 Molecules-in-molecules (MIM) method

All MIM and MIM-NMR calculations were performed using 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.*% 83-86.88-90 Therefore, only a brief and relevant discussion will
be given here. In MIM, initial non-overlapping fragments, called “monomers”, are formed by
cutting single bonds between heavy (non-hydrogen) atoms. In the case of proteins, we keep the
peptide C—N bonds intact due to their partial double bond character. In this work, we have
employed a fragmentation scheme where we only cut the C—C bond and keep the sidechain and
peptide backbone together to form non-overlapping monomers. Neighboring monomers are
combined to form primary and derivative subsystems (vide infra) to capture the interactions

between the monomers.

Throughout this study, we have employed a two-layer MIM approach (MIM2). In MIM2,
two fragmentation parameters and two levels of theory are used to compute the relevant properties
of the molecule. The primary subsystems formed with a small fragmentation parameter (r) are
calculated with both the 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 four of the adjacent monomers resulting in a tetramer (or tetrapeptide) subsystem.
These tetrapeptide primary subsystems are ideal for the NMR calculations since their size is small
enough to perform the NMR calculations at the high-level of theory without being a computational
bottleneck while capturing some of the intramolecular hydrogen bonding interactions. 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 over-counting of the overlapping parts, derivative
subsystems are formed using the inclusion-exclusion principle. All the remaining missing inter-
subsystem interactions are captured at a lower level of theory. The truncated bonds in the
subsystems are saturated with link-hydrogen atoms. MIM2 energy can be written, similar to the

standard ONIOM extrapolation expression, as shown in equation 1.

gEMIM2 E}rligh - EL,, + El’f)w (r << R) (D
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Here (r) and (R) represent generalizations of the “model system” and “real system” as in the

standard ONIOM calculations. Thus, Ep;gp, Ejow, ER ., represent the generalized E,,;,, Epy, Er
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 account the appropriate signs of the energy terms involving the different primary and
derivative subsystems. 40838 For example,
Eiw = ZE;' —Z |E} n E]|+ Z |E{ 0 E) nEf |-~ +(-D"E nnEY| (@)
i i<j i<j<k

where E represents the energy of the ith fragment at the low level of theory.

For the initial calibration calculations, MIM2[mPW1PW91/6-311G(d,p):mPW1PW91/6-
31G(d)] method is used with mPW1PW91/6-311G(d,p) in high layer and mPW1PW91/6-31G(d)
in low layer. Four different combinations of DFT methods [(i) mMPW1PW91/6-
311++G(2d,2p):mPW1PW91/6-31G, (ii) CAM-B3LYP-D3BJ/6-311++G(2d,2p):CAM-B3LYP-
D3BJ/6-31G, (iii) B3LYP-D3BJ/6-311++G(2d,2p):B3LYP-D3BJ/6-31G, and (iv) «B97X-D/6-
311++G(2d,2p): wB97X-D/6-31G] are used for the MIM2-NMR calculations for a test set of
proteins to develop the protocol and to apply to a larger test set for validation. Note that we have
used four popular density functionals and standard Pople-style basis sets for all our assessments in
this work. Among these functionals, mPW1PW91 has previously been shown to be quite accurate
for the calculation of NMR chemical shifts. We also note that empirical dispersion corrections (as
in Grimme’s D3 corrections) do not contribute to the NMR shielding tensor, since the correction
is only a function of nuclear positions and not the external magnetic field or the nuclear magnetic
moments. In addition, we note that some special purpose basis sets have been developed for the
calculation of NMR chemical shifts.®**® However, since the main idea of our paper is to showcase
the performance of the MIM method in predicting NMR chemical shifts using an efficient micro-
solvation model, we have used standard basis sets and did not explore much on the effect of
different basis sets on the calculated NMR chemical shifts. However, we do expect that the basis

set error should be independent of the MIM protocol that we develop in this paper.
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2.2 NMR calculations

For the NMR-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 m,,.

v _ | 0% X
% = |5 ©)

ai’}? is the ij™" component of the shielding tensor, Biis the i component of the external magnetic
field and my is the j™ component of magnetic moment of the nucleus N.

In MIM2, Isotropic shielding tensor for all the atoms are calculated using a general expression,

N _ [azEtotall — azErl _ azEml azEmh (4)

0:: =
t 0B;j0my . 0B;0omy . dB;0omy . dB;jomy .
Jip=o ] ] ]

The atomic NMR shielding constant is one-third of the sum of the trace of the atomic shielding
tensors from equation (3). ai, which is the isotropic chemical shift, is subtracted from the
corresponding standard reference value (avef ), to yield the chemical shift of each atomic species.
For *H and *3C, the chemical shift is calculated using tetramethylsilane (TMS) as the reference.
For N and 1O, NH3 and H20 molecules, respectively, are taken as the references.
Oi = Oref - Oi 5)

The contribution of the different conformers to the total NMR chemical shift value is calculated
according to their weights from a Boltzmann distribution. Thus, the percentage mole fraction, P;,

of the i conformer from the total number of conformers can be calculated using equation (6).

__E'i
Pi=—<2 6)

—E]-
Z]-e kT

2.3 Solvation models

The solvent environment for the MIM-NMR calculation is incorporated using implicit, and
explicit-implicit solvent models, using equation (7). For implicit solvation, SMD-SCRF** implicit
solvation model is used.

