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ABSTRACT The influence of electrostatic multipole moments up to hexadecapole on the dynamics of photodissociated car-
bon monoxide (CO) in myoglobin is investigated. The CO electrostatic potential is expressed as an expansion into atomic
multipole moments of increasing order up to octopole which are obtained from a distributed multipole analysis. Three models
with increasingly accurate molecular multipoles (accurate quadrupole, octopole, and hexadecapole moments, respectively) are
developed and used in molecular dynamics simulations. All models with a fluctuating quadrupole moment correctly describe
the location of the B-state whereas the sign of the octopole moment differentiates between the Fe���CO and Fe���OC orientation.
For the infrared spectrum of photodissociated CO, considerable differences between the three electrostatic models are found.
The most detailed electrostatic model correctly reproduces the splitting, shift, and width of the CO spectrum in the B-state.
From an analysis of the trajectories, the spectroscopic B1 and B2 states are assigned to the Fe���CO and Fe���OC substates,
respectively.

INTRODUCTION

The energetics, dynamics, and spectroscopic characterization

of ligands in protein cavities provide fundamental informa-

tion about intermolecular interactions and their role in con-

trolling and influencing the relation between structure and

function in proteins. Experimental and computational studies

have revealed active sites within proteins which facilitate

specificity for ligand binding and catalysis (1–4). Despite the

remarkable progress in characterizing structural and dy-

namical aspects of ligands in protein active sites, the detailed

(i.e., atomistic) and quantitative understanding of spectro-

scopic and kinetic data remains a central topic of biophysical

research (5–7). One of the best studied examples, both ex-

perimentally and computationally, is the active site of myo-

globin (Mb). Apart from its biological importance in storing

and transporting dioxygen in the body, its involvement in

vasodilation and in scavenging nitric oxide, Mb together with

small diatomic ligands is a paradigm system for protein dy-

namics. Among these, photodissociated carbon monoxide

(CO) from Mb is particularly well characterized. For this

system, both structural and spectroscopic investigations for

free CO in the heme pocket have been carried out (8–11).

Photodissociated CO in myoglobin is a system which has

been investigated intensively by experiments (8–12) (low-

temperature and time-resolved x-ray crystallography) and

atomistic simulations (classical molecular dynamics (MD)

and mixed quantum mechanical/molecular mechanics (QM/

MM) MD simulations) (13–20). One general observation

from all these efforts is that the details of the apparently

simple processes of ligand dissociation and rebinding are

actually quite complex. For example, to correctly locate the

docking site (B-state) where the CO molecule settles after

breaking the Fe-CO bond in agreement with the experimental

findings (8,9) it was necessary to carry out atomistic simu-

lations with charge models which capture the quadrupole

moment of CO (13,16). Another feature which has repeatedly

attracted the attention of experimentalists (21) and theoreti-

cians (14,15,22,23) alike, is the split infrared spectrum of

photodissociated CO in the docking site which was originally

observed by Anfinrud and co-workers (9,24). The IR spec-

trum of Mb���CO shows two well-resolved bands (at 2130.5

cm�1 and 2119.0 cm�1), split by 11.5 cm�1. Compared to

free CO (2143.3 cm�1), the upper band is shifted by ;10

cm�1 to the red whereas the lower band by ;20 cm�1 (24).

The splitting has been associated with two possible orienta-

tions (states B1 and B2) of the COmolecule in the docking site,

either with the carbon closer to the iron center (Fe–CO) or with

the oxygen closer to the iron center (Fe–OC) (24). Some effort

has gone into identifying the spectroscopic states B1 and B2

with either Fe–CO and Fe–OC. Originally, the two peaks have

been assigned to Fe–CO (B2) and Fe–OC (B1) from an anal-

ysis of the rate of appearance of the two bands in polarization-

sensitive experiments (25). Further studies were based on

classical MD simulations (14,15), a combination of experi-

ment and density functional theory (DFT) calculations on

model compounds (21), MD simulations together with DFT

and quantum bound state calculations (22) and simulations

using the perturbed matrix method (23). The first two studies

did not explicitly correlate one state with a particular IR band

(14,15), whereas the next two studies (21,22) find that B1 cor-

relates with Fe–CO and B2 with Fe–OC. This contrasts with an

opposite assignment from recent PMM calculations (23).

It has been recognized for some time that the CO infrared

spectrum in the B-state depends on the accurate representation
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of the electrostatic interactions between CO and its envi-

ronment (13–15). But even with a refined fluctuating quad-

rupolar model for CO which correctly describes the location

of the B-state, the splitting of the IR spectrum, and the en-

ergetics for CO rotation (16), it was not possible to directly

correlate one spectral feature with a particular orientation

of the CO molecule relative to the heme-iron atom from

MD simulations (26). In this work, we address the question

whether a systematically improved description of the elec-

trostatics around the CO molecule together with atomistic

simulations can help us to quantitatively understand various

aspects of CO dynamics in the B-state. In a conventional

force field (27,28), the electrostatic potential is represented

by point charges, which are often obtained from a population

analysis of the Hartree-Fock wave function from ab initio

electronic structure calculations (29). Usually, atom-centered

charges are obtained by fitting atomic charges which opti-

mally reproduce the electrostatic potential (30,31) or by

adjusting the overall potential of reference systems to ex-

perimental data. Using atomic point charges to represent the

electrostatics around a molecule is largely a matter of conve-

nience, but is also supported historically. It has been dem-

onstrated in the past, in the theory of population analysis

algorithms, that point charges can be understood as a first term

in a multipole expansion (32,33). Each term represents the

corresponding multipole population of the ab initio electron-

density distribution. The expansion converges toward the

electrostatic potentials of the electron-density distribution on

which the analysis is based.

