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ABSTRACT: Biomolecules with metal ion(s) (e.g,, metalloproteins) play many
important biological roles. However, accurate structural determination of
metalloproteins, particularly those containing transition metal ion(s), is challenging
due to their complicated electronic structure, complex bonding of metal ions, and
high number of conformations in biomolecules. Quantum refinement, which was
proposed to combine crystallographic data with computational chemistry methods \ O=—=Q
by several groups, can improve the local structures of some proteins. In this study, a o

quantum refinement method combining several multiscale computational schemes ams 47\ xrD > ( ;:f;‘:‘:e )
with experimental (X-ray diffraction) information was developed for metal- XRD /

loproteins. Various quantum refinement approaches using different ONIOM (our

own N-layered integrated molecular orbital and molecular mechanics) combinations of quantum mechanics (QM), semiempirical
(SE), and molecular mechanics (MM) methods were conducted to assess the performance and reliability on the refined local
structure in two metalloproteins. The structures for two (Cu- or Zn-containing) metalloproteins were refined by combining two-
layer ONIOM2(QM1/QM2) and ONIOM2(QM/MM) and three-layer ONIOM3(QM1/QM2/MM) schemes with experimental
data. The accuracy of the quantum-refined metal binding sites was also examined and compared in these multiscale quantum
refinement calculations. ONIOM3(QM/SE/MM) schemes were found to give good results with lower computational costs and
were proposed to be a good choice for the multiscale computational scheme for quantum refinement calculations of metal binding
site(s) in metalloproteins with high efficiency. Additionally, a two-center ONIOM approach was employed to speed up the quantum
refinement calculations for the Zn metalloprotein with two remote active sites/ligands. Moreover, a recent quantum-embedding
wavefunction-in-density functional theory (WF-in-DFT) method was also adopted as the high-level method in unprecedented
ONIOM2(CCSD-in-B3LYP/MM) and ONIOM3(CCSD-in-B3LYP/SE/MM) calculations, which can be regarded as novel pseudo-
three- and pseudo-four-layer ONIOM methods, respectively, to refine the key Zn binding site at the coupled-cluster singles and
doubles (CCSD) level. These refined results indicate that multiscale quantum refinement schemes can be used to improve the
structural accuracy obtained for local metal binding site(s) in metalloproteins with high efficiency.

1. INTRODUCTION important part of the biomolecule (active site, such as a metal
binding site) is treated by a more accurate QM method in this
hybrid method, while the rest of the biomolecule is described
by a fast MM method.

Moreover, to realistically optimize the whole structure of
biomolecules in an efficient manner, the combination of a
computational chemistry method with experimental informa-
tion was first proposed by Levitt and co-workers.'*
Subsequently, the Brunger, Ryde, and Merz groups pioneered
a broadened joint refinement approach (energetically re-
strained refinement formalism) by using molecular dynamics,
hybrid QM/MM methods, and/or a semiempirical (SE) QM
method as the choice of the computational chemistry
method.”” ™ A reliable local active-site structure (especially

X-ray diffraction (XRD) has been widely used to determine the
three-dimensional structures of various biomolecules (e.g.,
proteins and nuclei acids). The detailed atomic structures for
biomolecules give important atomic information for us to
understand their biological functions, properties, enzymatic
reactions, and drug binding modes. In standard crystallo-
graphic refinement, classical force fields have been often used
to aid in giving more reasonable chemical structures from the
experimental (XRD) data." Unfortunately, the determination
of transition metal ion(s) in biomolecules (particularly with
limited experimental resolution) by using force fields is
challenging, as force fields cannot be used to well describe
chemical bonding with transition metals.”’ Quantum mechan-

ics (QM) methods can be helpful for reasonably describing

chemical bonding with transition metals. However, the Received: February 9, 2021 JCIC ==
complete determination of protein structures by QM methods Published: May 25, 2021 '“'QA '
requires huge computational costs. In this regard, a &.«:.
combination of QM and molecular mechanics (MM) is one @
of the most popular and efficient computational chemistry .

methods for the study of biomolecules.*™ "> A small but
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containing metal ions) can be determined by QM/MM
methods with low computational resources in such a multiscale
quantum refinement approach. The balance between accuracy
and cost can be adjusted by using different-sized QM regions
and/or different levels for the QM method as defined by the
user. Recently, as one important and successful application, the
Ryde group applied their QM/MM quantum refinement
method to override the widely accepted dicopper active site
and suggested a monocopper active site in particulate methane
monooxygenase (pMMO).26 The monocopper active site in
pMMO was later proven experimentally.27 Moreover, his
group further extended their joint quantum refinement method
to X-ray-neutron refinement.”® In addition, several other
groups have also develogped different quantum refinement
methods and protocols,” ™" including using fragmentation
QM methods as the computational chemistry method.

On the other hand, ONIOM (our own N—Iagrered integrated
molecular orbital and molecular mechanics),"”**** developed
by Morokuma and coworkers, affords flexible and popular
hybrid multiscale methods to investigate various chemical and
biological systems. Apart from the typical two-layer QM/MM
scheme ONIOM2(QM/MM), unique ONIOM methods also
provide more flexible hybrid schemes with two, three, or
multiple layers for different levels of computational chemistry
methods such as QM, SE, and MM (e.g, ONIOM2(QM1/
QM2) and ONIOM3(QM1/QM2/MM)).'>**7** ONIOM
methods have been widely applied to evaluate energies,
conduct geometry optimizations, and predict vibrational
frequencies in many biomolecules.'”**~*’

In this paper, we develop a joint X-ray quantum refinement
method combined with flexible multiscale ONIOM schemes
(including ONIOM2(QM/MM), ONIOM2(QM/SE),
ONIOM3(QM/SE/MM), two-centered ONIOM (2C-
ONIOM) variants, as well as unprecedented ONIOM2(WE-
in-DFT/MM) and ONIOM3(WE-in-DFT/SE/MM)
schemes) for metalloproteins. Apart from quantum refine-
ments combined with the common two-layer QM/MM
schemes, quantum refinements using various abovementioned
ONIOM combinations of QM, SE, and MM were conducted
to investigate the performance and reliability on the refined
active-site structure(s) in two metalloproteins for the first time
in this study. Geometries for three biomolecules (two
metalloproteins and one peptide) were refined in this work
by using various ONIOM-based or DFT methods with XRD
experimental data. The key multiscale quantum refinement
schemes in this study are briefly summarized in Section 2, and
the computational details for our quantum refinement
applications are then presented in Section 3. The key results
and discussions for our quantum refinement applications on
the two metalloproteins are discussed in Section 4.

2. THEORETICAL METHODS

The multiscale quantum refinement method relies on
geometry optimization based on combined gradient contribu-
tions from the computational chemistry and experimental (X-
ray) parts, in which the total energy function of the whole
system is expressed by eq 1.

