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Abstract

The stationary and time-dependent infrared spectrum (IR) of the

CO stretching mode (νCO) in Carboxymyoglobin (MbCO), a long-

standing problem of biophysical chemistry, has been modelled through

a theoretical-computational method specifically designed for simulat-

ing quantum observables in complex atomic-molecular systems and

based on a combined application of long timescale Molecular Dynam-

ics simulations and Quantum-Chemical calculations. This study is

basically focused on two aspects: (i) the origin of the stationary IR

sub-states (termed as A0, A1 and A3) and (ii) the modelling and the

interpretation of the νCO energy relaxation. The results, strength-

ened by a more than satisfactory agreement with the experimental

data, concisely indicate that: (i) the conformational His64-FeCO rel-

evant sub-states, i.e. characterized by the formation-disruption of the

H-bond between the above moieties, are the main responsible of the

presence of two distinct and well separated (A0 and A1/A3) spec-

troscopic regions; (ii) the characteristic bimodal shape of the A1/A3

spectral region, according to our model, is the result of the fluctu-

ation of the electric field pattern as provided by the protein-solvent

framework perturbing the bound His64-CO-Heme complex; (iii) the

electric field pattern, in conjunction with the relatively high density

of MbCO vibrational states, is also the main determinant of the νCO
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energy relaxation, characterizing its kinetic efficiency.

1 Introduction

The binding of carbon monoxide (CO), and more in general of small molecules,

to the sixth coordination site of iron(II) in the heme prosthetic group of

Myoglobin(1; 2; 3; 4; 5) (both horse-heart and sperm-whale) has received a

great deal of attention from basic research. A huge number of fundamental

studies, focused on a large variety of structural, spectroscopic, thermody-

namic and kinetic aspects has been indeed devoted to Carboxymyoglobin

(MbCO) and Oxy-Myoglobin (MbO2), as well as their mutants, both exper-

imentally (6; 7; 8; 9; 10; 11; 12; 13; 14; 15; 16; 17; 18; 19; 20; 21; 22; 23; 24)

and computationally. (25; 26; 27; 28; 29; 30; 31; 32; 33; 34; 35; 36; 37;

38; 39) In this context, it was particularly interesting the stationary and

time-dependent Infra Red (IR) spectral behavior of the heme-bound CO

stretching frequencies, i.e. both the one associated to the Fe − C mode

(hereafter νFe−C) and the one associated to C − O mode (hereafter νCO),

whose spectral signal interpretation turned out to be crucial for understand-

ing the mechanisms underlying the binding differences between CO and O2

to iron(II). (40; 41; 42; 43; 44; 45; 46; 47) Specifically, the IR signal of

νCO in MbCO is characterized by three different sub-states, denoted as A0
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(≃ 1965cm−1), A1 (≃ 1945cm−1) and A3 (≃ 1934cm−1)(48) also showing

other relevant features such as different CO re-binding rates(6), different de-

phasing rates(49) and different sensitivity to pH (54). A fourth sub-state,

usually indicated as Ax, appears (55) as scarcely relevant in physiological

conditions. In wild-type (wt) MbCO in aqueous solution the dominant peak

is represented by A1 with A0 showing a spectral intensity more than 10

times lower. The third peak, A3, appears as a shoulder in the red tail

of A1 and it is not always well resolved (51; 52; 53). The situation is al-

most perfectly reversed in the case of the T67R/S92D double mutant(60)

in which the A3 peak becomes the dominant one with A1 representing a

blue-shifted shoulder. A number of experimental and computational studies

have been addressed in the last two decades for interpreting these results.

(41; 56; 57; 7; 58; 59; 60; 61; 62; 63; 64; 50) It is nowadays widely accepted

that A0 and A1 sub-states are associated to the His64 open and closed con-

formations driven by an hydrogen bond (H-bond) between the ǫ protonated

His64 imidazole ring and FeCO moiety.(65; 64; 8; 44; 72; 48) Such an interac-

tion, although weaker than that observed in MbO2 (67; 68; 44; 69; 34; 64; 66)

is evidently strong enough not only to justify the well resolved A1 and A0

spectral maxima but also to explain their rather large intensity ratio in wt

MbCO. On the other hand more debated is the origin of the A3 sub-state

initially ascribed to a modulation of νCO frequency as a function of the Fe-
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C-O angle. In the last years this hypothesis has been discarded (70; 64), and

other alternative, not mutually excluding, explanations have been proposed

ranging from (i) changes in the specific local interactions between FeCO and

the His64 essentially due to different conformational sub-states or ring rota-

tion (71; 73; 8; 74; 75; 60) (ii) presence of different sub-states in regions next