For carbon monoxide (CO), two point charges are not

sufficient to describe the electrostatic potential, because only

the dipole moment, which is very small, can be reproduced

accurately. In the past, different models have been developed

to represent the conformationally dependent or independent

dipole and quadrupole moment of CO accurately with respect

to gas phase data (13,16,34). Furthermore, the influence of

CO multipole moments in MD simulations of vapor-liquid

equilibria of pure CO has been investigated using point di-

pole and point quadrupole moments obtained from fitting to

thermodynamic data (35). In an earlier study (16), the split-

ting of the CO absorption band could be reproduced using a

three-point fluctuating charge model for the description of the

CO electrostatics. This study aims at systematically investi-

gating the influence of higher electrostatic moments than the

molecular quadrupole on the ligand-protein interaction in

MbCO. In particular it is of interest to determine whether

using a convergent mathematical expression for the electro-

static field around a ligand (CO) is directly related to a

stepwise improvement of the observables (IR spectrum,

probability density functions) calculated from them.

This work is structured as follows. First, the computational

methods used are described. Next, results from simulations

using increasingly detailed electrostatic models are pre-

sented. Finally, the results are discussed in view of experi-

mental and previous computational work.

COMPUTATIONAL METHODS

Molecular dynamics simulations

The computational setup for the molecular dynamics (MD) simulations

closely followed that of previous studies of photodissociated MbCO (16).

Briefly, hydrogen atoms were added to the x-ray structure (Protein Data Bank

reference 1MBC) (36), and the heme pocket was solvated by a 16 Å sphere of

equilibrated water molecules. The reaction region of 12 Å was centered on

the heme-Fe atom (see Fig. 1). The dynamics inside this region was described

using Newtonian dynamics, the dynamics in the buffer region (12–16 Å) by

Langevin dynamics. Friction coefficients of 62 ps�1 and 250 ps�1 were

applied to the oxygen atoms of water and the remaining nonhydrogen atoms.

Nonbonded interactions were treated with a cutoff at 10 Å. The sensitivity of

the results on the cutoff for the nonbonded interactions has been tested on a

subset of three trajectories, for which a nonbonded cutoff of 10 Å and 12 Å

was used, respectively. Comparison of the averages over the three trajecto-

ries showed only minor differences. This is in agreement with findings from

Meller and Elber who used particle-mesh Ewald techniques for the electro-

statics (15). Bound MbCO was equilibrated for 70–140 ps before photo-

dissociation which was modeled by the sudden approximation (37): The

Fe-C bond was deleted and the bound parameters replaced by a repulsive

term during 0.1 ps of dynamics. After this, the different electrostatic models

were used for CO together with the CHARMM CO Van der Waals param-

eters and the RRKR bond potential for the CO stretching coordinate (38). For

comparison of the different electrostatic models (A, B, C, and C9; see below),
eight trajectories of 1 ns each were run and analyzed. For model C, which was

found to be the most accurate, eight additional trajectories were evaluated.

Simulations were carried out for both possible protonation states, Hisd 64 and

Hise64. The latter is the more likely (39–41), although the former was used in

several previous simulations (13,16) which also provided benchmarks for

this work.

The infrared spectrum for each trajectory is calculated from the time

dependence of the dipole moment of the CO molecule. The time correlation

function is accumulated over 2n time origins, where n is an integer such that

2n corresponds to between 1/3 and 1/2 of the trajectory, with the time origins

separated by 1 fs. This function can then be transformed to yieldC(v) using a

FIGURE 1 Myoglobin binding site together with the key residues and the

CO molecule. The coordinate system is defined with respect to the iron

center (green sphere) and the heme plane.
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fast-Fourier transform with a Blackman filter to minimize noise (42). The

final infrared adsorption spectrum is then calculated by evaluating

AðvÞ ¼ vf1� exp½�v=ðkTÞ�gCðvÞ; (1)

where k is the Boltzmann constant and T is the temperature in Kelvin.

As a reference, the IR spectrum has also been calculated for free CO at

300K using the RRKR potential. The spectrum shows one line at 2183 cm�1.

This corresponds to an offset of ;40 cm�1 compared to the experimental

value which is consistent with previous investigations (16). The offset has

two different origins. First, it has been noted from simulations of CO in argon

(43) that the integration of the equations of motions using the Velocity-

Verlet algorithmwith a time step of 1 fs shifts the frequency by 16 cm�1. The

remaining 24 cm�1 can be attributed to the classical treatment of the an-

harmonic oscillator, which can be shown to have an energy-dependent

fundamental frequency vE,

vE ¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðDe � EtotÞ

m

s
; (2)

where Etot is the total energy of the oscillator. All IR spectra discussed

below are compared with the calculated spectrum for free CO (absorption at

2183 cm�1).

