
Noncovalent π Interactions in Mutated Aquomet-Myoglobin
Proteins: A QM/MM and Local Vibrational Mode Study
Juliana J. Antonio and Elfi Kraka*

Cite This: Biochemistry 2023, 62, 2325−2337 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Protein dynamics and function is strongly con-
nected to the energy flow taking place. Myoglobin (Mb) and its
mutations are ideal systems to study the process of vibrational
energy transfer (VET) at the molecular level. Anti-Stokes
ultraviolet resonance Raman studies using a tryptophan (Trp)
probe, introduced at di!erent Mb positions by amino acid
replacement, have suggested that the amount of VET depends
on the position of the Trp probe relative to the heme group.
Inspired by this experimental work, we explored the strength of
noncovalent π interactions, as well as covalent interactions for both
the axial and distal ligands bound to iron in aquomet-Mb with the
local vibrational mode analysis (LMA), originally developed by Konkoli and Cremer. Two sets of noncovalent interactions were
investigated: (1) the interaction between the water ligand and Trp rings and (2) the interaction between the Trp and the porphyrin
rings of the heme group. We assessed the strength of these noncovalent interactions via a special local mode force constant. Various
Trp-modified water-bound ferric Mb proteins in the ground state were studied (6 in total) using gas-phase and QM/MM
calculations followed by LMA. Our results disclose that VET is indeed dependent on the position of the Trp probe relative to the
heme group but also on the tautomeric nature of distal histidine. They provide new guidelines on how to assess noncovalent π
interactions in proteins utilizing LMA and how to use these data to explore VET, and more generally protein dynamics and function.

■ INTRODUCTION
Myoglobin (Mb), a prominent member of the globin super-
family, has an important role in a plethora of physiological
functions for the heart and skeletal muscles, and as for
vertebrates, it is responsible for the storage of oxygen.1−3

Since its discovery more than 65 years ago, Mb and its mutated
analogues have been studied extensively through experimental
and theoretical e!orts alike.4−6 The Mb active site involves the
heme porphyrin group with iron in either oxidized (ferric, Fe3+)
or reduced (ferrous, Fe2+) form. It is fixed via Fe−N bonding
with the side chain of H93 (which is commonly labeled as the
proximal histidine), while the opposite portion of the heme
pocket is occupied by H64 (commonly labeled as the distal
histidine). Caused by this arrangement, there is only enough
space for small signaling diatomic ligands such as O2, NO, CN,
and CO to enter the active site and potentially bind to iron. In
the ferrous form of Mb, the diatomic ligands reversibly bind to
Fe initializing di!erent biological functions,7−9 which has led to
an increased interest in quantifying Fe−ligand bonding in these
complexes.10,11 The e!ect of water binding to the active site of
ferric Mb (labeled as aquomet-Mb) has been another target of
interest because it allows us to illuminate the dual role of the
distal histidine (H64) in stabilizing ligand binding at the heme
and controlling access to the protein interior.12 Besides altering
the ligand of the active site, others have modified theMb protein
to study a variety of di!erent properties such as metal−ligand

interactions (typically through resonance Raman techniques),13
protein function,14 and dynamics.15
Recently, Mb and heme-containing proteins have attracted

attention for their handling of photoexcitation through vibra-
tional energy transfer (VET).16,17 VET studies can actually
provide more detailed information about the relationship
between protein dynamics and function.18−25 Studies of the
VET pathways either via experimental anti-Stokes ultraviolet
resonance Raman (UVRR) spectroscopy or through molecular
dynamics (MD) simulations have suggested that nonbonded
atomic contacts play a significant role in the vibrational energy
flow.26−28 However, it is important to note that for the
spectroscopic study of Mb proteins, mutations are necessary
by adding a probe, typically tryptophan (Trp)29 close to the
active site, which can be easily identified in the spectrum. Recent
studies on aquomet-Mb have revealed that upon photo-
excitation of the heme group, the vibrational energy flow occurs
from the heme group to the Trp probe residue, and then from
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the Trp probe residue to the water solvent that surrounds the
heme pocket.27,29,30 With this study, they were also able to
conclude that VET did not occur through the bonded atomic
contacts (such as the bonding of Fe−N from the proximal
histidine), but rather through noncovalent interactions that
occur from the porphyrin rings of the heme group, to the 5- and
6-membered rings of Trp. Further studies showed that the
positioning of the Trp probe in aquomet-Mb proteins can lead
to di!erent anti-Stokes shifts from UVRR, and postulated that
the number of atomic contacts that can occur from the Trp
residue to the heme is not the determining factor for the
proteins’ ability to have faster vibrational energy flow.30 As such,
the anti-Stokes shift intensity decreases in the order of V68W >
F43W > L89W. In Figure 1(bottom), the snapshot of the active
site of aquomet-Mb with the di!erent Trp positions is displayed.
Inspired by the study from Mizuno and collaborators,30 we

wanted to quantify these important observations, focusing on
the following objectives:

1. To derive intrinsic FeO and FeN bond strength measures
based on local vibrational force constants and related
bond strength orders BSO n.

2. To quantify for the first time the strength of the
interaction between water and the Trp probe as well as
between Trp and the heme group, based on a special local
force constant designed for π interactions between two
monomers.