to the distal pocket characterized by differently sized cavities(76) or even

(iii) local field-effect induced by other charged aminoacids such as Arg45 in

the heme-pocket. (77) The effect of the mechanical and structural features

of both the protein framework and the solvent has been also hypothesized

by several experimental and computational studies to be important in the

modulation of the vibrational lifetime of νCO. Fayer and coworkers in their

seminal paper of 1994(14) and more recently in 2010 (60) and 2011(78), as

well as Kwak and Cho(47) in 2018 have showed that the vibrational relaxation

rates of excited νCO is strongly modulated by different protein conformational

sub-states, different mutations as well as the presence of solvent molecules

in the vicinity of the prosthetic group. As a part of our ongoing interest in

the theoretical-computational study of vibrational stationary spectra(79) and

vibrational energy relaxation (80) (VER) of chromophores embedded in com-

plex atomic-molecular environments we decided to reappraise the modelling

of the above mentioned spectral features of νCO in MbCO. Although most

of the subtle effects underlying the experimental observations have been elu-
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cidated by the already cited theoretical-computational studies, we feel that

the peculiar character of our computational approach, somewhat complemen-

tary to the most popular mixed Quantum Mechanics/Molecular Mechanics

(QM/MM) methods (81) and comparably accurate at lower computational

cost,(82) might provide an additional contribution to a deeper understanding

of such an important issue. In particular, our primary purpose is to deepen

the analysis of the plausible role of the conformational fluctuations, even on

relatively large space-time scale, of the entire atomic-molecular environment

on the stationary and time-dependent νCO spectral features. Moreover in the

present study we also wish to show how it is nowadays possible to address a

relatively complicated issue - such as VER - in a very complex atomistic en-

vironment without departing from the quantum description required by the

intrinsic nature of the vibrational mode (modes) we are focussing on. This

study is organized as follows. After a concise methodological outline in which

we report both the computational strategy and the related technical details

we describe the results concerning the stationary IR spectrum, also necessary

to assess the quality of the method, and subsequently the modelling of νCO

relaxation kinetics.
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2 Computational strategy and details

2.1 Stationary IR spectrum

We evaluated the IR stationary spectrum by using a theoretical-computational

procedure, hereafter termed as IR-Perturbed Matrix Method (IR-PMM)

whose details and basic approximations can be found in the literature (84; 85;

86; 87; 88). In brief, (i) a classical Molecular Dynamics (MD) simulation is

first produced with MbCO, water and counterions all described by the same

(in this case empirical) force-field. (ii) A sub-portion of the whole simulated

system is selected as Quantum-Centre (QC), i.e. the part of the system

whose quantum (perturbed) observables we want to model. (iii) The electric

field and potential exerted by the protein framework, solvent and counterions

on the QC center of mass is then evaluated at each MD frame (QC-based

expansion (85)). (iv) On the basis of the selected QC a single structure, or

a number of structures in the case of non-rigid QC (89), is considered for

calculating the unperturbed quantum observables with standard electronic

structure methods. Note that this latter step is intimately connected to step

(i) as below shown. (v) The perturbed QC frequency is calculated at each

MD frame by using the instantaneous electric field and potential of the point

(iii) and the unperturbed observables of point (iv); in practice, as also further

explained below, at each MD frame the perturbed electronic energy along the
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unperturbed vibrational mode/modes of interest is calculated thus allowing

to estimate the corresponding instantaneous (perturbed) energy minimum

and frequency. Note that the possible mixing of the unperturbed vibrational

modes induced by the perturbation can be in general disregarded unless when

considering extremely high perturbation, by far exceeding the typical atomic

molecular electric field(90) (vi) The perturbed spectrum is finally modelled

by using the collection of the QC perturbed frequencies, whose number is

obviously equal to the number of MD frames, as more thoroughly explained

below.

Concerning the steps (i) and (iv) two independent simulations of wt

MbCO, termed as MD-free and MD-constrained simulations have been car-

ried out for mimicking the effects on the νCO perturbed frequency of the

open and the closed His64 conformation, respectively. As reported in Figure

1, the two simulation setups (free and constrained for both the wild type and

double mutant T67R/S92D) have implied the selection of two different QCs

- termed as QC-small and QC-large - and, consequently, two different struc-

tures (highlighted with sticks in the same Figure and with methyl groups

used as capping-groups) were used for the calculation of the unperturbed

properties. In the case of the MD-constrained simulation we decided to ap-

ply an ideal constraint for the hydrogen-bond length and a restraint for the

corresponding bond angles to mimic the His-closed conformation involving a
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stable hydrogen bond. This means that along such a simulation the distance

between His64/Nǫ and FeCO/oxygen was constrained and the His64/Nǫ-H-O

and H-O-C angle fluctuations were relevantly limited by the added restraining

term. Moreover, to disregard the unrealistically large His64-FeCO complex

internal fluctuations as provided by the classical MD simulation and resulting

in an excessively broad spectrum of the His-closed state (see Figure 3), we al-

ways considered a rigid QC-large thus defined by a single reference structure

for calculating the unperturbed properties in the step (iv). Such a choice

is well motivated by the relatively high frequencies of most of the QC-large

modes involving His64-CO relative rototranslations (larger than 1000 cm−1),

thus implying that at room temperature (about 300 K) no classical vibra-

tions along such modes can be present (i.e. fully quantum mechanical modes)