Electrostatic models for CO

Multipole models

The distributed multipole algorithm (44) used here contains two different

allocation methods for the multipole moments: the more localized basis

functions are treated by a nearest-site algorithm. The less localized and

diffuse basis functions are partitioned through space using the Lebedev in-

tegration method (45) over a spherical grid with 590 points. The atomic radii

for this integration method are variable parameters. In this study, they have

been adjusted such as to reproduce the molecular moments as accurately as

possible for each model at the equilibrium C-O distance of 1.128 Å. Fur-

thermore, the rank of multipoles is variable for each atom. Each molecular

moment is composed of all atomic moments of lower and equal rank and was

evaluated by using ORIENT (46).

Distributed multipoles are calculated using the program GDMA (44)

based on Gaussian (47) formatted checkpoint files. Distributedmultipoles for

all models were evaluated for C-O distances r 2 [0.8..1.5] Å separated by

0.1 Å using the B3LYP functional and the aug-cc-pVQZ basis set (48,49).

Different combinations of distributed multipoles on the two atoms have been

evaluated, finally leading to three models (see Table 1). It was found that

distributed multipole analysis (DMA) faithfully reproduces the multipole mo-

ments of CO from high-level ab initio calculations (50,51) and experiment (see

Fig. 2). Comparisons with other DFT methods and smaller basis sets showed

that the molecular moments converge toward the values from B3LYP/aug-

cc-pVQZ. The electrostatic potentials for the three models are represented as

contour plots in Fig. 3. They show that the most important changes with in-

creasing multipole order occur around the oxygen atom. In particular, whereas

for the simplest model A only attractive interactions appear around the oxygen

atom along the molecular axis, the more detailed model C has both attraction

and repulsion. The changes of all atomic moments q(r) as a function of the C-O

bond length are to a good approximation linear. Therefore, theywere described

by linear functions q(r) ¼ a 1 b(r – re) (see Fig. 4). Each atomic moment is

defined by two parameters: its value a at the equilibrium bond length re ¼
1.128 Å and the slope b for the change with bond length. The coefficients of

this linear expansion are given in Table 2.

Implementation of DMA

For the calculation of the atomic multipole moments, three additional mul-

tipole interaction terms in spherical tensor notation (52) have been im-

plemented into CHARMM (27). A linear molecule (such as CO) can be

oriented in a reference axis system for population analysis such that only the

tensor components in z-direction (or in one arbitrary direction) are perma-

nently populated. In the following, q(00), q(1z), q(20), and q(30) represent

the charge and the z-components of the dipole, quadrupole, and octopole

moment of atom sites a and b; R is the distance between the two atoms and

FIGURE 2 Molecular moments for the three electrostatic models for seven

C-O bond lengths between 0.8 and 1.4 Å. (From top to bottom) Dipoles,

quadrupoles, octopoles, and hexadecapoles. Model A is represented by tri-

angles, model B by squares, and model C by circles. The solid lines represent

the CCSD(T) values (50,51). Dipole and quadrupole moment are in good

agreement with the ab initio data for all models. The octopole moment is

accurately represented by models B and C; the hexadecapole moment from

model C is the only one to qualitatively agree with the CCSD(T) calculations.

The vertical lines represent the classical turning points for CO for vCO¼ 0 with

the RRKR potential.

TABLE 1 Molecular moments of CO calculated from the

distributed multipoles on the C and O atom for models A–C

Molecular moments Highest atomic moment

m[ea0] Q[ea20] V[ea30] F[ea40] Carbon Oxygen

Model A 0.04 �1.48 �2.68 �3.33 Dipole Dipole

Model B 0.04 �1.51 3.42 �0.69 Dipole Quadrupole

Model C 0.04 �1.51 2.86 �9.03 Quadrupole Octopole

CCSD(T)

(50, 51)

0.051 �1.47 3.46 �9.07

Experiment* 0.048y –1.58z 4.15 –8.15

The multipole moments (in atomic units) are evaluated for the equilibrium

structure of CO.

*The values somewhat vary between experiments (for detailed information,

see (50,51)).
yThe experimental values have converged to this number.
zThis value varies between �1.4 and �1.68 ea20 for different experiments.

The Role of CO-Multipole Moments in MbCO 2507

Biophysical Journal 94(7) 2505–2515



raz is the direction cosine of a unit vector pointing from a to b. From the

distributed multipoles on each site, the overall, molecule-centered multipoles

are calculated with respect to the geometric center of the molecule using

standard formulae (46). The geometric center is chosen instead of the center

of mass to ensure that the electrostatic potential only depends on the elec-

tronic structure of a molecule; e.g., 14CO and 15CO should have the same

molecular moments.