Implicit _ pImplicit _ pImplicit Implicit
ETotal - Erl Eml + Emh (7)
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In our explicit-implicit solvation model, the explicit solvent molecules are included only in the
high layer that is computed at the high level of theory including implicit solvation, while only the
implicit solvation model is included in the calculations with the low level of theory, as shown as
in equation (8). The assumption here is that the tetramer primary subsystems with 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.
The missing long-range interactions in the high layer are captured using the low layer via the
implicit solvation effects. As our results show, this micro-solvation model is an elegant approach
to significantly lower the computational cost of performing a full molecule calculation with
explicit solvation while maintaining a high accuracy. This approach is in line with some of the
recent studies suggesting that the amide protons (HN) and °N are highly sensitive to the solvation
environment, and that a small number of directly hydrogen bonded explicit water molecules are

sufficient to accurately determine local molecular properties in the aqueous medium, 959

Solvation __ Implicit Implicit Explicit—Implicit
ETotal - Erl - Eml + Emh (8)

In our explicit-implicit solvation model, the short-range hydrogen-bonding interactions are
captured by including one explicit water molecule per amine and amidic proton, and other
solvation effects are captured using the SMD implicit solvation model. The amine and amide
groups with intramolecular hydrogen bonding interactions are excluded from the addition of
explicit solvent molecules, since the turns and twists formed by this interactions cannot
accommodate an explicit water molecule. This avoids adding a random number of explicit water
molecules that requires a proper equilibration and careful sampling of solvent molecules,
potentially leading to substantial increases in the computational cost. In contrast, our approach is
systematic and balanced, while keeping the computational costs low. These explicitly added water
molecules were further geometry optimized at the B3LYP/6-31+G level of theory to obtain their
best possible orientations while keeping the non-hydrogen atoms of the protein fixed to preserve
the conformation. Here B3LYP/6-31+G method is used as a reasonably inexpensive method to get
a good optimized structure incorporating hydrogen bonds with the explicitly added water
molecules. This is expected to be more reliable than geometries obtained with MM or

semiempirical methods.
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3. Results and Discussion

3.1 Calibration of MIM2-NMR method vs. full calculation

(b) a-acetyl(ala),~NH, (189 atoms) (d)PDB ID: 2MC5(265 atoms)

~e I «d ¢ &
L P * Tt 4o o Y ‘:’:‘.
hels, Fme L © enedl > a
{ ', Al - . f'-! 4
[ . A LI ot
vt it "“"' L. Ve .. "'.o
Y ’ » '.S.y .‘.0~ .v..‘ ;
1L ‘ 2rhl | e
(c) 3 5-acetyl(ala),s-NH, (189 atoms) ¢ e < ¢

. (f) PDB ID: 2LI1(146 atoms)
(e) PDB ID: 2LHY (176 atoms)

Figure 1. Molecules used to compare MIM method with the full molecule calculation. (a) -acetyl-(ala),g-
NH, (189 atoms), structure label B-(Ala)18 , (b) a-acetyl-(ala),s-NH, (189 atoms), structure label: a-
(Ala)18, (c) 3,p-acetyl(ala);;-NH, (189 atoms), structure label 3,,-(Ala)18, (d) o helical section
highlighted in black circle is studied. PDB ID: 2MC5(265 atoms), structure label: 2MCS5, (e) PDB ID:
2LHY (176 atoms), structure label: 2LHY, and (f) PDB ID: 2LI1(146 atoms), structure label: 2LI1.

The first part of our calibration is to assess the impact of fragmentation, i.e., how well does
MIM-NMR perform in calculating chemical shifts with respect to the full unfragmented
calculations. Only then can the performance of MIM-NMR with respect to experiment be assessed.
A test set of six biomolecules, shown in Figure 1, was assembled to calibrate the performance of
our MIM-NMR method. This set includes g, a, and 310 conformers of (alanine).s taken from our
previous study,'® and three proteins from protein data bank (PDB) comprising the Escherichia
coli transcription protein (PDB ID 2MC5; BMRB ID 19428)*%, and two sugar-binding, mucin
glycoproteins (PDB IDs 2LHY and 2L11; BMRB IDs 17871, and 17874, respectively). 1% The
test set of biomolecules in this calibration have various intramolecular interactions such as
backbone-backbone, backbone-side chain, and side chain-side chain hydrogen bonding networks

that are commonly present in the majority of proteins. The a conformer of (alanine)ss is selected
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to account for tight helical turns with strong H-bonding interactions, whereas # and 310 conformers
represent systems with comparatively weaker hydrogen bonding interactions. The proteins 2MCS5,
2LHY, and 2L11, have both 310 and 314 helical turns, g strands, g bridges, and other connecting
primary amino acid residues representing different intramolecular interactions present in diverse
proteins. Additionally, the molecules in this test set also include mutated amino acid residues to
test the performance of our protocol in the case of nonstandard residues. Overall, the variety of
intramolecular interaction networks demands an appropriate fragment length to capture the
primary interactions in the MIM2-NMR method. Based on initial exploratory studies, tetramer
primary subsystems have been carefully explored in this study. As an example, for molecule 2LHY
containing 7 backbone amino acid units along with two from mutated side chains (total of 9 amide
groups), there are four primary tetramer subsystems and three derivative subsystems. In general,
the number of the MIM subsystems will depend on the amino acid subunits present in the parent

molecule and will grow only linearly with the size of the system.

To calibrate the performance of MIM2-NMR protocol, we first computed the *H, 3C, and
15N absolute chemical shifts of the test set proteins in the gas phase and compared with the
conventional full system calculation performed at mPW1PW91/6-311G(d,p) level of theory, as

shown in Table 1.

Table 1. Maximum deviation and mean absolute deviations for calculated chemical shifts at MIM2
[MPW1PW91/6-311G(d,p):MPW1PW91/6-31G(d)] compared to NMR chemical shift calculated for the full,
unfragmented molecules in test set I.