and then a basically rigid QC-large should be used when modeling the stable

His64-FeCO complex. Additional information/analysis of the above simula-

tions are reported in the Supplementary Information (S.I. Section S2). In

the MD-free simulation no constraint and/or restraint for His64-FeCO in-

teraction were used and the corresponding QC-small (not including His64)

was also treated as a rigid QC defined by a single reference structure. Note

that although a rather low internal mobility is observed in the QC in all

the simulations and the dihedral angle for the rotation around the hydro-

gen bond is basically unable to affect the IR spectrum (see S.I. Section S5),
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the small internal deformations due to the hydrogen-bond angles and the

other internal degrees of freedom are largely responsible for the significant

and unrealistic broadening of the IR spectrum of the His-closed conforma-

tion when using the QC-small in PMM calculations (see Fig S10 Section 8

in the S.I.). The same simulation setups of the wt MbCO were utilized for

modelling the stationary spectrum of the double mutant (hereafter simply

termed as DM) T67R/S92D. We refer to these simulations as MD-free-DM

and MD-constrained-DM. In this respect we wish to underline that in the

case of the DM system we limited our attention to the A1/A3 region, hence,

only considering the His-closed conformation.

In the case of QC-small we performed an unperturbed full-optimization

which, as expected, resulted in a perfectly linear Fe-CO angle.(91) The effect

of the Fe-CO angle on the stationary IR spectral features has been extensively

debated in the past (see for example reference (64)) and, hence, re-addressed

in the present study as shown more in detail in the S.I. (Section S3). However

its role revealed practically negligible (see S.I. Section S4) and for this reason

hereafter disregarded by our analysis/discussion.

Concerning the QC-large unperturbed geometry we carried out a con-

strained optimization starting from one configuration (including heme, CO,

His64-side-chain and His93-side-chain as reported in Figure 1) extracted from

the closed His64 sub-ensemble of the MD-free simulation, corresponding to
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Figure 1: Schematic view of the QCs used for the unperturbed calculations

(sticks) for the MD-free (left panel) and MD-constrained (right panel) simu-

lations. The parts reported with thinner lines (wireframe) are not included

in the unperturbed calculations, in which capping hydrogen atoms have been

used, and included with the rest of the protein and the solvent in the per-

turbing environment.
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the frequency of the maximum spectral signal (νmax) as obtained from IR-

PMM calculations (see Results section). The QCs (both small and large)

unperturbed harmonic frequencies were calculated adopting the above op-

timized, either fully or constrained, structures. The corresponding mass-

weighted Hessian matrices were then used for calculating the perturbed fre-

quencies as explained in detail (and here only concisely outlined) in the ref-

erenced papers.(79; 86) Briefly: a number of distorted structures (21 for

QC-small and 13 for QC-large) (83) were first generated by projecting the

coordinates of the optimized structure along the the eigenvector correspond-

ing to the νCO. For each of the above distorted structures we then calculated

the vertical electronic-energies and the electric dipole matrix to be used for

constructing, at each MD frame, the perturbed electronic Hamiltonian (H̃)

matrices (hence 21 H̃ for QC-small and 13 H̃ for QC-large)(84)

H̃ ≃ H̃0 + ĨqTV + Z̃1 +∆V Ĩ (1)

[Z̃1]j,j′ = −E · 〈Φ0

j |µ̂|Φ
0

j′〉 (2)

In the above expressions Φ0

j are the unperturbed electronic eigenstates

(parametrically functions of the nuclear coordinates) furnishing the basis set

of the Hamiltonian matrix, qT and µ̂ are the QC total charge dipole oper-

ator, V is the electric potential and E is the electric potential field, both

exerted by the environment on the QC centre of mass at each frame of the
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simulation. Finally, ∆V includes all the other terms treated as a simple

short range potential and Ĩ is the identity matrix. The ground and the

first three vertical excited electronic states have been used at this purpose

(note that the results turned out to be virtually the same also using two

excited states). All the details of the above calculations are reported in the

S.I. Section S1. At each MD frame, by diagonalizing all the correspond-

ing H̃ matrices, we then obtained the perturbed ground state energies for

all the points along the CO-stretching mode hence providing the associated

instantaneous perturbed potential energy function (i.e. we obtained an in-

stantaneous perturbed Morse-curve) utilized, through a polinomial fitting,

for calculating the instantaneous perturbed harmonic and anharmonic fre-

quencies. From the complete ensemble of the above perturbed instantaneous

frequencies, as obtained by the MD frames, in conjunction with the (un-

perturbed) ground-state electric dipole first derivative along the stretching

mode we can evaluate at each frequency bin the corresponding transition

probability and thus the complete lineshape of the infrared spectrum. Note

that the intensity, the broadening, the frequency position and the lineshape

of the spectrum are then all explicitly evaluated without the inclusion of any

empirical or semiempirical parameter.(86) It follows that in all the Figures

reported hereafter the spectral linesahapes, and not the frequency distribu-

tions, are systematically reported.
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2.2 Vibrational Energy Relaxation kinetics