For the charge-dipole, charge-quadrupole, and charge-octopole interac-

tions the contributions to the electrostatic interaction between site a on the

CO molecule (described by DMA) and site b (which is an atom of the sur-

rounding protein described by a point charge) is given by the following

equations:

Uð1z00Þ ¼ qð1zÞaqð00Þbraz
R

2 ; (3)

Uð2000Þ ¼ qð20Þaqð00Þbð3ðrazÞ2 � 1Þ
2R

3 ; (4)

Uð3000Þ ¼ qð30Þ
a
qð00Þ

b
ð5ðrazÞ3 � 3r

a

zÞ
2R

4 : (5)

For the simulations three different models are considered. Model A includes

atomic multipoles up to the dipole on each atom (C and O, i.e., (dipole/

dipole) on (C/O)), which allows us to accurately describe the quadrupole

moment of the CO molecule. Models B and C include (dipole/quadrupole)

and (quadrupole/octopole) moments which give accurate values for the

molecular octopole and hexadecapole, respectively. This data is summarized

in Table 1. To obtain a more complete picture of the relationship between the

convergent multipole expansion models and the trends in the corresponding

observables, an additional model (C9) was considered which includes atomic

moments up to octopole on both atoms. The molecular moments differ from

model C only in the hexadecapole moment, which is FCO ¼ �6.855 ea40
compared to FCO ¼ �9.025 ea40 from model C.

RESULTS

As mentioned in Computational Methods, simulations are

carried out for both protonation states of His-64 (Hisd64 and

Hise64). The first part of this section presents results for

Hisd64 which can be directly compared to previous simula-

tions which were based on the fluctuating charge model

(13,16). In the second part, where comparison with experi-

ment is made, results for Hisd64 and Hise64 are discussed.

Characterization of electrostatic models A–C

First, the influence of details of the electrostatic models on the

localization and IR spectra of CO after photodissociation are

presented. For this, eight independent 1-ns trajectories for

each electrostatic model (A–C) are compared. Model C9 is
not discussed in detail here because no significant differences

to model C were found.

Orientational preference and location of the B-state

Initially, the orientation of CO in the docking site (B-state)

was analyzed. The three electrostatic models differ mainly

in their prediction of the CO-orientation with respect to the

Fe atom which can be related to the difference d ¼ jrFeCCO
�

rFeOCO
j between the iron-carbon and the iron-oxygen distance.

Considering atom-atom distances is equivalent to transforming

to spherical polar coordinates (u, f) but describes the quantity
relevant in this work (‘‘which CO-atom is closer to the Fe’’)

more directly.

The results can be divided into three categories: orienta-

tions with carbon closer to iron (Fe���CO substate), orienta-

tions with oxygen closer to iron (Fe���OC substate), and

FIGURE 3 Electrostatic potentials

for each of the three CO models. Model

A (left), model B (middle), and model C

(right). The colors mark the energy in

kcal/mol of a probe charge of 1e inter-
acting with the CO molecule, with the

oxygen at (0,0,0.564) Å and the carbon

at (0,0,–0.564) Å. Contours (in kcal/

mol) are drawn for E. 3 (brown); 1.25
, E, 3 (gray), 0.5, E, 1.25 (blue),

0 , E , 0.5 (cyan), 0 , E , �0.5

(yellow), �0.5 , E . �1.25 (orange),

and �1.25 , E , �3 (red).

FIGURE 4 Atomic multipole moments for C-O bond lengths between 0.8

and 1.4 Å for model C. The left and right panels display the moments on the

carbon and oxygen atom, respectively. Charges are marked by circles,

dipoles by squares, quadrupoles by diamonds, and octopoles by triangles.

The variation of the atomic moments with bond length is, to a good approx-

imation, linear. This is also the case for the other two electrostatic models

(not shown).
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orientations for which both distances are similar, which in-

cludes all distance differences d# 0.3 Å. The results (Fig. 5)

show that models B and C clearly prefer the Fe���CO orien-

tation, whereas model A prefers Fe���OC. This result does not
only hold for the average orientation over all trajectories, but

also for each individual trajectory. Comparison of the multi-

pole moments in Table 1 shows that the major difference

between model A and models B and C is the sign of the

octopole moment V, which appears to determine the pref-

erential orientation of unbound CO with respect to the Fe

atom in the B-state. These findings are also in agreement with

results from previous studies with a three-point fluctuating

charge model with V ¼ 0, which makes it an intermediate

case between models A and B/C. In MD simulations with the

three-point fluctuating point charge model a less clear pref-

erential orientation of CO in the B-state was found (16). The

sensitivity of the results with respect to the criterion for dis-

tinguishing the substates was checked by using d # 0.2 Å,

and no significant differences were found.

In addition to the relative orientation of the CO with re-

spect to the heme-Fe atom it is also of interest to consider the

CO probability distribution in the B-state. These distributions

were analyzed in two ways. First, the center of mass of CO

was projected onto the heme plane. These distributions (not

shown) are similar to those from previous studies (16), with

slight variations for the individual trajectories. All models find

the docking site in a region between 3.5 to 4.5 Å away from

the Fe atom and lined by residues His-64, Phe-43, and Val-68,

which is consistent with experimental data from which it is

known that shortly after photodissociation the CO molecule

migrates to a metastable position (docking site or B-state)

above the heme plane. Furthermore, the location of the CO

molecule within the active site was characterized by consid-

ering the distance R between the geometric center of the CO

and the Fe atom (see Fig. 5). All three models agree qualita-

tively for the distributions p(R) with the exception that model

C shows a higher proportion of large Fe–CO separations.