E

‘comput

Etotal = + Wy X Ex:ay

(1)

where E o is the energy contribution from the computa-
tional chemistry method, E,,, is the energy contribution
derived from the crystallographic penalty function, and w, is
the weighting factor. The value of the weighting factor could
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be adjusted so as to increase or decrease the impact of the
computational chemistry method in quantum refinements to
achieve optimal refined structures. For the computational
chemistry part, E.,py can be obtained from calculations using
MM, SE, QM, fragmentation QM (or SE), hybrid QM/MM,
or any multiscale ONIOM schemes depending on the accuracy
and computational costs. A few multiscale ONIOM schemes,
full SE, full QM, and fragmentation at the QM level, were
combined and compared in this study. As ONIOM schemes
are mainly adopted in this work, ONIOM schemes are briefly
overviewed."”

As shown in Scheme 1a and eq 2, a high-level computational
chemistry method is applied for the small model system (active

Scheme 1. (a) Conventional and (b) Multicentered (MC)
ONIOM Methods for Two-Layer (ONIOM2) and Three-
Layer (ONIOM3) Schemes

(a) ONIOM2 ONIOM2(MC-QM:MM)
MM
(b) ONIOM3 ONIOM3(MC-QM:SE:MM)

MM
site; red region), while a low-level computational chemistry
method treats the large real system in the two-layer ONIOM
scheme. The total energy of the two-layer ONIOM (such as

ONIOM2(QM/MM) or ONIOM2(QM1/QM2)) schemes
can be generalized as follows:

EONIOMZ = Ehigh,model + Elow,real -

)

Moreover, ONIOM schemes can be easily extended to three
layers, e.g., ONIOM3(QM1/QM2/MM), see Scheme 1b and
eq 3.2

EONIOM3 = Ehigh,model + Emedium,intermediate - E

‘medium, model

(3)

When some proteins contain two or multiple active sites
with metal ion(s) and/or unnatural ligand(s), a larger model
system including all active sites is desirable for quantum
refinement calculations. However, this large model described
by the high-level QM method should significantly increase
computational costs. To alleviate the computational costs for
those proteins without very close active sites, multicentered
(MC) ONIOM schemes (ONIOM2(MC-QM:MM) and
ONIOM3(MC-QM1:QM2:MM), Scheme 1) allow multiple
model parts/fragments to be approximately treated together in
a larger model system by the high-level approach, where the
total energy of the larger model system with several
fragments***® can be described by a two-body expansion
approximation (eq 4). When the active-site fragments are
separated by a rather long distance, the total energy of the
larger model system can be further simplified by energy

+E low,

real Elow,intermediate
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summation for each fragment with the high-level computa-
tional method and by approximately treating the interactions
between different model fragments with the lower-level
computational method in this MC ONIOM scheme.

Ehigh,model = Z Ehigh,model(i) + z Ehigh,model(i,j)
i

ij>i

(4)
The experimental part (E,,), which is related to the
difference between the observed and calculated X-ray structure
factors, can be obtained from the Crystallography and NMR
System (CNS) program.”” The default maximum likelihood
target using amplitudes™®*” was used. Our multiscale quantum
refinement schemes and interface were implemented in an

open-source DL-FIND optimizer (Scheme 2),°° which

Scheme 2. Workflow for our Multiscale Quantum
Refinement Calculations

Protein structure
Protein preparation

Initial structure

Updated structure Q)
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connects the CNS program and a few QM programs (such
as Gaussian,”’ CP2K,”> Molpro,”> ORCA,”* xTB,” LSQC>®).
In addition, the other QM programs can be easily combined
and called through an external shell script provided by the user.
The CNS program calculates only the crystallographic penalty
function and its corresponding derivatives (with or without B
factor correction) based on the given (initial or updated)
structure and X-ray structure factors. The QM program
evaluates the energy and gradients for the structure by the QM,
QM/MM, or other computational chemistry methods. The
DL-FIND optimizer then combines the energy and gradient
components from the CNS and QM programs and minimizes
E i (eq 1) during the quantum refinement process, where the
limited-memory L-BFGS algorithm®”*® and delocalized
internal coordinates™ ' are preferentially employed. Iter-
ations for the energy minimization are repeated until
convergence of the root mean square (RMS) of the
displacement (Step) and gradient (VE), maximum (max)
displacement and gradient, as well as variation of the energy

(AE).
3. COMPUTATIONAL DETAILS

As shown in Scheme 2, a protein crystal structure was prepared
and used as an initial structure for the quantum refinement
calculations. The protein crystal structures and experimental
data can be downloaded from the protein data bank (PDB).**
In addition, the CNS ligand topology and parameter files for
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the protein structure can be obtained from the HIC-Up
database,” and, for unknown ligands, these files can be
generated through the AceDRG module® implemented in
CCP4i2 7.0.%

Crystal structures of two metalloproteins (Scheme 3) were
chosen to mainly evaluate the performance and reliability of

Scheme 3. (a) Rusticyanin (RC with a Cu(II) Ion) and (b)
MYST Histone Acetyltransferase KAT6A/B (with a Zn(II)
Ion and an Organic FCV Ligand/Inhibitor) in Complex
with WM-1119

(@)

T8 mas X
ci3g! o= §
oCu S

H143 H852~

(b)

CSGQ‘

o 3

multiscale quantum refinements using different multiscale
ONIOM combinations: (1) monocopper(II)—containing rusti-
cyanin (RC) from Thiobacillus ferrooxidans (PDB ID: 1RCY;
1.90 A resolution; @, value derived from CNS is 0.606)°° and
(2) zinc(Il)-containing MYST histone acetyltransferase
KAT6A/B in complex with WM-1119 (dual actives sites;
PDB ID: 6CT2; 2.13 A resolution; @, value derived from CNS
is 1.667).°° Another small protein amyloid-3(20—34) with L-
isoAsp23 (PDB ID: 6NBY; 1.05 A resolution; w,, value derived
from CNS is 0.269)°” was also briefly studied (see details in
the Supporting Information). These three protein structures
were first prepared by determining the protonated state and
the rotamer of some amino acid side chains (see details in the
Supporting Information), as well as the addition of hydrogen
atoms, for subsequent quantum refinement calculations
combined with ONIOM schemes. The protonation of the
protein is not required in standard crystallographic refinement.
The protonated state of the titratable residues was assigned on
the basis of the pKa results computed from the PROPKA 3.0
program at the pH of crystallization.”® The rotamer of the
amino acid side chain was determined by its nearby potential
H-bonding and/or steric congestion. The addition of hydrogen
atoms and optimization of the hydrogen-bond network were
then carried out by using the PDB2PQR 2.0.0 program.”’
Various computational methods were used to assess our
multiscale quantum refinement schemes (Table 1). Our
quantum refinement calculations combined with ONIOM-
based QM/MM, QM/SE, and QM/SE/MM schemes (M1-
M6) were mainly conducted, where efficient DFT methods
(such as B3LYP,”°~7* B3LYP-D3”* and M06-L”* functionals
with 6-31G(d)”>”® and SDD’” basis sets, denoted as BS1 and
BS2, respectively) as the QM method, Grimme’s tight-binding
GFN2-xTB>® as the SE method, and Amber94 force fields’® as

https://doi.org/10.1021/acs.jctc.1c00148
J. Chem. Theory Comput. 2021, 17, 3783—3796
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Table 1. Computational Chemistry Methods in our
Quantum Refinements™"*