The VER kinetics of νCO was modelled using a recently developed theoretical-

computational method(80) concisely described in the S.I. (Section S10). The

method, in the same spirit of IR-PMM, exploits the perturbing electric field

fluctuations acting on the same QC utilized for the equilibrium IR spec-

tra. In particular, we limited our vibrational relaxation modeling to the

His-closed conformation thus considering only the QC-large system which

mimics the heme-CO His64 hydrogen bonded condition. For the application

of this method we make use of (i) a large set of independent MD trajecto-

ries as obtained by using the same force field (the electronic ground state

force field) of the simulations employed in IR spectra calculations, i.e no

QC electronic rearrangement upon vibrational (ground to first excited state)

transition; (ii) the first and mixed second derivatives (see S.I. Section S10) of

the unperturbed electric dipole with respect to the mode coordinates, both

obtained using the set of QC structures and type of (vacuum) QM calcula-

tions above reported for IR spectra. We clearly consider as the initial state

of the kinetics the first excited state of the νCO, with the set of independent

MD trajectories providing the reactive ensemble employed to reconstruct the

time-dependent density operator of the vibrational states. The first and sec-

ond dipole derivatives (together with the perturbing field time derivative)

determine the transition to the ground state or to the other excited states,
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respectively, with each vibrational state transition induced by the field fluc-

tuation components with frequency resonant with the excitation frequency,

similarly to the process involved in light induced excitation-emission. Note

that such a relaxation process as occurring with the perturbing field provided

by usual MD trajectories, corresponds to vibrational state transitions as oc-

curring at fixed classical kinetic energy (i.e. neglecting any quantum-classical

energy exchange). Such a condition, where the classical degrees of freedom

determine the quantum state transitions via the perturbing field fluctuations

but are uncoupled from the quantum state changes (i.e. the quantum state

dynamics is coupled to the classical trajectory but not viceversa), is physi-

cally equivalent to a real ensemble with a work flux instantaneously removing

the classical kinetic energy variations due to the quantum state transitions.

Therefore, the relaxation kinetics obtained in the employed reactive ensemble

(invariant free energy ensemble (80)) need to be corrected for the missing ef-

fects of the quantum-classical energy coupling, and when properly corrected

the computed relaxation rates can be compared to the experimental data.

2.3 Computational details

All the MD simulations were carried out in the NVT ensemble with a timestep

of 2.0 fs with the program Gromacs (92; 93) version 5.1.2. MbCO initial

structure with the His64 in the closed state, taken from the literature (9)
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(pdb code: 1bzr), was inserted at the center of a cubic box (367.07 nm3)

filled with 11289 water molecules (94) and one chloride ion for ensuring the

electroneutrality. The density of the system (i.e. the box size) was adjusted

to reproduce the average pressure obtained from a simulation of an identical

box only containing the same number of water molecules at the experimental

density, at 298 K and 1.0 bar. The protein and heme were described using

the Gromos force-field(96) (G53a6 version) with the residues in their proto-

nation state at neutral pH. For the heme-CO moiety we utilized the charges,

adapted to the Gromos force field as reported in the literature(97) showing,

specifically in the FeCO moiety, 0.6 atomic units for iron, 0.17 atomic units

for carbon and -0.17 atomic units for oxygen. In the S.I. (Section S9) we

re-evaluated the accuracy of such a force field in describing the FeCO-His64

interaction including H-bond potential energy. We wish to remark that in

the present study we have considered the ǫ protonated His64 as the only

tautomer significantly populated(44; 48) at least in the pH and temperature

conditions here addressed. The temperature was kept constant using the

Parrinello thermostat (98), the bond lengths were constrained using Lincs

algorithm(99) and long range electrostatic interactions were computed by

the Particle Mesh Ewald method(100) with 34 wave vectors in each dimen-

sion and a 4th order cubic interpolation and a cut-off of 1.1 nm was used.