Maximum deviation Mean absolute deviation
system NBasis oy Be N oy Be By total
B (alanine),, 2262 0.01 0.03 0.02 0.00 0.02 0.01 0.02
a (alanine), 2262 0.03 0.29 0.34 0.01 0.13 0.13 0.30
3, (alanine) g 2262 0.03 0.15 0.17 0.01 0.07 0.07 0.36
2MC5 3162 0.09 0.62 0.33 0.02 0.13 0.15 0.21
2LHY 2046 0.02 0.02 0.02 0.00 0.01 0.01 0.01
2L11 1716 0.01 0.02 0.04 0.00 0.01 0.02 0.01
Average 0.03 0.19 0.15 0.01 0.06 0.08 0.15

10

Page 10 of 36



Page 11 of 36

Physical Chemistry Chemical Physics
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Figure 2. Comparison of (A) 'H, (B) *C and (C) "N isotropic magnetic shielding tensors (ppm) in
the (Ala),; conformers and protein structures from PDB. evaluated using full, unfragmented
molecule at MPWIPW91/6-311G(d.p) level and MIM2 at [MPWIPWO9l/6-
311G(d.p):MPWI1PW91/6-31G(d)] level of theory. In each graph, structures are color coded as, -
(Ala)g in purple, a-(Ala);g in teal, 3;,-(Ala);g in yellow, 2MCS5 in red, 2LHY in magenta and 2LI1
in blue.

The geometries for a, #, and 310 conformers of (alanine)is (henceforth (ala)is) were obtained from
the paper by Saha and Raghavachari,'® whereas the geometries of 2LHY, 2MC5 and 2L11 were
obtained from the PDB database without any further change. The NMR chemical shifts were
calculated using MIM2[mPW1PW91/6-311G(d,p):mPW1PW91/6-31G(d)] and compared with the

full system calculation (without any fragmentation), as shown in Figure 2.
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The mean absolute deviations (MADS) in isotropic magnetic shielding tensors (in ppm) calculated
using the MIM2 method were compared with the corresponding full calculations and are listed in
Table 1. The average MAD for the proton (*H), carbon (3C), and nitrogen (**N) chemical shifts
are only 0.01, 0.06, and 0.08 ppm, respectively. These errors are only about 3% of our target
accuracy in the calculated NMR chemical shifts (viz., errors of < 0.3 ppm for H, < 2-3 ppm for
13C, and < 3-4 ppm for °N) with a remarkably good correlation (R: 0.99-1.00) for all the NMR
active nuclei. This comparison demonstrates that the MIM2-NMR method accurately reproduces
the NMR spectra calculated for the full, unfragmented, protein molecule. It also allows us to extend
our method for large systems without having to perform expensive, sometimes unaffordable, QM
calculations on the full molecule. The remaining sections of the paper will be devoted to assessing
the performance of MIM-NMR for calculating *H and *C chemical shifts with respect to

experiment.

3.2 Development of a MIM2-NMR protocol for the prediction of NMR chemical shifts

To develop a reliable protocol for performing accurate NMR calculations using MIM, we
chose two glycoproteins, 2L11 and 2LHY, that are essential for the antibody recognition in
anticancer-vaccine developments.%? These two molecules were selected mainly for the following
reasons. Both 2L11 and 2LHY are relatively smaller proteins with only 8 and 9 amino acid
residues, respectively, and have experimentally determined NMR spectra. The relatively small size
of these proteins makes it possible to include the effects of multiple conformations, which may be
necessary to identify and assign the NMR spectra (vide infra) correctly. Additionally, since the
NMR-derived structures of 2L11 and 2LHY already include a total of 27 and 28 conformers,
respectively, no further conformational search had to be performed for these molecules. As in
many proteins, both 2L 11 and 2LHY proteins have polar functional groups and side chains which
give an overall charge to these proteins. Since the electrostatic interactions are overestimated
substantially in the gas phase, to obtain a more reasonable stabilization appropriate for such species
in solution, charged residues are neutralized. This approach has previously been shown to be a
reasonable approximation. 40 %

3.2.1 Multiple Conformations and Boltzmann averaging

To check the performance of MIM2-NMR method with respect to experiments, the relative
energies of the various NMR-derived conformers of both the 2LHY and 2L11 protein have been
determined using four DFT methods (i) B3LYP-D3BJ/6-31+G(d) (ii) CAM-B3LYP-D3BJ/6-

12
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31+G(d) (iii) mPW1PW91/6-31+G(d) (iv) wB97X-D/6-31+G(d). To assess the conformational
effects on NMR chemical shift predictions, no further post-processing was performed on the
proteins. All four DFT methods consistently gave the conformer 9 as the lowest energy conformer
for 2LHY protein, and the energy of the second-lowest energy conformer is calculated to be 3 to
7 kcal/mol higher than conformer 9 (full results are given in Tables S1-S4 of the supporting
information). A pictorial representation of relative energies of the 2LHY conformers is shown in

Figure 3.

W

12345678 910111213141516171819202122232425262728

Conformers

Relative Energy (kcal/mol)
cc 888823388

(a) Relative conformer energies

(b) 28 Conformers (c) Conformer 9

Figure 3 . Conformational analysis of various conformers of 2LHY protein (a) relative energies calculated
using B3LYP-D3BJ (red), CAM-B3LYP-D3BJ (blue). mPW91PWO1 (violet). and @B97X-D(yellow) DFT
functionals and 6-31+G(d) basis set. (b) superposition of 28 conformers, and (c) structure of conformer 9.
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On the other hand, in the case of 2L 11, two conformers, 19 and 23, show significant (>10%)
Boltzmann population contributions, while a third conformer, 1, shows a small contribution (~5%).
However, the energy difference between conformers 19 and 23 of 2LI1 is calculated to be very
small with all the methods (1 kcal/mol or less), and the lowest energy conformer is found to be
sensitive to the DFT method used. Two of the four considered DFT methods, namely mPW1PW91
and wB97X-D, gave conformer 23 as the lowest energy conformer, whereas the other two DFT
methods (i.e., BSLYP-D3BJ and CAM-B3LYP-D3BJ) gave conformer 19 as the lowest energy
conformer.