Methods
M1 ONIOM2(B3LYP/BS1:MM)”
M2 ONIOM2(B3LYP-D3/BS1:MM)
M3 ONIOM2(MO06-L/BS1:MM)
M4 ONIOM2(B3LYP/BS2:MM)
Ms ONIOM3(B3LYP/BS1:SE:MM)"”
M6 ONIOM2(B3LYP/BS1:SE)
M7 ONIOM2(CCSD-in-B3LYP/BS3:MM)"
M8 ONIOM3(CCSD-in-B3LYP/BS3:SE:MM)”

“Amber94 as the MM method and GFN2-xTB as the SE method.
bTwo-centered (2C) fragmentation applied in the model part (2C-
MX). “BS1: 6-31G(d); BS2: SDD for Cu(Il) and 6-31G(d) for the
rest; BS3: def2-SVP for the WF-in-DFT (Zn(II) site) & B3LYP/BS1
(Fcv).

the MM method were used. No cutoff for nonbonded
(electrostatic and van der Waals) interactions was applied in
the MM calculations. Apart from the popular DFT method as
the QM level in the ONIOM scheme using Gaussian 16,”" a
recent 7projection-based quantum-embedding 'WEF-in-DFT
method”” ™" (CCSD-in-B3LYP® with def2-SVP*”*° basis set
(BS3) implemented in the Molpro 2019 program”') was also
employed as the QM level in our ONIOM-based QM/MM
and QM/SE/MM applications (M7-M8) for the first time,
which can be regarded as pseudo-three-layer CCSD/B3LYP/
MM and pseudo-four-layer CCSD/B3LYP/SE/MM methods,
in which the key chemical bonds with the transition metals
were described by a high-level coupled-cluster singles and
doubles (CCSD) method.*>*

The convergence conditions (atomic unit) for our quantum
refinement calculations were set to follow the default settings
in many common QM codes (e.g., Gaussian 16): AE < 1073,
Stepma < 1.8 X 1073 Steppys < 1.2 X 1072, VE_ .. < 4.5 X
107, VEgys < 3 X 1072 Such settings are quite similar to
those used in the previous QR studies by the Ryde and Merz
groups.w’21 Two values of the weighting factor w, (those
derived from CNS and 1.0) were applied and tested for our
quantum refinement calculations in this proof-of-concept study
(detailed results given in the Supporting Information). Our
refinement result analysis (such as R factors, electron density
maps, and real-space difference density Z score (RSZD)”*) was
finally conducted by using the Refmacs,” CCP4mg’™ and
Edstats” modules implemented in CCP4i2 7.0.°

Two- and three-layer ONIOM schemes for our first
application (RC,”® Scheme 3a) were defined: the high-layer
model part contains 117 atoms including 17 link atoms (seven
neighboring residues within a radius of ~4.0 A to the Cu(1I)
center: PROS2, HIE8S, SER86, CYM138, ILE140, HIE143,
and MET148), and the medium-layer intermediate part for the
three-layer ONIOM cases contains 449 atoms, including 15
link atoms and the high-layer atoms (all residues within a
radius of ~8.0 A to the Cu(II) center). Protonation states of a
few residues were set as HID39, HIDS7, HIE8S, HID128,
CYM138, and HIE143, whereas the other titratable residues
remain in the standard protonation state. Three different
optimized regions (Rla includes all atoms in the high layer,
R2a includes all residues within a radius of ~8.0 A to the
Cu(II) center, and R3a includes all atoms in the medium layer
for the ONIOMS3 cases; see the Supporting Information for
details) around the copper active site were also set. ONIOM
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methods M1—M4 with the Rla-optimized regions were first
conducted to investigate the effects of different DFT
functionals and basis sets. The effect of mechanical embedding
(ME) and electrostatic embedding (EE) schemes was also
compared for M1 with the Rla- and R2a-optimized regions.”
Moreover, quantum refinements using MS with the Rla- and
R3a-optimized regions and M6 with the Rla- and R2a-
optimized regions were also performed.

Our second system (MYST histone acetyltransferase
KAT6A/B with WM—1119)66 contains two active sites: a
zinc ion and an organic 3-fluoro-N’-[(2-fluorophenyl)-
sulfonyl]-S-(pyridin-2-yl)benzohydrazide (FCV) ligand/inhib-
itor (Scheme 3b). This X-ray crystal structure contains 21
missing residues (485—505), which are terminal residues of the
protein and very far away from the two active sites (roughly
26—37 A). Therefore, we do not add these missing residues.
The magnesium binding site was frozen and not refined in this
study because main-group Mg ion has a simpler electronic
structure (compared to transition metals) and thus can be
treated reasonably by the force field.”® Two- and three-layer
ONIOM schemes for this system are defined as follows: the
high-layer model part includes 112 atoms (zinc with its four
neighboring residues: CYMS540, CYMS43, HIDSS6, and
CYMS60 and an FCV ligand), and the medium-layer
intermediate part for the three-layer cases contains 592
atoms, including 24 link atoms and the high-layer atoms (all
residues within a radius of ~3.0 A to the FCV center and all
residues within a radius of ~5.0 A to the Zn(II) center).
Protonation states of a few residues were set as HIDS13,
CYMS540, CYMS543, HIDS56, CYMS63, HIDS79, HIDS86,
HIE603, HIP627, HID743, HID75S, and ASP520 (anionic
amide form), while the other titratable residues remain in the
standard protonation state. Three different optimized regions
(R1b includes all atoms in the high layer, R2b includes all
residues within a radius of ~3.0 A to the FCV center and all
residues within a radius to ~5.0 A around the Zn(II) center,
and R3b includes all atoms in the medium layer for ONIOM3
cases; see the Supporting Information for details) around the
zinc and FCV active sites were also set. Quantum refinements
using M1 with the R1b- and R2b-optimized regions as well as
MS with the R1b- and R3b-optimized regions were conducted.
In addition, quantum refinements using M2 with the Rlb-
optimized region were also performed to evaluate the effect of
the dispersion correction. As the two FCV and zinc active sites
are separated by more than ~22 A, quantum refinement
calculations combined with a 2C-ONIOM scheme (eq 5) were
further applied and compared to the results obtained using the
conventional (1C) ONIOM method to evaluate computational
costs and the MC ONIOM approximation. For instance, the
high layer, which contains 112 atoms (1148 basis functions at
the B3LYP/6-31G(d) level) in the 1C-ONIOM approach, is
divided into two smaller high-layer fragments in the 2C-
ONIOM scheme: (1) a Zn(II) center (72 atoms, 710 basis
functions) and (2) an FCV center (40 atoms, 43S basis
functions). Due to the steep polynomial scaling for the QM
method, the related computational cost to compute the whole
high layer with 112 atoms is much larger than that to compute
the two smaller high-layer fragments."* Energies/gradients of
the two centers as well as interactions between the two centers
(fragments) are described by the QM method in the 1C-
ONIOM scheme. In comparison, only energies/gradients of
the two centers are described by the high-level QM method in
the 2C-ONIOM scheme, while long-range interactions