3. To determine if these noncovalent π interaction strengths
correlate with the associated anti-Stokes shifts as
suggested by Mizuno and collaborators.30

4. Based on our results, to derive a general protocol for the
assessment of noncovalent π interactions in proteins.

The structure of this paper is as follows: First, a brief overview
of local vibrational mode theory, description of noncovalent π
interactions with regard to local vibrational mode theory, the
relative bond strength order, and the computational details are
reported. Then, a brief discussion on the bond strengths of FeO
and FeN will be presented, utilizing common quantum
electronic structure methods to describe the active site
environment of the modified aquomet-Mb proteins. Finally,
the interaction strengths of water-Trp and Trp and the
porphyrin group will be discussed, as well as the protocol/
procedure used to obtain accurate descriptions of noncovalent π
interactions.

■ THEORETICAL AND COMPUTATIONAL METHODS
Local Vibrational Mode Theory. To understand the

interaction strengths between FeO, FeN, and the noncovalent π
interactions such as water-Trp andTrp-porphyrin ring, LMAhas
been utilized in this work. The theory and application of LMA
have been described and published in previous works;31−36

therefore, only some important highlights regarding LMAwill be
presented. The normal mode analysis for a polyatomic molecule
that is vibrating with N atoms is based on Wilson’s equation of
vibrational spectroscopy37−41

=F L MLx (1)

where the force constant matrix Fx is expressed in Cartesian
coordinates xi (i = 1, ··· 3N), and the matrix L collects the
vibrational eigenvectors lμ as its columns (μ = 1, ··· Nvib). The
diagonal mass matrix M comprises the atomic mass for each
atom three times to account for the motion in the x, y, and z
directions. Λ is a diagonal matrix with the eigenvalues λμ, which

Figure 1. Aquomet-Mb active site model in the gas phase (Gas), QM portion of aquomet-Mb H64ϵ, H64δ, F43W, V68W, and L89W. All of the
modified Trp aquomet-Mb proteins have been calculated with both H64ϵ andH64δ in the MM portion. For a detailed description, refer to the text.
Snapshots of the active site pocket for all aquomet-Mb systems investigated in this work are collected in the Supporting Information, in Figure S1.
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leads to the static (harmonic) vibrational frequencies ωμ
according to λμ = 4π2c2ωμ

2.
To work in the space of internal coordinates q rather than in

Cartesian coordinates x, theWilson equation takes a new form37

=F D G Dq 1 (2)

where D collects the normal mode vectors dμ (μ = 1, ··· Nvib)
column-wise, and the Wilson matrix G, which is defined as

= †G BM B1 (3)

and represents the kinetic energy in terms of internal
coordinates. The elements of the rectangular matrix B in eq 3
are defined by the partial derivatives of internal coordinates qn (n
= 1, 2, 3 ···Nvib) with respect to Cartesian coordinates xi (i = 1, 2,
3 ··· 3N)

=
q
x

B
x( )

n
n

i (4)

Whenever a new set of coordinates is introduced, the first step is
to derive the appropriate B matrix, which is essential for the
definition of intermonomer modes. This is because the Bmatrix
plays a critical role in the Wilson equation of spectroscopy since
it connects di!erent sets of coordinates (symmetry, internal,
curvilinear, etc.),42−44 or Cremer−Pople ring puckering
coordinates,45 with Cartesian coordinates.37
Diagonalization of eq 2 leads to

=†D F D Kq (5)

The transformation of the normal coordinates Q leads to the
diagonal force constant matrix K collecting normal vibrational
constants and matrixD collecting the normal mode vectors dμ in
internal coordinates and is a standard procedure in modern
quantum chemistry packages.46 As such, the normal mode
stretching force constant has become a popular measure of bond
strength. However, normal coordinates Q are generally a linear
combination of internal coordinates q or Cartesian coordinates
x47

= †Q G qD( )
j

N

j j
1

vib

(6)

= †Q G B xD( )
j

N

j j

3
1

(7)

which indicates that normal vibrational modes are generally
delocalized over the molecule, limiting the direct use of normal
mode stretching force constants and normal mode frequencies
as a bond strength measure. As such, local vibrational modes an,
local vibrational frequencies ωn

a, and the related local force
constants kna are needed. Konkoli and Cremer31−35,48,49 derived
local vibrational modes an from the diagonal force constant
matrix K and the normal mode vectors dμ

=
†

†a
K d
d K dn

n

n n

1

1 (8)

where the local vibrational mode an is expressed in terms of
normal coordinates Q and dn is the n-th row vector of the D
matrix. For a comprehensive review of the derivation and
discussion of LMA theory, the reader is referred to a recent
review article.35

To each local vibrational mode an, a corresponding local mode
frequency ωn

a, local mode mass mn
a, and local force constant kna,

can be defined. The local mode frequency ωn
a is defined by

=
c

k
m

1
2n

a n
a

n
a

(9)

and the corresponding local force constant kna by

= =†k d K d d B L( ) ,n
a

n n n n
1 1 (10)

Description of Noncovalent π Interactions. Recently, our
group has been able to describe noncovalent π interactions with
intermolecular local force constants in a dimeric system,50,51
where there are two isolated nonlinear polyatomic monomers
(A and B). As such, one can choose a set of nonredundantNvib

A =
3NA − 6 local modes for monomer A and another set of
nonredundant Nvib

B = 3NB − 6 local modes for monomer B.
When the two monomers combine to form the complex AB,
there are twelve translations and rotations, six of which are then
transformed into intermolecular vibrations which describe the
stretching, bending, and torsion of the monomers that are
relative to each other. Therefore, the new set of nonredundant
local modes for the dimer is described by Nvib