In the case of the MD-constrained-DM simulation the wt starting structure
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was modified by performing the T67R/S92D mutations with the program

Molden.(95) Both the wt simulations were extended up to 210 ns whereas for

the DM simulations we have performed 50 ns trajectory. In all the cases the

first 10 ns were systematically discarded. A test concerning the appropriate-

ness of the simulations lengths was carried out by checking the convergence

of the observable of interest (i.e. the stationary spectrum) as reported in

the S.I. Section S6. All the ground state quantum-chemical (QM) calcula-

tions for unperturbed QC-small and QC-large, i.e. geometry optimization

and Hessian matrix, were performed in the framework of Density Functional

Theory (101) using the hybrid Becke3LYP functional (102) in conjunction

with the 6-31G(d) atomic basis set for all the atoms and Hay and Wadt basis

set and Effective Core Potential (103) for iron. Vertical excited states ener-

gies, dipoles and transition dipoles (necessary for H̃ matrix) were calculated

on the unperturbed minimum energy structures, on all the structures gener-

ated along the Hessian eigenvector (see S.I. section S1) and, for comparison,

on the deformed-QC structures (see S.I. section S5), using Time Dependent

DFT (TD-DFT) (104) adopting the same functional and basis set. In this re-

spect it is important to note that, although well aware of possible drawbacks

deriving from, e.g., the single-reference character of the TD-DFT method,

(105) the relatively high number of unperturbed states (see above) requested

for IR-PMM approach led us to select a relatively cheap yet sufficiently ac-
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curate level of theory. We wish also to underline that possible limitations

deriving from the use of ECP basis set for iron were excluded by performing

an all-electron calculation on the unperturbed QC-small minimum energy

which virtually produced the same vertical excitation energies within a max-

imum (relative) error of 5 percent and the same transition dipoles within a

maximum (relative) error of 2 percent. Such a level of theory was utilized

also for evaluating the first and second derivatives of electric dipoles, needed

for the VER modelling, using finite differences along a grid on the space of

the selected Hessian eigenvectors (see S.I. section S10). All the calculations

were performed with the package Gaussian09. (106)

3 Results and Discussion.

The first goal of this study is the modelling and reconstruction of the wt

MbCO νCO IR stationary spectrum in the two conformational His64 condi-

tions, i.e. open and closed, widely accepted to correspond to the A0 and

A1/A3 MbCO IR sub-states. At this purpose we have initially localized such

conditions by monitoring, along the MD-free simulation, the His64-heme dis-

tance as reported in Figure 2. From the Figure, and in line with literature

data, (29) the His-closed state turns out to be rather stable within the first

50.0 ns of simulation. During this initial simulation time we can also observe
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Figure 2: His64-heme minimum distance along the MD-free simulation.

temporary increases in the distance up to about 0.4 nm which, however, cor-

respond to a loss of the H-bond due to the rotation of the His64 imidazole

ring which remains in the distal pocket. In this respect by using the Gromacs

criterion(93) we have found that within the first 50.0 ns of MD-free trajec-

tory, the H-bond is considered as formed for about the 85 percent of such a

simulation time. Beyond the first 50.0 ns a conformational transition can be

observed (see Figure 2) corresponding to the His64 sidechain exit from the

distal pocket adopting a conformation hereafter termed as His-open. In cor-

respondance of these two conditions, i.e. using the two MD-free simulation

sub-portions shown in Figure 2, we obtained the νCO spectra, i.e. the A1/A3

and A0 sub-states, by means of the IR-PMM approach (see Figure 3(a)).

Moreover, the νCO spectrum of wt MbCO for the His-closed state, hence the

A1/A3 sub-state, has been further modelled using the MD-constrained/QC-

large and MD-constrained-DM/QC-large simulations for the wt and for the

DM, respectively (see Figures 3(b), 3(c) and 3(d)).
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A0 A1/A3

νgas−phase νmax νmax fwhm

MD-free 2118 2098 (1997) 2077 (1977) 40

MD-constrained 2082 - 2077 (1977) 21

wt-exp(48) 1965 1945 14

MD-constrained-DM 2082 - 2067 (1968) 23

DM-exp(60) 1965 1933 21

Table 1: Becke3LYP/6-31G(d)/ECP(Fe) calculated unperturbed harmonic

frequency (νgas−phase) for QC-small (used in the MD-free simulation) and QC-

large (used in MD-constrained and MD-constrained-DM simulations), MbCO

calculated and experimental maximum absorption perturbed frequency νmax

for A0 and A1/A3 spectral regions and full-width at half maximum (fwhm)

of the A1/A3 region for wt and double-mutant (DM); note that fwhm for

the A0 region is not reported due to the lack of the experimental value (too

low intensity of the signal) and the wt and DM νmax essentially correspond

to the maxima of the A1 and A3 bands, respectively. Note also that for the

experimental A1/A3 fwhm we considered the overlapping A1 and A3 bands

as a single unresolved peak reporting the corresponding maximum (for wt

and DM essentially the A1 and A3 band maximum, respectively) as provided

by the referenced (experimental) paper. The computed maximum frequency

values corrected using the recommended Frequency Scale Factor(107) are

also indicated in parenthesis. All the data are reported in wavenumbers.21
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Figure 3: Panel a: Normalized wild type MbCO νCO spectra using the His-

closed (solid line, QC-small, first 50.0 ns) and His-open (dashed line, QC-

small, from 50 to 210 ns) portions of the MD-free trajectory (see Figure 2).