It is important to note that, in general, the experimentally observed NMR spectra may have
contributions from a mixture of the low-lying conformations present in the sample. Nevertheless,
many theoretical NMR spectral prediction methods commonly use only a single input
conformer.’ 193104 1n principle, the lowest energy structures might not be enough to obtain an
accurate spectrum. To assess this quantitatively, first we computed the NMR spectra using our
MIM2-NMR protocol using only the lowest energy conformers of 2LHY and 2L 11 proteins. Then,
we computed the NMR spectra by including the contributions from other conformers as a
Boltzmann average using Equation (6). For the MIM2-NMR calculations, four different
combinations of DFT methods were considered: Q) mPW1PW91/6-
311++G(2d,2p):mPW1PW91/6-31G, (ii) CAM-B3LYP-D3BJ/6-311++G(2d,2p):CAM-B3LYP-
D3BJ/6-31G, (iii) B3LYP-D3BJ/6-311++G(2d,2p):B3LYP-D3BJ/6-31G, and (iv) «B97X-D/6-
311++G(2d,2p): wB97X-D/6-31G.

Table 2. Mean Absolute Deviation (MAD) values of "H and **C NMR chemical shifts using MIM2[X/6-
311++G(2d,2p) :X/6-31G] of 2LHY protein with respect to experimental NMR chemical shifts. (X is different
density functional methods for MIM2-NMR calculations.)

CONFORMER 9
No. MIM2-NMR THEORY T "
H C Total
MAD 0.93 3.19 1.98
1 B3LYP-D3BJ
R 0.86 0.99
MAD 0.89 2.82 1.80
2 CAMB3LYP-D3BJ
R 0.87 0.99
MAD 1.24 3.03 2.10
3 wB97XD
R 0.78 0.99
MAD 0.84 2.67 1.78
4 mPW1PW91
R 0.88 0.99
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Table 3 . Mean Absolute Deviation (MAD) values of "H and °C NMR chemical shifts using MIM2[X/6-
311++G(2d,2p) :X/6-31G] of 2LI1 protein with respect to experimental NMR chemical shifts. (X is different
density functional methods for MIM2-NMR calculations.)

. MIM2-NMR CONFORMER 19 CONFORMER 23
' THEORY H Be Total " Be Total
MAD 0.80 3.07 1.79 0.89 2.72 2.44
1 B3LYP-D3BJ
R 0.90 0.99 0.88 0.99
MAD 0.81 3.17 1.82 0.90 2.51 3.35
2 CAMB3LYP-D3BJ
R 0.90 0.99 0.88 0.99
MAD 0.78 3.03 1.76 0.87 2.42 3.12
3 wB97XD
R 0.90 0.99 0.88 0.99
MAD 0.78 2.97 1.74 0.89 2.47 2.93
4 mPW1PW91
R 0.90 0.99 0.88 0.99

The MIM2-NMR results calculated for the lowest energy conformers of 2LHY (conformer 9) and
2L11 (conformers 19 and 23) are shown in Tables 2 and 3, respectively. We note that solvation
effects (vide infra) are not included in these initial results.

Our calculation shows that conformer 9 of the 2LHY protein with the mPW1PW91 method
showed the lowest MAD value of 0.84 ppm for *H and 2.67 ppm for *C chemical shifts. (Table
2). Similar results are obtained for the conformer 19 of the 2LI1 protein with the mPW1PW91
method (MAD values of 0.78 ppm for *H and 2.97 ppm for 3C) (Table 3). For the @B97X-D
method, although the MAD in the calculated chemical shifts for *H and *3C is comparable to the
results for mPW1PW091 for 2L 11, somewhat larger deviations are observed in the case of 2LHY.
Interestingly, the conformer 23 of 2LI1 protein that was calculated to be the lowest energy
conformer by two DFT methods, showed the larger MAD values for *H NMR, as shown in Table
3.

The effect of the different conformations on the NMR spectra can be explored for 2L11.
As mentioned earlier, 2L 11 protein has three conformers (conformers 19, 23, and 1) within the 3
kcal/mol energy window and could play a significant role in obtaining accurate NMR spectra. The
relative abundance of all conformers of 2L11 protein is shown in Figure 4. To explore the effect

of including multiple conformations in the NMR calculations, we computed the NMR chemical
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shifts using the abovementioned four MIM2-NMR methods. Due to the small difference in the
relative energies among the conformers, the different methods gave different weighted

contributions of the conformer abundance (shown in Tables S5-S8 of the supporting information).
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Figure 4 . Relative energies of 27 conformers of 2L11 protein from protein data bank (PDB) expressed as
Boltzmann populations. Red: B3LYP-D3BJ. blue: CAMB3LYP-D3BJ. violet: mPW91PW91. Yellow:
0B97X-D. All energies determined as single points using the 6-31+G™ basis set.

We have calculated the Boltzmann averaged 'H, and *C MAD values for different
combinations of the DFT methods used in MIM2-NMR calculations with respect to the
experimental values (full results are given in Table S9 of the supporting information). Overall,
considering the entire range of chemical shifts for NMR active nuclei in 2L11 protein, the NMR
chemical  shifts evaluated wusing the combination of MIM2[mPW1PW91/6-
311++G(2d,2p):mPW1PW91/6-31G] method for the NMR chemical shift calculation that are
weighted using the conformer populations obtained using the CAM-B3LYP/6-31+G(d) method
results in the smallest MAD value with the best correlation with respect to the experiments. This
protocol gave the best MAD values of 0.76 ppm for *H and 2.74ppm for 13C. These values are very
slightly improved from the corresponding values obtained using the most stable isomer 19 (MAD
values of 0.78ppm for *H and 2.97ppm for 13C).