https://doi.org/10.1021/acs.jctc.1c00148
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Figure 1. Difference in the key refined bond lengths and bond angles involving the Cu(II)-ligand bonds in rusticyanin protein by different ONIOM
methods with @, values of (a) 1.0 and (b) 0.606 (detailed data are given in Tables S2, SS, and S6). The refined results for our theoretically most
reliable M6 scheme with the R2a-optimized region and their corresponding @, value were used as the reference to compare those refined by
different ONIOM methods. Results for X-ray were taken from the experimental structure without our further refinement.
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Figure 2. RMSD and MAD for the overall refined bond lengths and bond angles involving the Cu(II)-ligand bonds in rusticyanin protein by
different ONIOM methods with @, values of (a) 1.0 and (b) 0.606 (detailed data are given in Tables S2, SS, and S6). The refined results for our
theoretically most reliable M6 scheme with the R2a-optimized region and their corresponding w,, value were used as the reference to compare
those refined by different ONIOM methods. Results for X-ray were taken from the experimental structure without our further refinement.

between the two remote centers and its gradients are
approximated by the lower computational method (see SI
for details). Therefore, such 2C-ONIOM approximation saves
some computational time.

EQM,Zn+FCV = EQM,Zn + EQM,FCV + EQM,interaction

~ EQM,Zn + EQM,FCV + ESE or MM, interaction

©)

Moreover, to describe chemical bonding with transition
metals using the CCSD method, the quantum refinement
calculations using ONIOM2(2C-CCSD-in-B3LYP:-MM) (2C-
M7) and ONIOM3(2C-CCSD-in-B3LYP:SE:MM) (2C-M8)
with the R1b-optimized region were also carried out in our
second application. Furthermore, for such refinement calcu-
lations by the CCSD-in-DFT method, Zn, Scs40, Scsszy Nusser
and Scs¢p atoms were chosen as the embedded atoms at the
CCSD level. In addition, to save a substantial amount of
computational time for the CCSD-in-DFT method, the refined
results obtained by the 2C-M1 and 2C-MS methods were
taken as our initial quantum refinement structure. Currently,
our quantum refinement calculations can apply the lower-cost
CCSD with the small basis set only, although the CCSD
method with a def2-SVP basis set (rather than the golden
CCSD(T) method with a larger basis set) could be less reliable
than some DFT methods. Such a combination is a proof of
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concept (the first example) to apply WF-in-DFT for quantum
refinement calculations. We believe that the CCSD(T)-in-DFT
implementation with larger basis sets for quantum refinement
calculations will become feasible and practicable in the future.

Furthermore, the highest-level computational combination
used in this study has been regarded as the best and most
reliable computational method: ONIOM2(QM:SE) (M6)
scheme with the R2a-optimized region for the first application
and the ONIOM3(QM:SE:MM) (MS) scheme with the R1b-
optimized region for the second application (due to too
expensive. ONIOM2(QM:SE) scheme and larger derivation
found in the flexible zinc center for the larger R3b-optimized
region, see the discussion below for details). These refined
results were used to compute RMS deviation (RMSD) and
mean absolute deviation (MAD) for the other refined
structures as well as the crystal stuctures.

4. RESULTS AND DISCUSSION

4.1. Copper-Dependent RC Protein. Prior to our
detailed comparison of various quantum refinement schemes,
the effects of the different DFT functionals and basis sets on
the Cu(Il) active site in the RC protein were first evaluated by
using ONIOM2(QM/MM) schemes (M1-M4) with an o,
value of 1.0. When the B3LYP, B3LYP-D3, or MO06-L
functional was used as the QM method in our ONIOM?2-

https://doi.org/10.1021/acs.jctc.1c00148
J. Chem. Theory Comput. 2021, 17, 3783—3796
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Table 2. RSZD Scores of Residues around the Cu(II) Binding Site in the Rusticyanin Protein from the Six Quantum
Refinement Approaches with @, Values of 0.606 and 1.0 (in Parenthesis)”

M1 Rla M1 R2a MS5 Rla
PROS2 1.4(1.3) 1.4(1.4) 1.4(1.3)
HIESS 0.4(0.2) 0.2(0.2) 0.7(0.3)
SER86 0.6(0.5) 1.0(0.8) 0.6(0.6)
CYM138 0.8(0.8) 0.7(0.8) 0.9(0.9)
ILE140 0.3(0.3) 0.4(0.5) 0.3(0.2)
HIE143 0.4(0.4) 0.3(0.2) 0.3(0.3)
MET148 0.9(0.9) 0.6(0.7) 0.8(0.8)
Cu(II) 3.0(3.1) 3.2(32) 3.0(3.0)
sum 7.8(7.5) 7.8(7.8) 8.0(7.4)

MS R3a M6 Rla M6 R2a X-ray
1.5(1.3) 1.4(1.3) 1.6(1.4) 1.3
0.2(0.4) 0.6(0.4) 0.3(0.4) 1.4
0.7(0.6) 0.7(0.6) 0.9(0.8) 2.3
0.9(1.0) 0.8(0.9) 0.7(0.8) 1.0
0.4(0.4) 0.2(0.2) 0.5(0.5) 0.3
0.1(0.1) 0.4(0.3) 0.2(0.1) 1.5
0.7(0.7) 0.8(0.8) 0.7(0.6) 0.8
32(3.3) 3.0(3.0) 32(32) 2.7
7.7(7.8) 7.9(7.5) 8.1(7.8) 11.3

“Results for X-ray were taken from the experimental structure without our further refinement.