AB = Nvib
A + Nvib

B + 6
local modes. To define the true intermolecular vibrations
between the dimers, both monomers have to be rotated into a
standard orientation that is unique − something which is not
generally possible. In this work, however, since there is always
one monomer that is a ring, the rectangular coordinate system
can be rotated into the standard orientation, uniquely defined by
the Cremer−Pople mean ring plane of the ring atoms.45
Each atom in monomers A and B has to be rotated into the

standard orientation by a 3 × 3 rotation matrix r.45 Essentially
the coordinate system is transformed from the initial xyz
coordinates to the standard x′y′z′. This brings the dimer AB into
the standard orientation. As shown in Figure 2, OA is the

geometric center of the rotated monomer A, and for monomer B
OB and x′y′z′ define the standard orientation that is determined
by the mean plane, respectively, with x″y″z″ being the shifted
coordinate system x′y′z′ from OB to OA. In this work, we have
the interaction strength between water and Trp; therefore,
monomer A would represent the water molecule, and monomer
B represents either the 6-membered ring from Trp or the 5-
membered ring from Trp. Since we are dealing with geometric

Figure 2.Definition of the Sz interaction between a benzene ring A and
a benzene ring B.OA is the geometric center of the rotated monomer A,
and OB and x′y′z′ define the standard orientation of ring B determined
by the mean ring plane.45 x″y″z″ is the shifted coordinate system x′y′z′
from OB to OA.

Biochemistry pubs.acs.org/biochemistry Article

https://doi.org/10.1021/acs.biochem.3c00192
Biochemistry 2023, 62, 2325−2337

2327

https://pubs.acs.org/doi/10.1021/acs.biochem.3c00192?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.3c00192?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.3c00192?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.3c00192?fig=fig2&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.3c00192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


centers of rings, we have separated the Trp into two distinct
rings. The issue with treating Trp as one ring is the geometric
center would be represented near the double bond where the 5-
membered and 6-membered ring would meet, which does not
describe the interaction that well or accurately. We also have the
interaction strength between the porphyrin (which has eight
di!erent locations of 5-membered and 6-membered rings) and
the Trp, which has two rings (a 6-membered ring and a 5-
membered ring), with monomer A indicating either the 5- or 6-
membered ring from Trp, and monomer B indicating one of the
eight 5- or 6-membered porphyrin rings. Therefore, since
monomers A and B are both rings, OA andOB, along with x′y′z′,
define the standard orientation that is determined by the mean
plane, with x″y″z″ being the shifted coordinate system x′y′z′
from OB to OA.
Three mass-irrelevant (where atomic mass is equal to 1)

translational modes (TB
x , TB

y , TB
z) and three mass-irrelevant

rotational modes (RB
x , RB

y , RB
z) in the x′, y′, and z′ axes can be

defined for monomer B(which is a ring monomer). In a similar
fashion, column arrays TA

x , TA
y , TA

z , RA
x , RA

y , and RA
z can be

obtained for monomer A. When applying Wilson’s B-matrix
formulation,37 these monomer modes define nine intermo-
nomer modes. If the atoms in monomer A are given first,
Wilson’s B-matrices (which are row arrays) of nine intermo-
lecular modes are given by

= =

=

† †

†

S
N

N

R
N

N

A
N

N

b

T

T
b

R

R

b

R

R

( )

1

1
, ( )

1

1
,

( )

1

1

X
A

A
X

B
B
X

X
A

A
X

B
B
X

X
A

A
X

B
B
X

i
k
jjjjjjjjjjjjjjjj

y
{
zzzzzzzzzzzzzzzz

i
k
jjjjjjjjjjjjjjjj

y
{
zzzzzzzzzzzzzzzzi

k
jjjjjjjjjjjjjjjj

y
{
zzzzzzzzzzzzzzzz (11)

with X = x, y, or z with intermolecular stretching S, rotation R,
and antirotation modes A being represented and the
deformation amplitude of each monomer set to one with a
factor of N1/ A or N1/ B , respectively. The B-matrices
represented in eq 11 have to then be rotated back to the initial
orientation by r. Out of the nine intermolecular modes, three
intermolecular stretching modes (Sx, Sy, Sz) and three
intermolecular rotational modes (Rx, Ry, Rz) are chosen to
construct a set of six nonredundant intermonomer coordinates.
As such, the three intermonomer stretching modes; Sx and Sy
describe the sliding of monomer A along the mean plane of the
ring system B in two orthogonal directions, and Sz reflects the
accurate stretching between monomers A and B, and thus its
interaction.
Relative Bond Strength Order. The use of relative bond

strength order (BSO n) is convenient when comparing a
relatively large set of kna values. According to the generalized
Badger rule derived by Cremer, Kraka, and co-workers, both kna
and BSO n are connected via the following power relationship

=n A kBSO ( )n
a B (12)

The constants A and B are determined by two reference
compounds with known BSO n and kna values; the requirement
being for a zero-force constant, BSO n equals zero. In this work,
the references used for the FeO and FeN bonds were FeH as a

bond close to a single bond52,53 and FeO as a bond close to a
double bond.54,55Mayer bond orders56−58 were used to quantify
the single- or double-bond character, with n(Mayer, FeH) =
0.83281 and n(Mayer, FeO) = 1.47459, which corresponds to a
ratio of 1.00:1.7706. Corresponding A and B constants were
0.729 and 0.537, respectively.
In this work, the covalent character of FeO and FeN bonds

was determined via the Cremer−Kraka criterion59,60 of covalent
bonding which is based on the local electron density H(r)

= +H G Vr r r( ) ( ) ( ) (13)

where the kinetic energy density is G(r) (positive, destabilizing)
and the potential energy density is V(r) (negative, stabilizing).
Where the bond critical point rb of the electron density ρ(r) is
taken between two bonded atoms,H(rb) < 0 indicates a covalent
bond, while H(rb) > 0 indicates an electrostatic interaction.