Closer inspection of the trajectories reveals that these states

correspond to CO positions in the Xenon-4 pocket. Models

A–C and the previously developed fluctuating point charge

model have a fluctuating quadrupole and correctly find the

docking site whereas earlier work with a fixed three-point

charge model showed some deficiencies in locating the

B-state (16,53). In the x-ray structures the distance between the

Fe atom and the geometric center of CO is 3.96 Å (PDB code

1DWS) (8) and 3.31 Å (PDB code 1AJH) (9), respectively.

In conclusion, it is found that a fluctuating quadrupole

moment correctly describes the location of the B-state and

TABLE 2 Distributed multipole parameters for all electrostatic models

Model A Model B Model C Model C9

Charge[e]* C �0.563935[0.512792] 0.270293[0.227539] 0.563418[0.124576] 0.346638[0.073925]

Dipole[ea0] C �0.226197[–0.581893] 0.818143[–0.431636] 1.096170[–0.395194] 0.880978[–0.151487]

O �0.955840[0.390026] �0.180268[0.518313] 0.134258[0.5133167] �0.104431[0.177545]

Quadrupole[ea20] C �0.050725[0.087115] �0.036699[–0.028279]

O 0.562133[–0.324187] 0.467227[–0.453366] 0.624407[–0.087891]

Octopole[ea30] C 0.199193[0.197417]

O �1.774760[0.664064] �1.239752[–0.048944]

Radius[Å] C 0.500 0.660 0.700 0.800

O 0.770 0.600 0.525 0.700

The values (a, [b]) refer to the equilibrium CO position and the linear changes (slope) of the moments as a function of the CO distance r (see main text). The

units for the slopes are e/a0, ea0/a0, ea
2
0/a0, and ea30/a0, respectively. The radii are the relative atomic radii used for Lebedev integration in GDMA.

*Charges and changes of charge with bond length have opposite signs on oxygen.

FIGURE 5 (Left panel) Orientations

of the CO molecule for the three elec-

trostatic models: model A (solid), model

B (shaded), and model C (open). The

Fe-C and Fe-O distances are compared

at each step and divided into three cat-

egories: carbon closer to iron (Fe���CO
substate), oxygen closer to iron Fe���OC
substate), and distance differences d ,
0.3 Å (intermediate states). (Right panel)
Distances of CO center of mass to the

iron atom, calculated as the average of

the Fe-C and Fe-O distance. The numbers

indicate the distances at the center of each

bin. The distances at;8 Å correspond to

positions in the Xenon-4 pocket.
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the sign of the octopole moment differentiates between the

Fe���CO and Fe���OC orientation.

Infrared spectra of dissociated CO

Structural data of unligated CO in Mb is quite rare (8,54,55),

whereas the spectroscopic characterization provides more

detailed information about the electrostatic environment of

the ligand (11,24,25,56). Furthermore, because models B and

C give essentially identical geometrical properties with re-

spect to ligand orientation and the location of the B-state, it is

of interest to investigate whether IR spectra are sensitive to

higher-order multipole moments on the ligand. The experi-

mental spectrum of photodissociated CO is split into two

bands with different intensities, separated by 10 cm�1 and

extending over ;20 cm�1 (full-width at half maximum,

taken for each fitted Gaussian function separately). The more

intense of the two bands (the one at higher frequency) is

shifted to the red by 10 cm�1 relative to free CO (24).

In the following, the IR spectra from simulations with the

three different electrostatic models (see Fig. 6) are discussed

separately. The IR spectra are calculated from the autocor-

relation function of the (fluctuating) dipole moment function

along the trajectory according to Computational Methods

(see above). Thus, the spectra displayed are directly com-

parable to experimental spectra and not power spectra. Dif-

ferences between the models are characterized in terms of the

shift with respect to free CO at 2183 cm�1, the splitting of the

two bands, the bandwidths, and the relative band intensities.

The results are summarized in Table 3.

Model A

The simplest model includes atomic multipoles up to the

dipole on each atom. For this multipole model the Fe���OC
orientation is preferred (see Fig. 5). The spectrum averaged

over eight trajectories (black line in Fig. 6) is broad, extends

from 2139 cm�1 to 2178 cm�1 (full-width at half maximum

with respect to three Gaussian functions fitted to the spec-

trum) and does not show a clear splitting. The dominant peak

is centered at ;2172 cm�1. Together with the structural in-

formation from Fig. 5 (clear preference of Fe���OC over

Fe���CO), this signal is tentatively assigned to the Fe���OC
state.

Model B

This model includes atomic multipoles up to quadrupole. The

frequency range is more narrow (full-width at half maximum

from 2167 cm�1 to 2186 cm�1) and the average spectrum

shows a clear splitting. The vibrational band at higher fre-

quency is not shifted with respect to free CO, in contrast to

experiment (24). The splitting of the average spectrum is

composed of the different shifts of the individual spectra and

the spectra of single trajectories are either not split or show

small splittings of ;4–10 cm�1.