(QM/MM) scheme (Figure 1a), the refined bond lengths and
bond angles involving the Cu(Il) and its ligated residues were
found to be quite similar for these different DFT functionals.
The Cu-Sy 45 bond length was found to be the only ligated
bond length that changed most; it changed by 0.02 A at most,
and the largest discrepancy in the bond angles was less than
0.7° for these methods. In addition, compared to the highest-
level M6 R2a scheme with an w,, value of 1.0, the RMSD and
MAD analysis for these key geometrical features in the Rla-
optimized regions using different DFT functionals as the high-
level QM method of the ONIOM2(QM/MM) scheme also
gives small RMSD (bonds: 0.02 A; angles: 0.4—0.5°) and
MAD (bonds: 0.02 A; angles: 0.3—0.5°) values. In contrast,
the X-ray structure gives the highest RSMD and MAD values
(RMSD: 0.07 A and 2.3°; MAD: 0.05 A and 1.9°% see Figure
2a). These computational results show an insignificant effect of
the chosen DFT functionals on the copper active-site bonding.
In comparison, a slightly larger effect of the basis set for the
Cu(II) metal on the bond lengths and bond angles was
observed (M4), which gives a more similar local structure
compared to the M6 R2a results (RMSD: 0.00 A and 0.3
MAD: 0.00 A and 0.2°) with an w,, value of 1.0.°” Moreover,
to investigate the influence of dispersion correction on the
Cu(Il) active site, the optimized structures of the Rla-
optimized region in the protein and in the gas phase using the
B3LYP and B3LYP-D3 methods were compared. As shown in
Table S3, the maximum difference for the ligated bond lengths
and angles in the protein refined by M1 and M2 schemes first
without B factor correction is less than 0.01 A and 0.4°,
respectively. Such key geometric differences in the gas phase by
the B3LYP and B3LYP-D3 methods are increased up to 0.05 A
and 4.8°. Therefore, the dispersion correction was found to
have a smaller effect on the Cu(Il) active site in the protein
compared to that in the gas phase. Owing to the similar Cu-
ligand bonding obtained by using different DFT functionals or
basis sets; the B3LYP/6-31G(d) was then used as the QM
method in subsequent various multiscale quantum refinement
calculations.

In addition, the effect of ME and EE schemes in the
ONIOM(B3LYP/MM) method on the active-site bonding was
also examined by using the Rla- and R2a-optimized regions
with an @, value of 1.0 (Figure la and Figure 2a). Our
computational refinement results reveal that the ONIOM-EE
scheme mainly leads to slightly longer Cu—Nyy,; and Cu—
Swiss bonds by 0.02 and 0.01 A, respectively, compared to
those computed by the corresponding ONIOM-ME scheme.
Additionally, the two ONIOM-ME and ONIOM-EE schemes
show very similar bond angles with a maximum difference of
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no more than 0.2° (Table $5).”® Hence, the effect of EE on the
active-site bonding was found to be insignificant in this Cu(II)
protein, and the ONIOM-ME scheme was applied to the
following quantum refinements with various multiscale
ONIOM schemes due to a lower computational cost for the
efficient ONIOM-ME scheme.

Notably, for our quantum refinement calculations with an
@, value of either 0.606 (suggested by CNS) or 1.0 (Table
S6), the bonding on the copper site is very similar with a
maximum distance difference of 0.03 A and a maximum angle
difference of 0.4° for different quantum refinement approaches
(M1, MS, and M6). In addition, for different w, cases, their
RSZD scores were computed to be very close with a deviation
of less than 0.6 at the same computational scheme (Table 2).”
Hereafter, the refined results for the @, value of 0.606 will be
mainly discussed.

The key results obtained for the two- and three-layer
ONIOM-based quantum refinements with different optimized
regions are also summarized in Figure 1b. Generally, various
quantum refinement schemes (M1, M5, and M6) gave similar
results for the active-site bonding. For instance, compared to
the X-ray crystal structure, the main geometric difference for
these multiscale quantum refinement schemes lies in the Cu—
N bonds between the copper and two ligated histidines (85
and 143), which are 0.07—0.13 A longer than those in the
crystal structure. In comparison, the two refined Cu—S bonds
calculated by various schemes and the crystal structure are very
similar (with a deviation of less than 0.01 A). Additionally, the
refined Nygg—Cu—Np43 and Npgs—Cu—Sy4s angles by
various schemes were found to slightly deviate from the
crystal structure by 2.5-3.9°. Compared to the crystal
structure, the difference in the refined Ny;,;3—Cu—Sci3s
angle obtained by different schemes was 1.8—2.7°. The
differences in the refined Nygs—Cu—Sc35 and Syp4e—Cu—
Sciss angles were found to be even smaller (0.1-1.2°).
Moreover, RMSD and MAD (M6 R2a as reference) for these
key ligated bond lengths and bond angles determined by
various schemes are quite similar (RMSD: 0.00—0.02 A and
0.0—0.5°; MAD: 0.00—0.02 and 0.0—0.5°, see Figure 2b),
which further supports a very similar refined copper active-site
structure obtained by various quantum refinement schemes.'*’

Compared to the most computationally expensive
ONIOM2(B3LYP/SE) method (M6) with a larger optimized
(R2a) region, the ONIOM3(B3LYP/SE/MM) method (MS)
was found to give the closest refinement results (identical
RMSD and MAD values for ligated bond lengths, only 0.1—
0.3° difference for the RMSD and MAD of bond angles) with a
much lower computational cost.

https://doi.org/10.1021/acs.jctc.1c00148
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As shown in Figures 3 and S4 and SS, after these quantum
refinement calculations, the disappearance of the negative (red
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Figure 3. Structures for the Cu(II) binding site in the rusticyanin
protein from various quantum refinements with an @, value of 0.606
using (a) M1 (with the Rla-optimized region), (b) M1 (with the
R2a-optimized region), (c) MS (with the R1a-optimized region), (d)
MS (with the R3a-optimized region), and (e) X-ray crystal structure,
including the electron density map (2mF,—DF, maps, contoured at
1.0 o (blue), mF,—DF, maps, contoured at +3.0 ¢ (green), and mF,—
DF. maps, contoured at —3.0 ¢ (red)). Results for the X-ray were
taken from the experimental structure without our further refinement.

contours) difference density between copper and HIESS in the
resultant electron density maps possibly results from the
elongated Cu—Nyyggs (by 0.07—0.13 A, see Tables S6 and S8).
It indicates that the discrepancy with experimental observa-
tions was reduced through quantum refinements (M1, MS,
and M6). As shown in Table 2, the maximum absolute RSZD
score for the copper ion and its seven neighboring residues in
the Rla-optimized region are decreased after our quantum
refinement calculations, compared to the RSZD score for the
X-ray crystal structure. The RSZD score for the sum of the
ligand and seven residues reduced from 11.3 (the crystal
structure) to 7.4—8.1 after different quantum refinement
calculations. Interestingly, different quantum refinement
schemes gave very similar RSZD scores, indicating similar
refined geometries. Moreover, the RSZD scores of our refined
HIES8S, SER86, and HIE143 residues after different quantum
refinements were decreased to 0.7—1.2, 1.3—1.7, and 1.1-1.4
in comparison with the crystal structure, respectively.
Furthermore, the RSZD score for the ONIOM3(DFT/SE/
MM) case (M5 with R3a) is the lowest (7.7). Likewise, the
scores for the ONIOM2(DFT/SE) and ONIOM2(DFT/MM)
cases (M6 and M1: 7.8—8.1) are very similar to that for the
ONIOM3(DFT/SE/MM) case. These overall results suggest
that various ONIOM-based quantum refinement schemes can
improve the local structures.