Computational Details. Protein geometries were based on
previous X-ray structures of modified whale sperm water-bound
ferric Mb proteins (PDB: 1BZ6,61 2E2Y,62 2OH9,63 1CH364).
For consistency, all proteins started with the C-terminal of valine
and ended in the N-terminal of glycine. All proteins were
modified to have the distal H64 histidine in both tautomeric
H64ϵ and H64δ form. Missing hydrogens of all proteins were
added using the tleap program from AMBER and were solvated
with a water hydration shell (TIP3P) of 16 Å around the iron
center of the heme. MM parameters of the water-bound ferric
heme were obtained from a previous publication that had a
similar heme porphyrin active site system.65 AMBER !14SB
force field was used for the remainder of the protein,66 and the
protein was neutralized with corresponding Cl− ions and
minimized for 2000 steps using AMBER.67
After minimization, all proteins were divided into similar

QM/MM regions. The QM region forH64ϵ andH64δ includes
all atoms of the heme group, the water bound to the heme, and
the side chains of the distal H64 and proximal H93 histidine (98
atoms). For the Trp-modified aquomet-Mb proteins, (F43Wϵ,
F43Wδ, V68Wϵ, V68Wδ, L89Wϵ, and L89Wδ), the QM
region includes all atoms of the heme group, the water bound to
the heme, the side chains of Trp and the proximal H93 histidine
(102 atoms). The rest of the protein atoms, water molecules,
and Cl− ions were included in the MM region (average number
of MM atoms, 2609).
All gas-phase calculations were performed with the ωB97X-D

functional68 and Pople’s 6-31G(d,p) basis set.69,70 QM/MM
calculations were performed at the ωB97X-D/6-31G(d,p)/
AMBER level of theory using the ONIOM methodology,71 first
optimizing with mechanical embedding without constraints and
then with electronic embedding using scaled charges (with a
value of 0.6) of MM atoms, which are close to atoms of the QM
region.67 Scaled charges prevent over-polarization of the QM
electron density by MM point charges and prevent oscillations
in geometry optimization. It has been suggested that the spin
state of aquomet-Mb is a high spin state, indicating that there are
unpaired electrons and thus has paramagnetic properties.72 To
ensure that the protein structures were in the ground state,
optimizations for the doublet (S = 1/2), quartet (S = 3/2), and
sextet (S = 5/2) states were performed. The energies were
compared, with the quartet state being the most energetically
favorable (about 15 kcal/mol more stable than the doublet and
sextet state). For both the gas-phase and QM/MM calculations,
full geometry optimization was performed, followed by
harmonic frequency calculations, and subsequently by local
mode analysis. All vibrational frequency calculations were
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completed with no imaginary frequencies, indicating that all
structures are at a minima on the potential energy surface. All
DFT calculations were carried out on Gaussian16.46 The local
mode analysis was performed with LMODEA.73 Natural Bond
Orbital (NBO) charges were calculated with the NBO

program.74,75 Energy densities at bond critical points were

calculated using the AIMALL program.76

Table 1. Calculated FeO Distances d, Local Mode Force Constants ka, and Corresponding Bond Strength Orders BSO n, Energy
Densities H(rb), as well as NBO Charges for Fe and Oa

protein d (Å) ka (mDyn/Å) BSO n H(rb) (Hartree/Å3) Fe charge (e) O charge (e)

H64ϵ 2.337 0.349 0.488 −0.006 1.236 −0.950
H64δ 2.076 0.829 0.712 −0.006 1.388 −0.920
F43Wϵ 2.248 0.481 0.562 −0.007 1.688 −0.942
F43Wδ 2.245 0.500 0.571 −0.007 1.460 −0.940
V68Wϵ 2.707 0.043 0.196 −0.001 1.250 −0.968
V68Wδ 2.2746 0.391 0.513 −0.006 1.465 −0.947
L89Wϵ 2.365 0.290 0.450 −0.006 1.388 −0.950
L89Wδ 2.283 0.390 0.512 −0.006 1.464 −0.943
Gas 2.006 1.113 0.810 −0.005 1.220 −0.890

aGas-phase calculations at the ωB97X-D/6-31G(d,p) level of theory and QM/MM calculations at the ωB97X-D/6-31G(d,p)/AMBER level of
theory.