Model C

This model includes atomic multipoles up to octopole. The

full-width at half maximum extends from 2153 cm�1 to

2184 cm�1, which is intermediate between models A and B.

The average spectrum shows a splitting and a shift of both

bands compared to free CO, in qualitative agreement with

the experimental data. Quantitatively, the shift is smaller

(4 cm�1) than the experimentally observed one (10 cm�1).

A more detailed analysis with additional data is given in

FIGURE 6 Average IR spectra over eight trajectories of 1 ns for each of

the electrostatic models. The spectrum for model A (top) shows no clear

splitting; broadening and red shift are too large. Model B (center) shows a
splitting but no red shift compared to free CO. Model C (bottom) shows

values for shifts and splitting in agreement with experiment. The shaded line

indicates the frequency of free CO (2183 cm�1).

TABLE 3 Characterization of the CO infrared spectra for the

different electrostatic models

Hisd 64 Hise64

Model A Model B Model C Model C Exp. (24)

Splitting [cm�1] — 10.6 10.7 (13.8) 8.6 10

Shift [cm�1] 11 0 4 (5) 3 10

Width [cm�1] 39 19 31 (30) 32 32

Rel. intensities [%] — 19 37 (46) 85 67

For Hisd64 (model C), the number in brackets are averages over 16 trajec-

tories, whereas for models A and B, the averages are over eight independent

trajectories. For Hise64 the averages are over 24 trajectories. The splitting is

calculated from the fit to three Gaussian functions and the shift is reported

for the band at higher frequency relative to free CO. Widths are full-widths

at half maximum evaluated from the fit to three Gaussian functions. The rela-

tive band intensity is the maximum intensity of the band at lower frequency

relative to the maximum intensity of the band at higher frequency.
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the next section. In contrast to model B, the average splitting

is the result of the splittings and shifts in the spectra of each

individual trajectory, with splittings varying between 7 and

15 cm�1.

Model C9

This model includes moments up to octopole on both atoms.

It differs from model C only in the magnitude of the hexa-

decapole moment. With a splitting of�14 cm�1, a red shift of

6 cm�1, and a width of 33 cm�1, the spectrum is very similar

to the one from model C (see Table 3). The deviations are

within the range of statistical errors estimated from comparing

the results from 8 and 16 trajectories for model C (Table 3).

This suggests that the spectra are converged with respect to the

multipole order on the ligand. Also, these values are in quite

favorable agreement with the experimental data.

Additional evaluation for the most accurate
electrostatic model

For model C, which most accurately describes higher multi-

pole moments of CO, eight additional trajectories for Hisd64

each 1 ns in length have been evaluated to better converge the

average spectra. Based on this data, the relation between the

dynamics of the CO molecule and the IR spectra has been

analyzed. To characterize the differences between proton-

ation at Hisd64 and Hise64, additional simulations (24 tra-

jectories of 1 ns length) were carried out for the Hise64

protonation with model C.

Relationship between CO orientation and absorption
band intensities

It was already previously noted that extracting splittings in

the wavenumber range in the IR spectrum from MD simu-

lations alone may be difficult (15) and obscured through

sampling of a multitude of substates which give rise to

slightly different vibrational frequencies (26). Thus, in the

following, an attempt is made to correlate structural aspects

with spectroscopic features.

Hisd64

Each of the 16 trajectories samples both substates (Fe���CO
and Fe���OC) but with a different probability density for the

two states according to the criterion (magnitude of d) dis-
cussed in Orientational preference and location of the B-state.

Thus, the 16 trajectories for model C have been divided into

three groups. The first group (group I, least preference for

Fe���CO) contained seven trajectories with ,60% of the

Fe���CO population, group II had six trajectories with be-

tween 60 and 70%, and group III (high Fe���CO preference)

had three trajectories with .70% in the Fe���CO substate.

Averages of the IR spectra have been calculated over all in-

dividual groups and three Gaussian functions were found to

faithfully represent the average spectrum. The average over

trajectories with dominant Fe���CO preference (group III)

shows mainly one broad band, whereas the average over

group I (less pronounced Fe���CO preference, and therefore

larger contributions of the Fe���OC substate) shows a clear

splitting into two bands. The main peaks of the two states are

separated by 13 cm�1. In Fig. 7, the average spectrum from

group I is compared to the average over all trajectories. Thus,

the signal at lower wavenumber which only appears if the

Fe���OC state is sufficiently populated, is assigned to the B2

state. These findings are in accord with the identification of

the two bands as the Fe���CO (B1) and Fe���OC (B2) substate

(21,22) and are at variance with the recently published iden-

tification of the lower band as the Fe���CO substate and the

higher band as the Fe���OC substate (see also Discussion) (23).

Hise64

The analysis of the orientations of CO with respect to iron for

Hise64 showed a different distribution of the substates. The

population for all three electrostatic models is shifted toward

larger contributions of the Fe���OC substate, with model C

showing only a moderate preference for the Fe���CO orien-

tation. The 24 trajectories were again divided into three

groups as follows:

Group I (least preference for Fe���CO) contains six trajec-

tories with ,30% Fe���CO.
Group II (intermediate) contains 12 trajectories.