3.2.2 Solvation effects and optimization of the MIM2-NMR protocol

It is well known that accurate prediction of *H NMR is challenging compared to other
NMR active nuclei in the proteins. Hydrogen bonding interactions play an important role in
determining the structure of a protein and are mostly influenced by the hydrogens in the system.
Thus, we use the improvement in proton chemical shifts to optimize our protocol for the analysis

of chemical shifts of both 2LHY and 2L11 proteins. From our analysis in the previous section,
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combination of CAM-B3LYP-D3BJ/6-31+G(d) to analyze abundance and MIM2[mPW1PW91/6-
311++ G(2d,2p):mPW1PW91/6-31G] method for NMR chemical shifts, gives the least MAD
value in chemical shift for *H and *C in both 2LHY and 2L11 proteins.

We have evaluated the MIM2-NMR spectra for 2LHY and 2L 11 proteins using 4 different
models representing different protocols for the inclusion of solvent effects, and the results are
shown in Figures 5-8. Briefly, the 4 models correspond to (A) MIM2-NMR calculated in the gas-
phase (MIM,,) without any structure minimization, (B) MIM2-NMR calculated in the gas-phase

using MM minimized structure (MIMpss ™™ ), (C) MIM2-NMR calculated with implicit solvation
only  (MIMjpiicit), and (D) MIM2-NMR with the explicit-implicit solvation model

(MIMQng{?éﬁfimphcit). More details of the 4 models and their performance are discussed below.
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Figure 5. Comparison of experimental 'H NMR of sugar binding protein 2LHY with MIM2 'H NMR calculated
at MIM2[mPW1PW91/6-311++G(2d,2p): mPWIPW91/6-31G] level in (A) MIMgas. (B) MIM%%%“‘E‘”“, (©)
MIMjpplicit and (D) MIME;%{?&}T_-HUPHCH. The MIM-calculated '"H NMR chemical shifts are depicted with
reference to Tetramethyl silane (TMS). (Asterisk markers for amidic protons, triangle markers for o 'H ’s and
circle markers for the rest of the protons are used in the plot.)
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shifts are depicted in reference to Tetramethyl silane (TMS).
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Figure 8. Comparison of experimental 1*C NMR spectrum of Sugar binding protein 2LI1 molecule with neutral
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residues using (A) MIM2gas, (B) Mle%%sSnamT‘ (&) MIMZimplici’r and (D) M[M2le?;pliacnilt—implicit models at

the MIM2[mPWI1PW91/6-311++G(2d,2p):mPW1PW91/6-31G] level. The MIM 3C NMR chemical shifts are
depicted in reference to Tetramethyl silane (TMS).

3.2.2.1 Gas phase MIM2-NMR calculations

Figures 5A and 7A show the comparison of experiment with MIM2-Boltzmann-weighted-
gas-phase (MIMgas) NMR chemical shifts of *H’s for 2LHY and 2L 11 proteins, respectively. The
linearly fitted plots for both proteins show large deviations in the range of 6-10 ppm where amidic
protons are seen (indicated by the circle markers). Note that the o *H’s (triangle markers in Figure
5A and Figure 7A) and the rest of the protons in the system (asterisk markers in Figure 5A and
Figure 7A) show a good agreement with the experimental chemical shifts. MIMgas NMR shifts of
13C, as displayed in Figures 6A and 8A, show an excellent agreement with experimental values
with a correlation coefficient of 0.99 for both 2LHY and 2L11 proteins.

3.2.2.2 Molecular Mechanics (MM) restraint minimized MIM2-NMR calculations

To assess the effect of geometry optimization on the accuracy of calculated NMR spectra,
the lowest energy structures were minimized using Molecular Operating Environment (MOE) with
the AMBER10:EHT force field.1% 1% A range of restraint parameter values ranging from 0.5 A
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to 2.0 A was set for every atom in the proteins, and the effect on predicting the chemical shifts
using MIM2[mPW1PW91/6-311++G(2d,2p):mPW1PW91/6-31G] method was analyzed (full
results are given in Tables S10 and S11 of the supporting information). A restraint optimization
parameter value of 0.5 A resulted in the lowest MAD value of 1.48 ppm for all NMR active nuclei
of 2LHY protein compared to other parameters set for MM restraint minimization. For 2L11
protein, comparable NMR results were obtained for the 0.5 A and 1.0 A constraint optimized
structures. Since the 0.5 A restraint-optimized structure resulted in overall good results, we
employed this parameter to obtain the optimized geometry for the following analysis. As shown
in Figures 5-8B, the MIM gas phase restraint optimization structures (MIMEs™"%)  resulted in a
significant improvement in calculated chemical shifts compared to the results for the unoptimized
structures.
3.2.2.3 Implicit and explicit-implicit solvation model for MIM2-NMR calculations

Although we have seen a significant improvement in the accuracy in the calculated
NMR chemical shifts for *H and *3C, the results are still far from our target accuracy (0.3 ppm for
'H and 2-3 ppm for 2C). In particular, larger deviations are seen for NMR active nuclei like amine
and amide H’s, which are more susceptible to the solvent environment due to the possibility of
forming hydrogen bonding interactions with solvent water molecules. This suggests that a proper
accounting of the solvation effect and further energy minimization may be necessary to lower the
errors. Adding the first solvation shell water molecules (waters within 3 A of the protein) to 2LHY
gave a total of 488 atoms with 104 water molecules, and for 2LI1 protein, a total of 395 atoms
with 83 water molecules. However, constrained optimization of the solvated protein in external
water molecules will be needed to obtain a reasonable starting structure to compute the chemical
shifts. Contrary to implicit solvation which negligibly affects the computational cost, energy
minimization of explicitly solvated protein is computationally intensive and can be a limiting step
for calculating the NMR shielding tensors. In order to account for the solvation effect, we have
modeled the aqueous solvent environment through the implicit solvation (SMD solvation model),
and a modified combination of implicit and explicit solvation models (micro-solvation approach)
with less computational cost as described in the Methods section. In particular, a single water
molecule per amine and amide units were found to be sufficient to improve the performance

substantially. As mentioned earlier, amine and amide groups with intramolecular hydrogen
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bonding interactions are left as such without any explicit water molecule in our micro-solvation
approach.