Figure 3. Plots of (a) FeO bond length (Å) versus local force constant ka (mDyn/Å), (b) bond strength order BSO n for FeO bonds calculated from
local force constants ka(FeO) via eq 12, (c) FeO local force constant ka versus NBO charge of the O atom of FeO and (d) FeO local force constant ka
versus energy density (Hartree/Bohr3) for the systems investigated. Gas-phase calculations at theωB97X-D/6-31G(d,p) level of theory andQM/MM
calculations at the ωB97X-D/6-31G(d,p)/AMBER level of theory.
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■ RESULTS AND DISCUSSION
Utilizing the computational approach of combining QM/MM
with LMA, we were able to elucidate 9 di!erent aquomet-Mb
systems at the ground state; the aquomet active site model in the
gas phase (Gas), the aquomet-Mb ϵ and δ tautomers (see Figure

1), as well as the 6 aquomet-Mb protein mutations involving the

replacement of a variety of amino acids that are near the active

site with Trp. In the following sections, the results of FeO, FeN,

water-Trp, and Trp-porphyrin interactions will be discussed.

Table 2. Calculated FeN Distances d, Local Mode Force Constants ka, and the Corresponding Bond Strength Orders BSO n,
Energy Densities H(rb), as well as NBO Charges for Fe and Na

protein d (Å) ka (mDyn/Å) BSO n H(rb) (Hartree/Å3) Fe charge (e) N charge (e)

H64ϵ 2.057 1.411 0.898 −0.013 1.236 −0.646
H64δ 2.132 1.009 0.776 −0.014 1.388 −0.575
F43Wϵ 2.067 1.378 0.889 −0.019 1.688 −0.659
F43Wδ 2.060 1.429 0.903 −0.015 1.460 −0.552
V68Wϵ 2.038 1.544 0.935 −0.013 1.250 −0.644
V68Wδ 2.075 1.326 0.874 −0.014 1.465 −0.601
L89Wϵ 2.034 1.594 0.948 −0.014 1.388 −0.641
L89Wδ 2.059 1.435 0.905 −0.014 1.464 −0.612
Gas 1.9277 2.109 1.071 −0.025 1.220 −0.513

aGas-phase calculations at the ωB97X-D/6-31G(d,p) level of theory and QM/MM calculations at the ωB97X-D/6-31G(d,p)/AMBER level of
theory.

Figure 4. Plots of (a) FeN bond length (Å) versus local force constant ka(FeN) (mDyn/Å), (b) bond strength order BSO n for FeN bonds calculated
from local force constants ka(FeN) via eq 12, (c) FeN local force constant ka vs NBO charge of theN atom of FeNb and (d) FeN local force constant ka
vs FeN energy density (Hartree/Bohr3) for the systems investigated. Gas-phase calculations at the ωB97X-D/6-31G(d,p) level of theory and QM/
MM calculations at the ωB97X-D/6-31G(d,p)/AMBER level of theory.
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FeO and FeN Bond Strength. In Table 1, the calculated
FeO bond distances d, local mode force constants ka, and
corresponding bond strength orders BSO n, energy densities
H(rb), as well as NBO charges for Fe andO for the wild-type and
mutated aquomet-Mb proteins are shown that were investigated
in this work. In Figure 3a,b, correlations between the local force
constant, bond length, and bond strength order are illustrated. In
Figure 3a, local force constants ka(FeO) are compared with the
FeO distances (Å), in which we find a correlation (albeit some
scattering occurring with an R2 value of 0.84977) between the
bond length of FeO (in Å) and the local force constant ka (in
mDyn/Å).
For the systems that were studied in this work, it appears that

the general trend is the stronger FeO bonds have the
corresponding shorter bond length (i.e., Gas d = 2.006 Å and
H64δ d = 2.337 Å), whereas the weakest bond is always the
longest (V68Wϵ d = 2.707 Å). This bond strength relationship is
further confirmed in Figure 3b, where the BSO n values for the
FeO bonds are calculated with the power relationship as
described by the generalized Badger rule of Kraka, Larsson, and
Cremer.77 The generalized Badger rule predicts an inverse
power relationship between the bond length and the local force
constant for diatomic molecules to polyatomic compounds by
replacing normal mode force constants with their local mode
counterparts, extending Badger’s original rule.78 However, it is
not always true that the stronger bond is the shorter bond, as
realized in our group’s previous publications.79,80 For our
investigated systems, with very minimal changes in the FeO
bond length due to the nature of the Mb pocket space
confinement, the generalized Badger rule is valid.10,11 Figure 3c
shows the relation between FeO local force constant and the

NBO atomic charge on the O atom of FeO. According to Figure
3c, the strongest FeO bonds (Gas and H64δ) have the less
negative NBO atomic oxygen charge (−0.890 e and −0.920 e,
respectively), whereas the weakest FeO bond (V68Wϵ) has the
most negative oxygen charge (−0.968 e). Figure 3d further
supports the general trend for the FeO bonds that the stronger
FeO bond has a slightly more covalent character as reflected by
the H(rb) values that are shown in Figure 3d.
In Table 2, the calculated FeN distances, local mode force

constants, and corresponding bond strength orders BSO n,
energy densities, as well as NBO charges for Fe andN are shown.
Figure 4a displays the relationship between the FeN distances
and the local force constants ka(FeN), with a great correlation
(R2 = 0.99528) between them. The same trend that is seen in the
FeO bond lengths with respect to the local force constants is also
applicable to the FeN distances. However, it is important to
distinguish that there is no inverse relationship of local force
constants that occurs between FeO and FeN. This is realized
with the shortest and strongest FeN bonds being the Gas
molecule (d = 1.928 Å) and one of the mutated Trp proteins,
L89Wδ (d = 2.059 Å). Gas has both the strongest and shortest
bonds for FeO and FeN. It is interesting to note thatGas also has
the lowest NBO charges for Fe (1.220 e), O (−0.890 e), and N
(−0.513 e) compared to the wild-type and mutated aquomet-
Mb proteins. The longest and weakest FeN bonds areH64δ (d =
2.132 Å) and V68Wδ (d = 2.075 Å).
Although it was previously mentioned that there is no

apparent inverse relationship between the FeO and FeN when it
comes to bond strength, the H64δ FeO bond is the second
strongest after Gas, however with the FeN bond, it is the
weakest. This relationship between bond length and local force