Panel b: Normalized wild type MbCO νCO His-closed spectra from first 50.0

ns of the MD-free trajectory (see Figure 2) (dashed line, QC-small) and from

the MD-constrained simulation (solid line, QC-large). Panel c: Superposition

of the experimental(48) (dotted line) and calculated (solid line) wild type

MbCO νCO spectra, using the corresponding νmax (the A1 frequency) as

reference frequency, i.e. the zero of the abscissa. The computed spectrum

was obtained using different relative weights (i.e probabilities P ) for the

His-closed (QC-large, MD-constrained trajectory) spectrum and His-open

(QC-small, MD-free simulation from 50.0 ns to 210 ns) spectrum. Panel d:

Comparison of the experimental(60) (dotted line) and calculated (solid line)

T67R/S92D DM νCO spectra, using the wt νmax (the A1 frequency) as the

reference frequency, i.e. the zero of the abscissa. The computed spectrum

was obtained using different relative weights for the His-closed (QC-large,

MD-constrained-DM trajectory) spectrum and His-open (QC-small, MD-free

simulation from 50.0 ns to 210 ns) spectrum.
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Before entering into the details of the Results we wish to highlight that

when a single structure representing the QC is utilized, as in the present case,

the spectral features of the perturbed chromophore mostly reflect the electric

field produced by the atomistic environment hence influencing the maximum

position (i.e. the νmax value) as well as the spectrum width and lineshape.

All the Results concerning the stationary spectrum are summarized in Table

1 and compared to the corresponding experimental data. Note that in this

study, unlike the previous applications of the present approach to peptide

backbone vibrational excitation (i.e. Amide I excitation)(86; 87), the anhar-

monic correction proved to be relevant not only for the νmax position but

also for properly reproducing the experimental lineshape of the IR signal in

the A1/A3 region(47) (see S.I. Section S4 for additional details). From Table

1 it is evident that although inherently affected by the overestimated value

of the unperturbed νCO frequency as obtained at the DFT level(108; 109),

our model nicely reproduces the experimental ∆νmax between A0 and A1/A3

in the wt simulation (20-21 cm−1 calculated vs. 20 cm−1 experimental) as

well as the ∆νmax between A1 and A3 as determined (see below) by the wt

and DM maxima shift (9-10 cm−1 calculated vs. 12 cm−1 experimental) es-

sentially corresponding to the A1 − A3 band shift. Note that very similar

results (∆νmax ≈ 14 cm1) are obtained when evaluating the closed con-

formation spectra for wt and DM by using the MD-free and MD-free-DM
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simulations. These results, beyond confirming the widely accepted idea of

the correspondence between the A0 and A1/A3 IR sub-states with the His-

open and His-closed conformations, also indicate that the A1 and A3 signals

(in our model both involving the His-CO hydrogen bond), should necessarily

be considered as the outcome of different perturbation patterns as provided

by the QC perturbing environment (protein, solvent and counterion). From

Table 1 it is also clear that, although our model nicely reproduces the ex-

perimental spectral lineshape of the A1/A3 region, the computed spectra are

affected by a systematic overestimation of the signal width, resulting in un-

resolved A1 and A3 bands. Comparison of the experimental data with the

computational results obtained for the wt and DM His-closed conformation

using the MD-free and MD-free-DM simulations (QC-small) and the MD-

constrained and MD-constrained-DM simulations (QC-large), indicates that

such a width overestimation is mainly due to the excessive mobility of the

His64-CO relative rototranslations as determined by the unrealistic classical

motions along the high frequency modes within the His-CO-Heme complex,

as provided by the classical MD simulations. See also S.I. (Sections S7 and

S8) for additional details. In this respect from Figures 3(b), 3(c) and 3(d)

it is evident that when for IR-PMM we use MD-contrained with explicit

constraints between His64 and heme-CO in conjunction with the (rigid) QC-

large, hence disregarding the His-CO-Heme internal structural fluctuations
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due to the classical MD, the A1/A3 computed signal both for wt and DM,

although still too large to discriminate between the A1 and A3 bands, is only

slightly wider than the experimental one. Therefore, we assumed the MD-

constrained simulation and the use of the (rigid) QC-large as providing the

proper A1/A3 spectrum by means of the IR-PMM procedure. Interestingly,

from Figures 3(c) and 3(d) we also estimated the relative stability between

the His-open and His-closed conformations providing the A0 and A1/A3 band

probabilities (P0 and 1−P0, respectively). From Figure 3(c) it is evident that

for the wt a good correspondence between the computed spectrum (obtained

by the weighted sum of the A0 and A1/A3 computed spectra) and the exper-

imental one is obtained when assuming the His-open conformation (i.e. the

A0 band) probability P0 at ≈ 10-15 per cent, corresponding to a free energy

change ∆A = −RT ln P0

1−P0

≈ 4-5 kJ/mol very close to the value of H-bond

potential energy estimated by a Ryde and coworkers(67) but lower than the

QM/MM value reported by Rovira and coworkers (ca. 12.7 kJ/mol). (44) A

larger free energy change of about 9-10 kJ/mole (corresponding to P0 ≈ 2−3

per cent) is found for the DM as reported in Figure 3(d).