For 2LHY and 2L11 MM restraint minimized structure, a total of 10 and 6 explicit water
molecules were added near the *H atoms attached to nitrogen (both amine and amide protons) and
a MIM2-NMR calculation with the explicit-implicit solvation (MIMLiS;{fgﬁfimplicit) calculation is
performed in SMD implicit solvation to predict the NMR chemical shifts. Improvement of ‘H
NMR chemical shifts in the entire range of chemical shifts for 2LHY protein is depicted in Figure
5A-D. (5A) shows the results of MIM2-NMR calculated in the gas-phase (MIM,,) wWithout any
structure minimization, (5B) shows the results of MIM2-NMR calculated in the gas-phase using
MM restraint minimized structure (MIMfo,iitrai“t), (5C) shows the results obtained for MIM2-
NMR calculated with implicit solvation only (MIM;iicit), and (5D) shows the results for MIM2-
NMR with the explicit-implicit solvation model (MIML@%{fjﬁfimpﬁcit). Comparing the results
obtained for the four computational protocols used, a systematic improvement can be observed.
The MAD values in *H NMR chemical shifts improved from 0.84 ppm (Figure 5A) to 0.69 ppm
(Figure 5B) when MM-optimized structure was used to calculate the MIM2-NMR in the gas phase
instead of raw structure obtained from PDB. The effect of implicit solvation was seen to reduce
the calculated MAD value of *H NMR by 0.10 ppm units (MAD = 0.59 ppm, Figure 5C). More
dramatic improvement was observed with the explicit-implicit solvation model, which lowered the
MAD value by more than half, yielding 0.27 ppm deviation from experiment. Along with the
improvement seen in *H MAD chemical shift values, the correlation coefficient (R) also improved
quite remarkably from a value of 0.88 in the gas phase to 0.99 with the explicit-implicit solvation.

For $3C chemical shifts, the results from various MIM2-NMR models and their comparison
with experimental chemical shifts for 2LHY are depicted in Figure 6. For 3C chemical shifts,
although a good correlation (R = 0.99) is observed even in the absence of any solvation (which
remains the same with the solvation effect included), the overall MAD value improves from 2.67
ppm calculated in the gas phase to 1.98 ppm with the final explicit-implicit solvation model. To
visualize the errors more fully, individual plots of error vs. shielding for 3C chemical shifts are
shown in Figure S1 of the supporting information.

The trends observed using the different computational models of MIM2-NMR calculations
for 2L11 protein are quite similar to the results obtained for 2LHY protein. For *H, MIM-NMR
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models are compared with experimental chemical shifts, as shown in Figure 7A-D. MAD values
for entire range of *H are (7A) 0.76, (7B) 0.64, (7C) 0.57 and (7D) 0.32 ppm with correlation
coefficients of (7A) 0.91, (7B) 0.93, (7C) 0.95 and (7D) 0.98 respectively. Figure 8A-D depicts
the 13C correlation graphs of MIM2-NMR versus experiments, and shows a MAD of (8A) 2.74,
(8B) 1.99, (8C) 2.31, and (8D) 1.41 ppm with a correlation coefficient of 0.99 for all computational
models (error vs shielding plot is shown in Figure S2 of the supporting information).

Since the Boltzmann-averaged structure of 2L11 comprises of three different conformers,
we have made a final comparison between the MAD values of lowest energy conformer and the

restraint

Boltzmann averaged results of 2L 11 protein calculated using the MIMyicit-impiicit Method. For the
lowest energy conformer (conformer 19), the calculated MAD value are 0.36 and 1.72 ppm for *H
and 13C respectively. The MAD values of the lowest energy conformer are improved for the
Boltzmann averaged structure yielding the MAD values of 0.32 ppm and 1.41 ppm for *H and 3C
(Figures 7D and 8D). It is interesting to note that the dominant isomer for 2LI11 with a 84%

Boltzmann weighted chemical shift comes from conformer 19.
3.3 Application of the MIM2-NMR protocol for the prediction of NMR chemical shifts

The performance of the MIM2-NMR protocol calibrated above has been assessed on two
other standard, but larger, proteins: PDB IDs 2MC5'% (BMRB 19428) and 3UMK’, For 2MCS5,
which has a single conformer submitted in PDB, a 17-residue slice beginning from residue number
46 to 62 (a total of 265 atoms) from the NMR-derived protein structure was used. A 33-residue
slice with the residues starting from 535 to 567 (a total of 547 atoms) of solution NMR-derived
1TKN!%® (BMRB 6236) is used for chemical shift assessments using the structural coordinates
obtained from X-ray crystallographic structure 3UMK. For 2MCS5, a total of 11 water molecules
was added externally, forming hydrogen bonds with the protein along with the SMD implicit
solvation to model the solvent environment. Similarly, for 3aMUK, a total of 15 explicit water
molecules along with the implicit solvation model was employed. As noted earlier, in the case of
both 2MC5 and 3UMK proteins, the explicit water molecules have been added near the exposed

amine and amide groups with no intramolecular hydrogen bonding interactions.