Furthermore, from an energy point of view, compared to the
X-ray crystal structure, the strain energy'’ of the Rla-
optimized active-site regions (which was calculated as the
QM energy difference between the fully optimized Rla-
optimized geometry in vacuum and the quantum-refined Rla-
optimized geometry extracted from the protein at the B3LYP/
6-31G(d) level) is considerably decreased by more than 175.1
kcal/mol with the ONIOM-based schemes through these
quantum refinement processes (Figure 4). The strain energies
(Table S7) for the R1a-optimized active-site region with an @,
value of 0.606 are slightly smaller than the cases with an w,
value of 1.0 because of the similar weighting for the
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Copper-center strain energy
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Figure 4. Computed strain energy (AE, kcal/mol) at the B3LYP/6-
31G(d) level for the Rla-optimized active-site region in the
copper(Il) protein for various quantum refinement schemes with an
®, value of 0.606 (detailed data are given in Table S7). Results for the
X-ray were taken from the experimental structure without our further
refinement.

experimental part. Overall, these multiscale quantum refine-
ments improve the Cu-ligand bonding in the active site.
Moreover, our quantum refinement protocol based on
combining various multiscale ONIOM schemes was shown
to be feasible and comparable for this Cu(Il) protein
application. On the basis of a balance between the computa-
tional costs and accuracy, the ONIOMS3(DFT/SE/MM)
method is also suggested to be a good computational approach
for quantum refinement.

Compared to the experimental structure (X-ray crystal
structure without further refinement), the RSZD scores of the
Cu(1I) center are reduced from 11.3 (X-ray crystal structure)
to 8.1 after quantum refinement calculations using our
theoretically most reliable scheme (M6 with the R2a-
optimized region, see Table 2). According to the decreases
of the positive and negative contours in the electron density
maps (Figure 3), the refined local structures by various
quantum refinements (M1, MS, and M6) fit the XRD data
better than the X-ray structure. Moreover, the strain energy of
the Rla-optimized active-site region is much higher for the X-
ray structure and can be considerably decreased by about 175.5
kcal/mol through the same quantum refinement scheme M6
(Figure 4). Therefore, these computational results reveal that
our ONIOM-based quantum refinements can obviously
improve the local Cu(Il) binding site from the X-ray crystal
structure.

4.2. Histone Acetyltransferase. The influence of the
dispersion correction on the geometry in the Zn(II) active site
(the R1b-optimized regions) in the protein and gas phase is
first compared. The largest difference for the ligated bond
lengths and angles in the protein refined by M1 and M2
schemes first without the B factor correction is less than 0.02 A
and 0.7° (Table S9), respectively. In contrast, these key
geometric differences in the gas phase by the B3LYP and
B3LYP-D3 methods become 0.03 A and 5.6°. Moreover, our
quantum refinement calculations using M1 and M2 schemes
show that the difference of their RSZD scores is less than 0.1
(Table S10) and their electron density maps are similar
(Figure S6). Because the dispersion correction was found to
have no significant effect on the Zn(II) active site in the
protein compared to the gas phase, the B3LYP method was
then used as the QM method in the subsequent various
multiscale quantum refinement calculations. However, we
recommend the inclusion of dispersion correction in practical
quantum refinement calculations.

The key results for the conventional two- and three-layer
ONIOM-based quantum refinements (M1 and MS) are

https://doi.org/10.1021/acs.jctc.1c00148
J. Chem. Theory Comput. 2021, 17, 3783—3796
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compared and summarized in Figures S7 and S8 and Tables
S12—S17. In comparison with our quantum refinement
calculations with an @, value of 1.667 (suggested by CNS)
and 1.0 (Tables S12 and S13), their maximum difference of the
metal—ligand bond lengths on the Zn(II) site between various
quantum refinement schemes is less than 0.03 A and that of
the related angle is less than 0.7°. The computed RSZD scores
for these w,, values are also similar with a deviation of less than
0.2 (Table S11).'°" These results reveal that our quantum
refinement calculations give similar local geometries for the
two different @, cases. Hereafter, the refined results for the w,
value of 1.667 are mainly discussed.

However, the computed RZSD scores for the Zn(II) center
by different quantum refinement schemes (M1 and MS5)
become higher than the X-ray crystal structure by 0.4—1.7 (see
details in the Supporting Information). As shown in Figures
S10 and S11, a less positive difference density around the zinc
ion was also observed after these quantum refinement
calculations. Moreover, the key atomic displacement for
these refined results (Figure S12a and Tables S21 and $22)
with respect to the X-ray crystal structure shows that the zinc
metal moves only 0.07—0.08 A, whereas the Zn-ligated
Néypsss atom was found to have the largest displacement
(0.18—0.22 A) compared to the other Zn-ligated Scynsso
Scymsaz and Scymseo atoms (0.12—0.17 A) and the Zn(II)
metal. Notably, as reported previously and suggested by one
reviewer,' %’ geometry optimization including a restrained
refinement of individual B factors for all atoms can improve the
RSZD score for the Zn(II) binding site. Therefore, all
subsequent results and discussion are based on quantum
refinement calculations with an @, value of 1.667 including
individual B factors for all atoms.'®”

Compared to the X-ray crystal structure, the refined Zn-
Scss bond obtained by different multiscale schemes (M1 and
MS) becomes longer by 0.09—0.11 A, while the Zn—Scsys,
Zn—Nyss and Zn—Scsqo bonds become shorter by 0.13—0.14,
0.04—0.07, and 0.09—0.11 A, respectively (Figure S). In
addition, our different quantum refinement calculations
generally provide similar active-site bonding based on their
RMSD, MAD, and RSZD scores. Compared to our
theoretically most reliable computational combination (1C-
MS R1b), the RMSD and MAD values for the bonds involving
the zinc ion refined by different approaches deviate by 0.01 and
0.01 A only (Figure 6), respectively. Similarly, the RMSD and
MAD values for the bond angles refined by different
approaches deviate by approximately 0.5—1.1 and 0.3—1.0°,
respectively. Likewise, the RSZD scores of the zinc and FCV
centers refined by different approaches deviate by less than 0.2
and 0.4 (Table 3), respectively. The electron density maps are
almost identical relative to those by 1C-MS R1b (Figures 7
and 8). These computational results show again that different
quantum refinement schemes generally lead to the similar
active-site geometry.