FIGURE 7 Hisd64: Relation between CO orientation with respect to iron

and IR spectra. Average spectra are calculated over the seven trajectories

with ,60% of Fe���CO substate (group I, dashed line) and over all

trajectories (solid line). The dotted line represents the raw (unfitted) data

for the average over all trajectories. The sum of three Gaussian functions is

fitted to the averages. The comparison shows that the shoulder at 2163 cm�1

of the average over all spectra can be identified with the Fe���OC substate,

since it appears more pronounced in the dashed spectrum, where only

trajectories with larger proportion of the Fe���OC substate are taken into

account. The average percentage of each substate for the evaluated group I

and for all trajectories is shown in the figure below. Dashed and solid lines in

the diagram correspond to dashed and solid lines in the spectrum.
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Group III (highest preference for Fe���CO) contains the

remaining six trajectories with .42% of Fe���CO.
The averaged CO infrared spectra for each group are shown

in Fig. 8. From this it is found that trajectories with a stronger

preference for Fe���CO contribute more to the upper band (at

2180 cm�1), whereas trajectories with a stronger preference

for the Fe���OC orientations contribute more to the lower

band (at 2172 cm�1). This agrees with the findings for the

Hisd64 protonation state. The feature at ;2155 cm�1 can be

related to CO positions close and above the iron center with

high contributions of the Fe���OC substate.

DISCUSSION AND CONCLUSION

In this study the influence of higher multipole moments on

the dynamics and spectroscopy of photodissociated CO in the

B-state of myoglobin has been systematically investigated.

The CO molecule is described by atom-centered multipole

moments on the carbon and the oxygen atom which were

derived from a distributed multipole analysis (DMA). The

protein environment, on the other hand, is treated with con-

ventional point charges. For CO, three increasingly detailed

charge models were used which differ in their ability to re-

produce the experimentally known molecular multipole

moments. Model A correctly describes the dipole and quad-

rupole moment, whereas model B reproduces the octopole

moment and model C gives a satisfactory hexadecapole

moment (with some deficiencies for the octopole moment).

The results from the MD simulations show that all models

with fluctuating moments which correctly describe the

quadrupole moment are capable of locating the docking site

(B-state) in agreement with experimental data. On the other

hand, the average orientation of the CO molecule with re-

spect to the heme-Fe atom (Fe–CO versus Fe–OC) in the

B-state sensitively depends upon the sign of the octopole

moment V. For the simplest model A, the Fe–OC substate is

the dominant one, whereas withmodels B and C, Fe–CO is the

more probable state. This is consistent with previous simula-

tions (16) which were based on a fluctuating charge model

with V ¼ 0 (i.e., intermediate between model A and models

B/C) where it was found that the Fe–CO state is more stable.

One particular advantage of molecular dynamics simula-

tions is that the infrared spectrum can be calculated directly

from the Fourier transform of the dipole autocorrelation

function. Such a procedure includes the full dynamics and

treats the energetics and spectroscopy at an equal level. This

is not the case for the combined MD/DFT/quantum bound

state (22) and the PMM (23) calculations. All models used in

this work correctly describe m(r) over the range of r which is
sampled in the vibrational ground and low excited states (see

Fig. 2). Thus, the differences between the infrared spectra can

be directly related to how CO interacts with its environment

which, in turn, influences the space sampled by the photo-

dissociated ligand. Contrary to previous efforts to relate

structural and spectroscopic features (21–23), this work re-

tains a maximum of information about the dynamically

changing environment around the ligand. Earlier work re-

lated to this question suffers from different shortcomings. In

the combined MD/DFT/quantum bound state work the fre-

quency distribution was based on 50 snapshots. Although

this number is considerable given the computational effort to

determine the CO stretching potentials, some uncertainty

remains as to the convergence of the results. However, a

statistical analysis suggested that the principal findings

should not change dramatically upon increasing the number

of snapshots used (22). The PMM study included 21,000

snapshots at the expense of only using a minimal QM region

(the CO molecule) which was treated with B3LYP/aug-cc-

pVTZ whereas all other atoms were represented by point

charges (23). This may influence the CO-vibrations because

they depend on howwell the interactions between CO and the

nearby heme and His-64 residues are described. Such effects

can also be seen in this study and are discussed below.

The extensive MD simulations for both protonation states

(d, e) of His-64 lead to a split IR spectrum except for the

simplest charge model A, which is the least reliable one.

From grouping the trajectories using model C into those

which sample the Fe–CO more (.70%) or less (,60%)

extensively it is possible to relate the signal at lower wave-

numbers to the Fe–OC conformation and the band at higher

wavenumbers to the Fe–CO state. This is the assignment also

found from the MD/DFT/quantum bound state calculations.