Figures 9-10 show the linearly fitted correlation of MIM2-NMR computed chemical shifts

of *H and *C with respect to the experimental values for the single conformer of the 2MCS5 protein.
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Figure 9. Comparison of experimental 'H NMR of 2MCS5 (residue numbers 46 to 62) with MIM2 'H NMR
calculated at MIM2[mPW1PW91/6-311++G(2d,2p): mPWIPW91/6-31G] level in (A) MIMgzs, (B)

estraint restraint .
1\/J]M1g"2,sS amt () MIMjmplicit and (D) MIMeolicit—implicit The MIM-calculated 'H NMR chemical

shifts are depicted with reference to tetramethylsilane (TMS). (Asterisk markers for amidic protons, triangle
markers for a 'H’s and circle markers for the rest of the protons are used in the plot).

As in the benchmarking study discussed above, panels A-D show the NMR results calculated using
MIM,,, MIMER™", MIM;ppiicis and MIMisient, . models, respectively. For the *H NMR
chemical shifts (Figure 9) calculated in the gas phase without further minimizing the PDB
structure, we obtained a decent correlation (R = 0.94) with MAD value of 0.66 ppm. A significant
improvement was observed when the MM-minimized structure was used to calculate *H NMR
chemical shifts. The calculated MAD for the MM minimized structure is improved to 0.47 ppm
(R =0.97). This demonstrates that the restraint-minimization of the structure results in a smaller
deviation in the calculated chemical shift values with a slightly better correlation with experiment.
Surprisingly, the impact of including the implicit solvation effect on the computed NMR chemical
shifts was found to lead to a small deterioration in the accuracy (MAD of 0.58 ppm, R = 0.96).

However, substantial improvement (MAD of 0.34 ppm, R = 0.99) was seen when the solvation
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effects were included using SMD explicit-implicit solvation on the MM minimized structure
(MAD = 0.34 ppm; R = 0.99). This is very close to the target accuracy of 0.30 ppm. For 3C NMR
chemical shifts (Figure 10), the MAD values reduced from 2.35 ppm for the gas phase calculations
to 2.12 ppm when the structure was minimized using MM. The solvation effects only yielded a
small further improvement while maintaining a remarkable correlation (R = 0.99). For *C NMR
chemical shifts, MAD values for the four computational models are (A) 2.35, (B) 2.12, (C) 1.89,
and (D) 1.94 ppm with a correlation coefficient of 0.99 for each of the models (error vs shielding
plot is shown in Figure S3 of the supporting information). These values are well within our target

accuracy of 2-3 ppm.
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Figure 10. Comparison of experimental 13C NMR of 2MCS5 (residue numbers 46 to 62) with MIM2 13C
NMR calculated at MIM2[mPW1PW91/6-311++G(2d,2p): mPW1PW91/6-31G] level in (A) MIMgas.,

restraint restraint
(B) MIMgzs~ ", (C) MIMjppicit and (D) MIMeyjicit—implicit 1he MIM-calculated BC NMR

chemical shifts are depicted with reference to tetramethylsilane (TMS).

Similar improvements can be observed in the accuracy of MIM calculated NMR chemical
shifts for the X-ray crystallography-derived molecule, 3UMK (Figures 11-12).
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Figure 11. Comparison of experimental 'H NMR of 3UMK (residue number 535 to 567) with MIM2 'H NMR
calculated at MIM2[mPWI1PW91/6-311++G(2d.2p): mPWIPW91/6-31G] level in (A) MIMgas . (B)

actra ‘estraint . .
mmlggsgla““, (©) MIMjpplicit and (D) MMlegngiaclﬁ—hnplici‘r The MIM-calculated 'H NMR chemical shifts are

depicted with reference to tetramethylsilane (TMS). (Asterisk markers for amidic protons, triangle markers for a
IH’s and circle markers for the rest of the protons are used in the plot.)
In this case, the error in *H NMR calculated using MIM lowered by more than a factor of
2, while going from unrefined gas-phase calculation (MAD = 0.81 ppm) to the MM geometry
minimized structure in solution phase with explicit-implicit solvation (MAD = 0.34 ppm) along
with a substantial improvement in the correlation coefficient (R improved from 0.92 to 0.98)
(Figure 11). Similarly, Figure 12 depicts the *C correlation of MIM2-NMR calculated under the
abovementioned four solvation environments versus the experiment. As expected, the best results
are obtained while using the MM-minimized structure with an explicit-implicit solvation model
with a MAD value of 2.01 ppm with an excellent correlation of 0.99 (error vs shielding plot is

shown in Figure S4 of the supplementary information).
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Figure 12 . Comparison of experimental 3C NMR of 3UMK (residue number 535 to 567) with MIM2 13C
NMR calculated at MIM2[mPW1PW91/6-311++G(2d,2p): mPWIPW91/6-31G] level in (A) MIMgas, (B)

MIM;%SSUBM, (C©) MIMjppljcit and (D) MIML;%{?&}T_-HUPHCH. The MIM-calculated 1*C NMR chemical shifts

are depicted with reference to tetramethylsilane (TMS).

Overall, our results show that the initial geometry optimization of database-harvested
structures (NMR or X-ray derived) is necessary to lower the deviation from the experiment.
Additionally, our calculations show that the implicit solvation alone is not sufficient to obtain the
desired accuracy (~0.30 ppm for *H and ~2.0 ppm for *3C). We also show that the use of just a few
explicit solvent molecules to capture the local effects and implicit solvation to include the bulk
effect in the calculated NMR provide reasonably accurate results. This is a highly effective way to
include the solvation effects and improve the performance while keeping the computational costs
low. Calculations using this new protocol are substantially faster than those with the inclusion of

the complete first solvation shell of explicit water molecules.
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For the peptides considered in this work, the most time-consuming components of MIM-
NMR involve the primary subsystems. In general, the number of primary subsystems grows
linearly with the size of the peptide while the size of the subsystem (tetrapeptide) is independent
of the size of the parent molecule. Thus the scaling is linear and the speedup relative to the full
(unfragmented) calculation increases with system size. Moreover, the calculations on all the
subsystems can be done in parallel. In the case of MIM2 for very large molecules, the low level

calculation on the unfragmented molecule can become rate limiting.