Figure 5. Noncovalent π interaction strengths between Trp and water in various mutated proteins. The black font represents the H64ϵ protein,
whereas the green font represents theH64δ protein. Bold font represents the local bond distance (Å), regular font represents the local force constant
(mDyn/Å) and italicized font represents the local stretching frequency (cm−1).
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constant is further expanded in Figure 4b, where it clearly
confirms that the longer bond is indeed weaker than its shorter
and stronger bond counterpart. Figure 4c displays the
relationship between NBO atomic charge on the N atom and
the corresponding FeN local force constant. Albeit a weak
correlation, the NBO atomic charge on the N atom for the Gas
molecule again has the lowest charge (−0.513 e) and strongest
FeN local force constant. Since the Gas phase molecule is only
the porphyrin with the water bound to Fe, it does not deal with
the amount of constraint in the Mb pocket that the rest of the
mutated aquomet-Mb proteins do. In Figure 4d, the energy
density and local force constant is compared, where it is revealed
that the energy density for the FeN bond keeps a similar trend
with the more covalent character having a higher local force
constant (with some scattering due to the nature of the proximal
histidine and the compactness of the aquomet-Mb pocket).
Bond Strength of Water and Trp. The first noncovalent

interaction that was calculated was the water that is bound to the
iron porphyrin ring and the Trp at various places within the Mb
protein. As shown in Figure 5, there are two di!erent
interactions that can occur within each protein, one with the
5-membered ring and the other with the 6-membered ring.
Altogether, the six mutated proteins yield about 12 di!erent
interaction strengths. For Figure 5, the black font represents the
H64ϵ protein, whereas the green font represents the H64δ
protein. Also, the local bond distance (in bold font, Å), local
force constant (in regular font, mDyn/Å), and the local
stretching frequency (in italicized font, cm−1) are shown in
the figure. For Figure 5 (top), the interaction between water (3
atoms) and the 6-membered ring of Trp (6 atoms) are shown for
the di!erent mutated aquomet-Mb proteins (F43Wϵ, F43Wδ,
V68Wϵ, V68Wδ, L89Wϵ, and L89Wδ). The general trend for
the bond distance of the interaction between water and the 6-
membered Trp ring is F43Wδ and F43Wϵ has the shortest bond
distance (d = 1.575 Å and d = 1.933 Å, respectively) and the
strongest local force constant (0.133 mDyn/Å and 0.077
mDyn/Å, respectively). This is followed by L89Wϵ (d = 2.458
Å, 0.075 mDyn/Å) and L89Wδ (d = 2.890 Å, 0.063 mDyn/Å),
with the weakest interactions for the aquomet-Mb proteins
being V68Wϵ (d = 3.019 Å, 0.057 mDyn/Å) and V68Wδ (d =
2.872 Å, 0.025 mDyn/Å). It is interesting to note that the lowest
local force constant from V68Wδ does not follow the general
trend of the longer bond being the weaker bond. If it were
following this trend, it would actually be the third weakest
interaction strength. However, this is not the case and is most
likely due to the hydrogen bonding that is occurring between the
hydrogen of the water and the nitrogen of the distal histidine. It
is also worth mentioning that in the L89W protein(s) (in both
H64 tautomeric forms), the water-Trp interaction has a
porphyrin ring between the boundwater and the Trp. Therefore,
in the calculations of the noncovalent π interaction strengths
between them, there are the porphyrin π electrons that are
geometrically obstructing the interaction strength, which can
a!ect the interaction between the geometric center-point
between monomer B and monomer A. This is not observed
for the F43W and V68W proteins, only for the L89W proteins.
With the F43Wδ protein, the position and proximity of the Trp
do not allow for the hydrogen of the water to be a hydrogen-
bond donor to the distal histidine portion. Also, it is interesting
to note that the frequency generally decreases as the local force
constant decreases.
In Figure 5(bottom), the interaction between water and the 5-

membered ring of Trp is shown for the mutated aquomet-Mb

proteins. Di!erent from the interaction between water and the
6-membered Trp ring, the strongest local force constants are
from F43Wδ and V68Wϵ (0.123 mDyn/Å and 0.097 mDyn/Å,
respectively). However, the bond distance for the interaction of
V68Wϵ is not the shortest (d = 3.190 Å), with the distance
actually being the longest out of all of the other proteins with the
5-membered Trp ring interaction. This is followed by F43Wϵ (d
= 1.681 Å, 0.092 mDyn/Å), L89Wϵ (d = 2.539 Å, 0.084 mDyn/
Å), L89Wδ (d = 2.869 Å, 0.077 mDyn/Å), and finally the
weakest interaction strength is the V68Wδ (d = 3.036 Å, 0.051
mDyn/Å) protein. Again, just as was seen for the 6-membered
Trp ring interaction strengths and local stretching frequencies,
we see a similar trend with the 5-membered Trp ring interaction
strengths with the local stretching frequencies generally
decreasing as the local force constant decreases.