In order to characterize the perturbing electric field patterns involved in

the A1 and A3 spectral signals, we identified the field direction mostly affect-

ing the νCO frequency (defined by the unit vector n) by means of a linear fit-

ting of the frequency versus the field components as expressed within the QC
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Figure 4: Calculated νCO frequencies (circles) as obtained by the wild type

MD-constrained simulation versus the corresponding electric field component

along the unit vector n (i.e. the perturbing electric field direction determin-
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quadratic fit (solid line) of the νCO frequencies as a function of the electric

field component.
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coordinate system, basically corresponding to the mean frequency gradient

within such a field component space. Such analysis provided a unit vector

n virtually coinciding with the CO bond direction. In Figure 4 we show

the calculated stretching frequencies versus the corresponding field along n

(i.e. the field component En) as obtained by the wt MD-constrained simu-

lation. From the figure it is evident that En virtually fully determines the

νCO frequency, with the latter well expressed via a quadratic function of En.

Identical results were obtained by using the DM MD-constrained simulation.

From Figure 4 it is clear that different νCO spectral bands can only arise from

different En fluctuation distributions characterized by significantly different

mean values, as indeed shown in Figure 5 where the En distributions ob-

tained by the wt and DM MD-constrained simulations are presented. From

this last figure it is clear that the A1 and A3 bands, mostly characterizing

the wt and DM spectrum respectively, are each corresponding to a specific

En region with the whole His-closed spectrum determined by the weighted

overposition of the corresponding two perturbation field distributions. It is

worth noting that such results suggest that a map-based approach(110) could

be a good tool for a computationally very efficient evaluation of the IR spec-

tra for the same QC in different environments. Interestingly, when dissecting

the relevant perturbation field component (i.e. En) into its various contribu-

tions in terms of protein residues, solvent and counter-ions, we obtain (see
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Figure 6) that for both wt and DM most of the contribution concerning the

mean intensity of En should be ascribed to the charged residues close to the

heme (including the propionate groups) as well as to the solvent, while the

counter-ions (corresponding to the last index number in Figure 6) are virtu-

ally irrelevant as always too far from the QC. As expected we also observe

a not negligible contribution of the mutated (charged) residue in the case of

DM. Note that since in our model the only relevant difference between the

MD-free and MD-constrained simulations is the inclusion of the His64 residue

into the QC, and hence its exclusion from the perturbing environment, we

limited this last analysis to the MD-constrained and MD-constrained-DM

systems.

A similar scenario can be observed in Figure 7 where we reported the root

mean square fluctuation of the electric field component En due to the protein

residues, the solvent and the counter-ions. We observe that almost all the

chemical groups providing the larger mean En (Figure 6) also correspond to

the larger field component fluctuations, hence being mainly responsible of

the spectral signal shape and width. In this respect it is also interesting to

note that, as reported more in details in the S.I. (Section S11), chloride ion

perturbation provides a slight but not negligible effect on the spectral width.

In fact, in the absence of the counterion perturbing field, the stationary IR

spectrum is found the be slightly larger than the one reported in the Figure
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3. Finally we also wish to underline that residue 92 (one of the mutated

residues) relevantly contributes to the En fluctuation both in the WT and in

the DM, i.e. irrespective of its chemical nature.

In order to assess the reliability of our results and possibly unveil the

νCO VER mechanism and relaxation channels, we calculated the wt A1/A3

sub-state relaxation kinetics using the His-closed MD-constrained simulation

(QC-large) which, according to our previous results, should be the best model

for reconstructing the A1/A3 behavior. As briefly described in the Methods

section, and more in details in the S.I. (Section S10), the approach we use (80)

provides the relaxation kinetics for each possible channel and in particular

for the direct first excited to ground state transition as well as for the excited

to excited state transitions (mode-mode transitions): we used as final states

all the vibrational eigenstates with energy lower or equal to the νCO first

excited state, excluding only those modes with a frequency close or below

the thermal energy one as they were considered as classical vibrational modes.