The advantage of MIM can be illustrated for the largest peptide that we have considered,
the 33 peptide slice of 3UMK. The full molecule has 547 atoms, and the inclusion of 15 explicit
water molecules increases the size to 592 atoms. Using the 6-311++G(2d,2p) basis set, this
involves 10,790 basis functions, and a direct NMR calculation on the full molecule with this basis
set is not feasible with our computational resources. Using MIM, however, the largest primary
subsystem (tetrapeptide) involves only 90 atoms and 1,631 basis functions with the 6-
311++G(2d,2p) basis set. This is the most expensive component of MIM1, but is easily accessible
computationally. The corresponding low-level (6-31G basis set) calculations for MIML1 take
negligible computer time. For MIM2, an additional calculation for the full molecule (547 atoms)
with the 6-31G basis set involves 3,000 basis functions, and is also accessible. Thus MIM makes
it possible to study these and larger peptide systems for accurate NMR chemical shift predictions.
A Table containing computational timings for this system is included in the supporting
information. (Table S12)

3.4  Comparison of MIM2-NMR results with SHIFTX2 and AF-QM/MM methods

Mean absolute deviation values of *H and *3C chemical shifts for the 2LHY protein
obtained from the SHIFTX2 method can be compared with those from the MIM2-NMR method.
SHIFTX2 predicted the NMR chemical shift of 39 out of 76 experimentally assigned protons of
2LHY with a MAD of 0.08 ppm and R of 0.99, whereas MIM2-NMR gives a MAD value of 0.27
ppm with R of 0.99 for all 76 experimentally assigned protons. When the results for the same 39
protons was compared for both methods, MIM2-NMR gave a slightly worse mean absolute
deviation of 0.22 (R = 0.99) compared to the SHIFTX2 results. Similarly, for *C, SHIFTX2 gave
MAD of 1.51 ppm for 26 3C nuclei, and for the same nuclei MIM2-NMR gave a MAD of 1.99
ppm. However, MIM2-NMR predicts a MAD of 1.98 for all 40 *C NMR active nuclei of 2LHY.
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This comparison shows that in terms of accuracy, the results obtained using our MIM2-NMR
method are slightly worse than the SHIFTX2 results. However, it is important to note that MIM2-
NMR predicts the chemical shift values for all the NMR active nuclei while SHIFTX2 predicted
only 65% of the reported experimental chemical shifts. This shows that the first-principles methods
like MIM2-NMR may have significant advantages in predicting the chemical shifts of nonstandard

chains in proteins, as seen in the case of the 2LHY protein.

Swalils et al. applied the AF-QM/MM method to calculate the NMR spectra of all residues
of 2MCS5 protein.*® In their study, by excluding amide hydrogen atoms, they obtained an RMSE
of 0.53 ppm for *H with correlation coefficient (R) of 0.97. They obtained the RMSE of 6.23 ppm
for 13C with R of 0.99, excluding all of the alpha carbon atoms.®® In our study for a subset of
residues of 2MC5, as discussed above (Figures 9-10), MIM2-NMR clearly shows a significant

improvement for the error values of computed chemical shifts relative to experimental values.

4  Conclusions

In this work, we present an accurate MIM2-NMR method for the prediction of chemical
shifts for large protein molecules. The MIM2-NMR method is calibrated using a collection of six
polypeptides with the total number of basis functions ranging from 2262 to 3162 with 189 to 265
atoms. For comparison with the full unfragmented calculations, MIM2-NMR resulted in a MAD
value of 0.01 ppm for H, 0.06 ppm for *3C, 0.08 ppm for °N, showing that the errors from
fragmentation are very small (~3%) relative to of our target accuracy (vide supra). Evaluating the
MIM2-NMR protocol with four different functionals for 2LHY protein showed that
[MPW1PW91/6-311++G(2d,2p): mPW1PW91/6-31G] produces the smallest error for the gas
phase NMR chemical shifts.

For the structures with multiple conformers, Boltzmann averaged contribution to the
calculated NMR chemical shifts can be used to calculate accurate values. Boltzmann averaged
contributions calculated for the various conformers of 2L11 resulted in a slight improvement in
the calculated MAD values of MIM2-calculated NMR chemical shifts. Additionally, in our MIM2-
NMR protocol, we found that geometry minimization using molecular mechanics/semi-empirical
methods is useful to obtain a good starting geometry to perform the calculations in solution with
the implicit, and explicit-implicit solvation models. A closer inspection of the calculated *H

chemical shift revealed that, in most cases, the problematic nuclei are the groups directly bonded
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to the amine and amide group. Therefore, we replaced the complex and computationally
demanding full explicit solvent box calculations by including a few, directly hydrogen bonded
water molecules near the amine and amide groups of the proteins. The bulk solvation effect is then
included using the implicit solvation model. With this explicit-implicit solvation model, only one
explicit water molecule per amine and amide proton is required to solvate the molecule leading to

a significant reduction in the computational cost while maintaining the high-level of accuracy.

Correlation between MIM2-NMR shift predictions and experiment is strong, with the
correlation coefficients between 0.98 to 1.0 for *3C and H for all the proteins investigated in this
paper. With our recommended protocol with MM-restrained minimized structure and explicit-
implicit solvation model, a reasonably good accuracy has been achieved: ~0.3 ppm for *H and ~2.0
ppm for *C. More importantly, our protocol can be readily applied to structures with the
nonstandard residues (i.e., mutations and other functional groups), unlike the empirical treatments
such as SHIFTX2 and SHIFTS. The proposed MIM-NMR-explicit-implicit method is accurate
and computationally cost-effective and may assist in de novo protein structure predictions in the

future.
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