Bond Strength of Trp-Porphyrin. To describe the
interaction strength between Trp and the porphyrin ring in a
coherent and comprehensive manner, it is important to
distinguish where and how many interactions can occur within
these two ring-containing monomers. In Figure 6, we see the

depiction of such interactions that can occur with monomer A
and monomer B; monomer A shows two di!erent geometric
centers, one with the 6-membered ring (I) and the other with
the 5-membered ring (II), and monomer B shows eight di!erent
geometric centers in the porphyrin (1−8). As such, there are 16
di!erent interactions that can occur in total for each protein.
Altogether there are 96 interaction strengths of Trp-porphyrin
for the six mutated proteins, which are defined from the Sz
intermonomer stretching mode. Figures 7 and 8 display the
interaction strengths between Trp and porphyrin for the six
mutated proteins. In these figures, the top portion shows the
interaction strengths for monomer A ring I and monomer B ring
1 and ring 5, respectively, while the bottom portion shows the
interaction strengths for monomer A ring II and monomer B
either ring 1 and ring 5, respectively. For the other six monomer
B interaction strengths, the reader is referred to Figures S2a−c
and S3a-c in the Supporting Information.

Figure 6. General snapshot of the numbering used for LMA of
monomer A (Trp residue) and monomer B (porphyrin). For monomer
A, ring I is the 6-membered ring of Trp and ring II is the 5-membered
ring of Trp. For monomer B, rings 1−4 are the 5-membered rings of
porphyrin, and rings 5−8 are the 6-membered rings of porphyrin.
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Figure 7.Nonovalent π interaction strengths between Trp and porphyrin in the various Trp-modifiedMb proteins. All of the monomer B interactions
are with ring 1. The top half of the figure is with monomer A as ring I, whereas the bottom half is with monomer A as ring II. The black font represents
theH64ϵ protein, whereas the green font represents theH64δ protein. Bold font represents the local bond length (Å), regular font represents the local
force constant (mDyn/Å), and italicized font represents the local stretching frequency (cm−1).

Figure 8.Noncovalent π interaction strengths between Trp and porphyrin in the various Trp-modifiedMb proteins. All of the monomer B interactions
are with ring 5. The top half of the figure is with monomer A as ring I, whereas the bottom half is with monomer A as ring II. The black font represents
theH64ϵ protein, whereas the green font represents theH64δ protein. Bold font represents the local bond length (Å), regular font represents the local
force constant (mDyn/Å), and italicized font represents the local stretching frequency (cm−1).
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As mentioned in the methodology section, these interaction
strengths were measured with the Sz intermonomer stretching
mode, as it reflects the accurate stretching between the two
monomers. However, we also did a comparison of calculating
the local force constant with di!erent parameters, such as the
distance between geometric centers, the distance between
monomer A and (quasi-)planar monomer B, intermonomer
stretching mode Sx, and intermonomer stretching mode Sy. The
respective data, as well as an explanation of the di!erence
between these parameters, can be found in the Supporting
Information (Tables S1−S8). It is imperative to discuss that the
local force constant, the distance between the two monomers,
and the local frequency will change depending on what
parameters are used to describe the interaction strength of the
two monomers. This is why it is always best practice to correctly
define the monomers interaction strength and the axis to which
it corresponds.51 For example, in Table S1, defining the
parameter as the distance between monomer A and (quasi-
)planar monomer B, the local force constants are the same as the
Sz parameter, however, the distance and local frequency are
di!erent. Also, despite the porphyrin ring being highly
symmetric, the eight di!erent positions that could be used for
monomer B yield eight di!erent and varying interaction
strengths and their respective trends, depending on whether it
is interacting with ring I or ring II frommonomer A. As such, we
will be discussing the general trends that are shown from these
96 interaction strengths, grouped together and separated by the
eight rings frommonomer B. As previously mentioned, Figures 7
and 8 are shown for monomer B rings 1 and 5, respectively, with
the rest shown in the Supporting Information (Figure S2a-c and
Figure S3a-c).
The local force constant, local bond distance, and local

frequencies between the 6-membered ring (I) from Trp and the
porphyrin ring (1), as well as the 5-membered ring (II) fromTrp
and the porphyrin ring (1) are shown in Figure 7. For the
interaction between I and 1 on the top half of the figure, the
greatest interaction strength experienced is the F43Wδ (0.171
mDyn/Å), which has the shortest bond (d = 3.510 Å). As shown
in Figures S2a-c, S3a-c, and 8, this trend of F43Wδ having the
strongest interaction and shorter local bond distance for the 6-
membered ring regardless of where monomer B is placed, holds
true. The second strongest interaction in Figure 7, however, is
shown to be V68Wϵ (0.087 mDyn/Å), which is not the second
shortest bond and is actually the longest bond distance (d =
5.060 Å). This does not follow the general trend shown in
Figures 8, S2a, S2c, S3a, and S3c, where the usual second
strongest interaction results in F43Wϵ (with the exception of
ring 3, Figure S2b and ring 7, Figure S3b, which has L89Wδ as
the second strongest interaction). The lowest local force
constant, which indicates the weakest noncovalent π interaction
and longest local bond distance is V68Wδ (0.052 mDyn/Å, d =
5.060 Å), and this trend holds true for the other monomer B
rings (albeit ring 4 Figure S2c). In general, the trend that is seen
for the 6-membered Trp rings and the 6-membered porphyrin
rings, when averaging the stretching force constants of the
tautomeric forms shows in order of decreasing interaction
strengths to be F43W > L89W > V68W. The 6-membered ring
of Trp and the 5-membered rings of porphyrin have a similar
trend, albeit for rings 3 and 4 from the porphyrin. For the
interaction strength of the 5-membered rings of Trp, the general
trend for the strongest interaction strength is typically L89Wδ,
with the exception of rings 5 (Figure S2c) and 8 (Figure S3c)
which has L89Wϵ as the strongest interaction. The general trend