Further (indirect) support for this assignment is provided by

the IR spectrum from model A which predominantly samples

the Fe–OC state (see Fig. 6). The corresponding IR spectrum

FIGURE 8 Hise64: Relation between CO orientation with respect to iron

and IR spectra. Averages are calculated over six spectra belonging to

trajectories with the highest population of Fe���CO substate (solid line), six

spectra belonging to trajectories with the highest population of Fe���OC
substate (dashed), and over all trajectories (dotted). The sum over three

Gaussian functions is fitted to each average. The average percentage of

each substate for the evaluated groups is shown in the figure below. Dashed

and solid lines in the diagram correspond to dashed and solid lines in the

spectrum.
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has a large peak in the wavenumber region (2170 cm�1)

where models B and C have their low-intensity bands. The

calculated splitting from models B and C is between 8.6 and

12.8 cm�1, depending on the protonation state of His-64.

This is in very good agreement with experiment which finds a

splitting of 10 cm�1. Furthermore, the overall width and

shape of the spectra correspond to the experimentally ob-

served ones. The average over all spectra for Model C

evaluated for Hisd64 and Hise64 is compared to the experi-

mental spectrum (24) in Fig. 9. For Hisd64, the intensity of

the lower band is slightly weaker than in the experiment, the

splitting is too large by;3 cm�1 and the shift with respect to

free CO is ;5 cm�1 smaller. For Hise64, the intensity of the

lower band is stronger than in the experiment, the splitting is

too small by;1 cm�1 and the shift with respect to free CO is

;7 cm�1 smaller. The overall widths and lineshapes of the

spectra (flat at the red end and steep at the blue end) closely

reflect those observed experimentally (see Fig. 9) and found

in previous simulations (16) and differs from the almost

symmetric lineshape found in the PMM simulations (23)

which may be related to the small size of the QM region (CO

molecule) and to the fact that the harmonic approximation

was used in calculating the CO frequencies. For both Hisd64

and Hise64, the relative band intensities correctly find the

lower band to be less intense than the band at higher fre-

quency. Overall, the results for Hise64 reflect the experi-

mental data somewhat better than for Hisd64. However, the

difference between the results for Hisd64 and Hise64 does not

only depend on the electrostatic model for the CO molecule,

but also on the parameterization of the histidine residue. His-

64 is described here by a conventional point charge model,

which may be insufficient to capture additional details of the

two protonation states. This could be an explanation for the

larger difference between the two states observed in previous

QM/MM calculations including the CO molecule and the

binding site environment in the quantum-mechanical part

(22) where His-64 was treated quantum mechanically. To

fully understand these discrepancies, more accurate de-

scriptions of the entire binding site will be required.

One further comparison with experimental data can be

made from these simulations. Using pump-probe experi-

ments it has been observed that the center frequency of the

CO stretch shifts as a function of the time after photodisso-

ciation (11,57–59). This was attributed to the memory of the

CO molecule of the bound state. Upon photodissociation, the

CO fundamental frequency changes from �1950 cm�1

(bound or A-state) to �2130 cm�1 (unbound state). This

change occurs on a timescale which is considerably longer

than the photodissociation process itself. Experimentally, the

spectra for times 0.3–100 ps after photodissociation (57)

show a blue shift of �4 cm�1 whereas at longer times (10–

100 ns after dissociation) the band shifts by another�2 cm�1

to the blue (11). From the simulations, the upper band of the

IR spectrum at times 100 ps, 200 ps, 500 ps, and 1 ns after

photodissociation is found to gradually shift to the blue by

10 cm�1. The center frequency of the upper band is located

at 2168 cm�1 after 100 ps and shifted to 2178 cm�1 at 1 ns,

which is consistent with the experimental data for the high-

frequency band (57). However, quantitatively the calculated

blue shift of 10 cm�1 between 100 ps and 1 ns is too large.

Possible reasons are the different quality of the stretching

potential for bound and unbound CO and the fact that the

electrostatic interaction between CO and the surrounding

protein influences the stretching frequency. Furthermore,

short dipole-dipole autocorrelation functions (for times early

after photodissociation) are less reliable and lead to an arti-

ficial broadening of the spectra for short timescales. Thus, the

uncertainty in the maximum absorption frequency is larger

for early times compared to later times.

The IR spectra calculated for the different electrostatic

models show a trend toward better agreement with experi-

ment as the accuracy of the electrostatic models is improved.

This is observed for the splittings, the red shifts with respect

to free CO, the bandwidths, and the relative band intensities

(Table 3). A comparison of all these features reveals that

overall, model C, as the most accurate electrostatic model,

shows the best agreement with experiment. Thus, it is found

that using systematically improved descriptions of the elec-

trostatics around CO yields improved calculations for struc-

tural and spectroscopic features of the CO dynamics in the

main binding site of myoglobin.
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FIGURE 9 Comparison of calculated and experimental spectra (Fig. 4 B

from (24)). The computed spectra (shaded) are averages over 16 trajectories

for Hise64 (top) and 24 trajectories for Hise64 (bottom). In both cases, three

Gaussian functions have been fitted to the average spectrum. For direct

comparison, the maximum of the high frequency band from the calculated

and the experimentally observed spectrum (24) is separately aligned for both

cases. The width and the splitting for the spectrum with Hise64 better repro-

duces the experimental data.
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