As shown in Figure 7, after these quantum refinement
calculations by including the individual B factors, the negative
(red contours) difference density around CYMS43, HIDSS6,
and zinc ion mostly disappears in the resultant electron density
maps. The positive (green contours) difference electron
density close to HIDS56 becomes smaller. Similar improve-
ment was also observed in the FCV center (as shown in Figure
8); the negative and positive difference electron densities were
reduced around the S and O atoms. It indicates that the
discrepancy with experimental observations was reduced
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Figure S. Difference in the refined key bond lengths and bond angles
involving the zinc(II) metal-ligand in histone acetyltransferase
protein using different ONIOM methods with an @, value of 1.667
(detailed data are given in Table S28). The refined results for our
theoretically most reliable 1C-MS scheme with the Rlb-optimized
region were used as the reference to compare those refined by
different ONIOM methods. Individual B factors for all atoms were
included in quantum refinement calculations. Results for the X-ray
were taken from the experimental structure without our further
refinement.
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Figure 6. RMSD and MAD analysis of the refined (a) bond lengths
for the Zn(II) center; (b) bond lengths for the FCV center; and (c)
bond angles around the Zn(II) center of the histone acetyltransferase
obtained using different ONIOM methods with an w,, value of 1.667,
which are compared to that obtained from our theoretical most
reliable 1C-MS scheme with the R1b-optimized region (detailed data
are given in Tables S28 and $29). Individual B factors for all atoms
were included in quantum refinement calculations. Results for the X-
ray were taken from the experimental structure without our further
refinement.

through quantum refinements (M1 and MS). As shown in
Table 3, the maximum absolute RSZD score for the zinc ion
and its four neighboring residues in the R1b-optimized region
are decreased after our quantum refinement calculations,
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Table 3. RSZD Scores of Residues around the Zn(II) Binding Site in Histone Acetyltransferase from Various Quantum

Refinement Approaches with an @, Value of 1.667“

M1 R1b M1 R2b M5 R1b
CYMS540 1.5(1.5) 1.5(1.5) 1.6(1.5)
CYMS43 1.2(1.3) 1.3(1.3) 1.2(1.1)
HID556 0.3(0.3) 0.4(0.4) 0.3(0.3)
CYMS60 1.3(1.3) 1.2(1.2) 1.4(1.3)
Zn(11) 2.1(2.2) 2.4(2.3) 2.1(2.1)
sum(Zn center) 6.4(6.6) 6.8(6.7) 6.6(6.3)
FCV 1.2(1.2) 1.0(1.0) 1.3(1.2)

MS R3b M7 RIb® M8 RIb” X-ray
1.6(1.7) (1.6) (1.6) 0.6
1.2(1.2) (1.3) (1.2) LS
0.4(0.4) (0.3) (0.3) 3.0
12(1.3) (1.3) (1.4) 1.7
2.2(2.2) (2.1) (1.5) 2.7
6.6(6.8) (6.6) (6.0) 9.5
0.9(0.9) (12) (12) 1.7

“Individual B factors for all atoms were included in quantum refinement calculations. The two-center (2C) ONIOM approximation was also used
(values given in parenthesis). RSZD scores of the FCV binding site were also given. Results for X-ray were taken from the experimental structure
without our further refinement ”Values computed by the 2C-M7 and 2C-M8 schemes with the CCSD-in-DFT method as the QM method to
describe the key Zn(1I) metal center. “The sum for the Zn center is the sum of CYMS540, CYMS43, HID556, CYMS60, and Zn.
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Figure 7. Structures for the zinc(II) active site in the MYST histone
acetyltransferase KAT6A/B protein from various quantum refinement
schemes with an w, value of 1.667 using (a) 1C-M1 (with the R1b-
optimized region), (b) 2C-M1 (with the R1b-optimized region), (c)
1C-M1 (with the R2b-optimized region), (d) 2C-M1 (with the R2b-
optimized region), (e) 1C-MS (with the R1b-optimized region), (f)
2C-MS5 (with the R1b-optimized region), (g) 1C-MS (with the R3b-
optimized region), (h) 2C-MS (with the R3b-optimized region), (i)
2C-M7 (with the R1b-optimized region), (j) 2C-M8 (with the R1b-
optimized region), and (k) the X-ray crystal structure, including the
electron density map (2mF,—DF. maps, contoured at 1.0 ¢ (blue),
mF,—DF_ maps, contoured at +3.0 ¢ (green), and mF,—DF, maps,
contoured at —3.0 ¢ (red)). Individual B factors for all atoms were
included in quantum refinement calculations. Results for the X-ray
were taken from the experimental structure without our further
refinement.

Lk«

compared to the RSZD score for the X-ray crystal structure.
The RSZD score for the sum of zinc and four residues reduced
from 9.5 (the crystal structure) to 6.4—6.8, and that of the
FCV ligand reduced from 1.7 to 0.9—1.3 after different
quantum refinement calculations (M1 and MS5). Hence,
compared to the crystal structure, these results suggest that
our quantum refinement calculations improve the local
structure of the zinc and FCV binding sites, particularly the
flexible zinc(II) binding site by including the individual B
factors.

Furthermore, compared to the X-ray crystal structure, the
strain energy'’ of the Rlb-optimized region (which was
calculated as the QM energy difference between the fully
optimized R1b-optimized geometry in vacuum and the
quantum-refined R1b-optimized geometry extracted from the
protein at the B3LYP/6-31G(d) level) is considerably
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Figure 8. Structures for the FCV binding site in the MYST histone
acetyltransferase KAT6A/B protein from various quantum refinement
calculations with an @, value of 1.667 using (a) 1C-M1 (with the
R1b-optimized region), (b) 2C-M1 (with the R1b-optimized region),
(c) 1C-M1 (with the R2b-optimized region), (d) 2C-M1 (with the
R2b-optimized region), (e) 1C-MS (with the R1b-optimized region),
(f) 2C-MS (with the R1b-optimized region), (g) 1C-MS (with the
R3b-optimized region), (h) 2C-MS5 (with the R3b-optimized region),
(i) 2C-M7 (with the Rlb-optimized region), (j) 2C-M8 (with the
R1b-optimized region), and (k) the X-ray crystal structure, including
the electron density map (2mF,—DF. maps, contoured at 1.0 ¢
(blue), mF,—DF, maps, contoured at +3.0 ¢ (green), and mF,—DF,
maps, contoured at —3.0 ¢ (red)). Individual B factors for all atoms
were included in quantum refinement calculations. Results for the X-
ray were taken from the experimental structure without our further
refinement.

X—ray

o

decreased by 17.4—23.0 and 64.1—66.6 kcal/mol for the
FCV and zinc centers, respectively, after these quantum
refinement calculations (M1 and MS; Figure 9 and Table S30).

In comparison to the experimental structure (X-ray crystal
structure in the absence of further refinement), the RSZD
scores of the Zn(II) center were found to be decreased from
9.5 (X-ray crystal structure) to 6.6 after the quantum
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Figure 9. Strain energy (AE, kcal/mol) at the B3LYP/6-31G(d) level
for the Rlb-optimized region for (a) Zn(II) center and (b) FCV
center in histone acetyltransferase determined by various quantum
refinement schemes. Results for the X-ray were taken from the
experimental structure without our further refinement.

refinement (MS) scheme (with the Rlb-optimized region,
Table 3). In addition, the RSZD score of the FCV ligand is
modestly reduced from 1.7 (X-ray crystal structure) to 1.3 after
the same quantum refinement (MS) approach. The refined
local structures by various quantum refinements (M1 and M5)
fit the XRD data better than the X-ray structure according to
the electron density maps (Figures 7 and 8). Furthermore, the
strain energy of the R1b-optimized active-site regions for the
Zn(II) and FCV centers refined by the MS scheme is
considerably lower by 64.0 and 17.4 kcal/mol (Figure 9),
respectively, than those in the X-ray crystal structure.
Consequently, the local Zn(1I) and FCV binding sites can be
apparently improved by our ONIOM-based quantum refine-
ments including the individual B factors.