for the weakest interaction strength is typically F43Wϵ, with the
exception of rings 2 (Figure S2a) and 6 (Figure S3a), which has
V68Wϵ as the weakest interaction, and ring 4 (Figure S2c),
which as F43Wδ as the weakest interaction. Overall, when
averaging the tautomeric forms, the order of decreasing
interaction strengths is L89W > V68W > F43W, except for
rings 2 and 6, which have the order of L89W > F43W > V68W.

■ CONCLUSIONS
In this study, we have calculated the bond properties of FeO and
FeN, as well as noncovalent π interactions (water-Trp and Trp-
porphyrin) for the active site in aquomet-Mb proteins utilizing
QM/MM calculations of optimal geometries and molecular
frequencies of wild-type aquomet-Mb, including a gas-phase
model, and six mutated proteins where some amino acids close
to the active site were replaced with Trp. These bond properties,
after QM/MM calculations, were then further studied with
LMA, QTAIM method, and NBO analysis. We found that there
is no inverse relationship between FeO bond and FeN bond;
however, forH64δ, it had a stronger FeO bond and the weakest
FeN bond compared to the other proteins.
The main focus of this study was to quantify the interaction

strengths of the noncovalent π interactions that occur in the six
mutated aquomet-Mb proteins. For this, we utilized a special
parameter that defines the intermonomer stretching mode
between two geometric centers of monomers A and B, with
monomer B set as the standard orientation of the Cremer−
Pople mean ring plane. We first calculated the water-Trp
interaction strengths, with the 5-membered and 6-membered
rings experiencing similar trends; F43Wδ having the strongest
interaction strength due to its proximity to the water ligand and
V68Wδ having the weakest interaction strength due to the lack
of proximity and orientation with respect to the water ligand. On
the other hand, the Trp-porphyrin trends that are defined by
bothmonomer A (I and II) andmonomer B (1−8) can be vastly
di!erent, and therefore it is extremely important to correctly
define the parameters. In this situation, the Sz stretching force
constant o!ers the most accurate description, with the 6-
membered ring(s) of Trp having a general trend of F43Wδ
having the strongest interaction, followed by either F43Wϵ or
V68Wϵ, depending on the definition of the porphyrin ring, and
then followed by L89Wδ and L89Wϵ. The weakest interaction
appears to be V68Wδ for the 6-membered ring on Trp. For 5-
membered ring(s) of Trp the trend is di!erent, with L89Wδ and
L89Wϵ having the strongest interaction strength and the
weakest interaction strength is either F43Wϵ or V68Wϵ,
depending on the definition of the ring in the porphyrin group. It
is important to note that the di!erence of the results obtained by
the 6-membered and 5-membered rings is due to the definition
of the geometric center-point of the ring and the definition of
Cremer’s mean ring plane that is defined by the ring monomer B
(in this situation, it was defined by the porphyrin ring). The
trend of anti-Stokes shift intensities that Kondoh et. al have
measured are in the order of V68W > F43W > L89W.26
However, they have mentioned that the more atomic contacts
between the porphyrin heme group and the Trp residue do not
necessarily mean a greater anti-Stokes shift intensity. With
regard to the atomic contacts between the porphyrin heme
group and the Trp residue, they found the order to be F43W >
L89W > V68W. Our results are consistent with what was found
previously by Kondoh et. al, particularly the trend between the
atomic contacts of the heme and Trp and our Sz stretching force
constant with the 6-membered ring of Trp and the 6-membered
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rings of porphyrin. Therefore, we propose that our local force
constants for these nonbonded, noncovalent π interactions
between Trp and the porphyrin heme group at the ground state
of these aquomet-Mb proteins show that the VET is dependent
on the position of the Trp probe relative to the heme group, as
well as the nature of the protein. The tautomeric nature of the
distal histidine (whether ϵ or δ) can completely change the
nature of hydrogen bonding that can occur with the water ligand
in these aquomet-Mb proteins. Our studies show that the trend
that is seen in VET experimental/MD studies is shown as an
averaged combination of the distal histidine ϵ and δ form of the
proteins. If one is interested in utilizing LMA to describe
noncovalent π interactions, particularly in protein systems,
correctly defining the monomers and the parameters used to
describe the local stretching force constant must be taken into
consideration. Nonbonded interactions are extremely important
for a variety of biological processes,81 particularly in proteins,
and this work, for the first time, o!ers quantitative results to
describe these noncovalent π interactions.
Our comprehensive results provide new guidelines on how to

assess noncovalent π interactions in proteins utilizing LMA and
how to use these data to explore VET, and more generally
protein dynamics and function. We hope that our findings will
inspire our colleagues in the biochemistry community to apply
LMA also to other noncovalent π-interactions found in
biochemical systems, enriching in this way our understanding
of these important interactions and their role in biochemistry.
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