When summing the transition rate constants as provided by all the possible

relaxation channels we obtained as overall relaxation rate constant kCO =

0.048 ± 0.010 ps−1 corresponding to a mean lifetime τCO = 1/kCO = 21± 4

ps, remarkably well reproducing the experimental estimates (47; 14) (τCO ≈

17− 20 ps). Interestingly, the direct first excited to ground state relaxation

channel mostly contributes to the overall VER with a mean lifetime of ≈ 59
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ps, while each of the other (mode-mode) channels has always a mean lifetime

in the nanosecond range, thus corresponding to an almost negligible rate

contribution. However, the large number of such excited to excited state

transitions (equal to 138) results in an overall rate contribution which is even

slightly larger than the direct excited to ground state relaxation rate (i.e. the

overall mean lifetime of these summed rate constants is ≈ 33 ps). This is

clearly indicating that when considering QC’s with a high density of excited

vibrational states, even when corresponding to very slow relaxation channels,

the excited to excited state transitions can provide a very efficient relaxation

mechanism. Finally, the large rate constant of the excited to ground state

direct relaxation shows that in soft condensed systems characterized by large

electrostatic interaction fluctuations the QC environment provides several

perturbing field fluctuation components with frequencies close to the first

vibrational excitation frequency (resonant perturbing field fluctuations (80)),

clearly indicating that for such systems the direct transition to ground state

can be the major relaxation channel.

Concluding Remarks.

Although at the center of an intense and longstanding theoretical and exper-

imental activity, the nature of the sub-states of the stationary IR spectrum
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of the C-O stretching in MbCO (νCO) has not yet been completely clari-

fied. For this reason, in the present study we have readdressed such an issue

using a theoretical-computational methodology (IR-PMM), intrinsically dif-

ferent from the most popular QM/MM techniques and specifically designed

for modelling quantum observables in complex atomic-molecular systems.

The wild-type (wt) MbCO as well as the T67R/S92D double mutant (DM)

have been utilized at this purpose. Our study allowed for the first time to

rigorously reconstruct the νCO stationary and time-dependent spectral fea-

tures without departing from their quantum nature; moreover our results

confirmed, on one hand, some of the previously reported hypothesis on the

origin of the A0 spectral band and, on the other hand, suggested new in-

sights into the actual features of the A1/A3 band shape and also into the

VER mechanism. More specifically our results can be summarized through

the following points:

• Our calculations nicely reproduce the experimental A0 to A1/A3 signal

maxima shift (in the wt ≈ 20 cm−1) as well as the experimental A1/A3

maximum shift between the wt and the DM spectra (≈ 10 cm−1).

• Also the shape of the A1/A3 spectrum, showing a stretched red-tail, is

satisfactorily reproduced although the experimental linewidth (14cm−1

for wt and 21 cm−1 for DM) is overestimated (40cm−1) when including

the effects of all the classical motions as provided by the MD-free and
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MD-free-DM simulations (QC-small) and only slightly overestimated

(21cm−1 for wt and 23 cm−1 for DM) when disregarding the unrealistic

classical vibrations within the His64-FeCO-Heme complex (i.e. using

the rigid QC-large and the constrained MD simulations).

• In line with most of literature data (see for example references (64; 8;

44; 72; 48)), our model confirms that the origin of the spectroscopic

states A0 and A1/A3 can be entirely ascribed to the presence of a H-

bond between His64 and FeCO moieties giving rise to the His-open and

His-closed conformational states, respectively.

• Using the experimental A0 and A1/A3 relative instensities, we have also

estimated a relative stability (free energy difference) of 4-5 kJ/mol be-

tween the His-open and His-closed conformations in the wt-MbCO. Our

estimation of the H-bond free energy is in reasonable agreement with

the value of the H-bond potential energy obtained by Ryde and cowork-

ers (67) from calculations performed on the His64-FeCO-Heme complex

in the presence of the protein rigid framework, but lower than the value

reported by a different QM/MM study by Rovira and coworkers.(44)

• The A1 and A3 signals, both involved in the His-closed spectrum, are

determined by different perturbation patterns as provided by the QC

electrostatic environment (protein and solvent), rather than being due
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to different structures of the His64-CO-Heme complex as previously

suggested (48; 60).

• The systematic overestimation of the A1/A3 spectral widths corre-

sponds, in our model, to an overestimation of the perturbing electric

field fluctuations acting on the QC. In particular, when using in PMM

calculations the QC-small we found that the relative motions of His64

(in the His-closed conformation H-bound FeCO) as provided by the

classical MD simulations provide an unrealistically broad electric field

pattern, mainly due to the unrealistic classical vibrations along modes

which should be treated as fully quantum mechanical degrees of free-

dom (i.e. classically corresponding to constrained coordinates).

• The His64-CO-Heme complex perturbing environment, as also emerged

from other studies(49) was also found to be the main determinant of

the VER of νCO, which we modelled by using a recently developed

theoretical-computational approach based on the explicit evaluation of

the effects of the perturbation fluctuations on the vibrational states

(80). Our calculations produce a mean lifetime of the νCO first vibra-

tional excited state equal to 21± 4 ps in very good agreement with

the experimental values of ≈ 17− 20 ps Interestingly, according to our

model, the kinetic efficiency of the νCO VER is due both to the direct
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relaxation to the ground state (the main relaxation channel) as well

as to the mode-to-mode relaxations that, due to the high number of

vibrational modes, provide an efficient alternative relaxation route.
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