Histone acetyltransferase contains a Zn(II)-binding site and
one FCV inhibitor-binding site, which are separated by
approximately 22 A. In addition to the conventional
ONIOM scheme, the 2C-ONIOM approximation was also
employed to describe the two active sites for histone
acetyltransferase to reduce computational costs. Our quantum
refinement calculations using M1 with the Rlb-optimized
region (using 24 CPUs, Intel(R) Xeon(R) Gold 5118 CPU @
2.30 GHz) require about 34 h 52 m and 42 h 20 m for the 2C-
ONIOM and conventional (1C) ONIOM schemes, respec-
tively. These results show a lower computational cost for the
2C-ONIOM scheme. As shown in Figures S and 6, the
deviation for the Zn-ligated bonds is less than 0.01 A and that
for the Zn-ligated bond angles is less than 1.0° between the
conventional (1C-) and 2C-ONIOM schemes (M1 and MS).
In addition, these two types of the ONIOM schemes give a
small difference for the strain energy19 (0.0-0.3 kcal/mol,
Figure 9). The RSZD scores are almost identical with a
difference less than 0.3 (Table 3). Moreover, the ONIOM3-
(2C-DFT/SE/MM) (2C-MS) quantum refinement scheme,
which provides a similar active-site bonding (RMSD: 0.01 A
and 0.6°; MAD: 0.01 A and 0.6°; identical R factors; deviation
of RSZD scores: < 0.3; the strain energy difference: < 0.3 kcal/
mol) to that obtained by the conventional ONIOM3 scheme
(1C-MS) can be an efficient quantum refinement method for
proteins with several far active sites. Long-range interactions
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between the active sites can be approximately treated by the
GFN2-xTB method in such a multicenter ONIOM approx-
imation. Therefore, these computational results show that the
2C-ONIOM approximation can achieve very similar quantum
refined results with a lower computational cost when multiple
active sites in the biomolecules are not very close to each
other. On the basis of a balance between the computational
costs and accuracy, the 2C-ONIOM3(DFT/SE/MM) is also
suggested to be a good computational method for quantum
refinement.

Moreover, compared to our refined structure by the 1C-M$
scheme, the CCSD-in-DFT method as the high-level QM
method in our two- and three-layer ONIOM schemes with the
2C-ONIOM approximation (2C-M7 and 2C-M8) to describe
the zinc center leads to the shorter Zn-Ny, bond and the
longer Zn-Scyy bonds by 0.01 and 0.01-0.03 A only,
respectively (Table S28). The RMSD and MAD values for
the bonds involving the zinc ion refined by the computational
approaches with the CCSD-in-DFT method deviate by 0.01
and 0.01—0.02 A only (Table S28), respectively, compared to
1C-MS. Likewise, the RMSD and MAD values for the bond
angles refined by 2C-M7 and 2C-MS8 deviate by a&proximately
0.7—0.8 and 0.6—0.7° (Table S28), respectively."”” Moreover,
the RSZD scores for the Zn(II) center by 2C-M7 and 2C-M8
were decreased to 0.0—0.6 (Table 3), and the corresponding
electron density maps are almost identical (Figure 7), relative
to those by 1C-MS. These RSZD results suggest that our
quantum refinement calculations combined with the CCSD-in-
DFT method (2C-M7 and 2C-M8) slightly improves the local
Zn-binding site compared to quantum refinements with 1C-
MS.

Apart from the two abovementioned applications using the
ONIOM-based quantum refinement approaches, to extend and
assess our quantum refinement with complete DFT,”*'%*
fragmentation DET,>%'%571%7 ¢ GEN2-xTB methods,” a
small amyloid-(20—34) protein with L-isoAsp23 was also
refined (see the Supporting Information for details).

5. CONCLUSIONS

We have developed a multiscale quantum refinement method
for metalloprotein structures by combining several multiscale
ONIOM schemes and XRD refinement techniques. Compared
to the standard crystallographic refinement, the classical force
fields were replaced by multiscale ONIOM schemes to aid in
giving more reasonable chemical structures, especially for
active sites described by the QM method, along with the
experimental (XRD) data. This approach takes advantage of
various flexible ONIOM schemes and experimental (XRD)
information, in which the challenging transition-metal binding
site is described by a relatively high-accuracy and efficient QM
method (e.g, DFT methods) and the remaining structures/
interactions are approximated by faster low-level computa-
tional method(s) (such as SE and/or MM methods).
Quantum refinement combined with two- and three-layer
ONIOM schemes was first applied to refine the local metal
binding site in one Cu-protein system. Our quantum
refinement using the high-level QM/SE combination method
yields our theoretically most reliable results based on the
electron density, R factors, and RSZD scores. Additionally, our
computational results show that different DFT functionals and
the choice of the embedding scheme used in our ONIOM
calculations yield similar Cu(II)-binding structures. Moreover,
the QM/SE/MM method was found to provide a very good
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refined protein structure with lower computational costs,
compared to the expensive QM/SE method. Alternatively, to
treat proteins with multiple local active sites, our second
application for one Zn-containing protein with an inhibitor was
examined by using the 2C-ONIOM approximation, which was
found to speed up quantum refinement calculations with a
similar accuracy, compared to the conventional ONIOM
method. Although the long-range interactions between the two
active sites are not described by the high-level QM method in
this 2C-ONIOM scheme, such interactions can be still
approximated by the lower-level computational method.
Moreover, the recent quantum-embedding CCSD-in-DFT
method was introduced as the QM method in our two- and
three-layer ONIOM methods to describe the key Zn(II) metal
center in our proof-of-concept multiscale quantum refinement
calculations. Apart from the common quantum refinement
combined with two-layer QM/MM method, our quantum
refinement combined with several ONIOM schemes (two-
layer 2C-ONIOM2(QM:MM), ONIOM2(QM:SE); three-
layer ONIOM3(QM:SE:MM), 2C-ONIOM3(QM:SE:MM);
pseudo-three-layer ONIOM3(WF-in-DFT:MM); pseudo-four-
layer ONIOM4(WF-in-DFT:SE:MM)) were applied to
evaluate the performance and reliability of various quantum
refinement schemes on two metalloproteins for the first time.
Considering the computational costs and accuracy, the
ONIOM3(QM/SE/MM)-based refinement scheme was sug-
gested to be a good choice. In principle, different QM methods
(including fragmentation QM methods,*'”~""7 local corre-
lation QM methods''®*™'** as well as quantum embedding
QM-in-QM methods”*™*") can also replace ONIOM or
become one of the computational methods used in the
ONIOM schemes for quantum refinement calculations. We
believe that multiscale quantum refinements can enable ones
to refine more reasonable structures of metalloprotein
(including those that contain inhibitors, substrates, drug
candidates, etc.).
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