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Relating structure and spectroscopy is fundamental in characterizing the
conformational dynamics and elucidating function at an atomistic level in
condensed-phase environments. In particular, the combination of infrared
spectroscopy and atomistic simulations has provided fundamental insight into
structural assignments of spectroscopic bands. Infrared spectroscopy and
Molecular Dynamics (MD) simulations on carbonmonoxy myoglobin (MbCO)
were able to partially identify three major CO infrared bands (A0, A1 and A3)
which are related to different conformational substates in the active site of the
protein. Recently, two similar CO bands were identified from experiments in
human carbonmonoxy neuroglobin (NgbCO), named N0 and N3. Timedependent frequency changes found in the N0 band and a large variation of
relaxation times for these bands made the characterization of these substates
considerably more difficult compared to MbCO. In this work we discuss the
structure–spectroscopy relationship for three different His64 protonation states
in human and murine NgbCO using MD simulations and density functional
theory (DFT) calculations. The present work assigns the N3 band to the His364
tautomer having its side chain in hydrogen bonding contact to CO. Frequencies
of the corresponding His64H+ and Hisd64 tautomers show characteristic
contributions to the N0 band.

1. Introduction
The bond between a ligand and the heme-iron atom in proteins such as myoglobin
(Mb), hemoglobin (Hb), neuroglobin (Ngb) or truncated hemoglobin (trHb) is photolabile and can be broken by electronically exciting the Soret band.1 Biologically,
this bond is of central importance, because it can be used to better understand reactivity, binding and rebinding dynamics in a well defined biological context. In less
than 100 fs after excitation, the Fe–CO bond is broken and as a result the heme
unit relaxes to a structure that prevents immediate rebinding of CO.1 The excess
energy is primarily transferred into low frequency modes, including CO translation
and rotation and vibrational modes of the heme. Eventually, the energy is further
released to both, the protein and the solvent and leads to a temperature increase
in both.2
Infrared (IR) spectroscopy has served as a useful tool to characterize protein and
ligand dynamics.3–8 By sensing the iron-bound CO vibrations in carbonmonoxy
myoglobin (MbCO), several CO-stretching bands were observed. Contrary to electronic spectroscopy, vibrational spectra of reactants and products of CO dissociation contain signatures related to geometrical structures. These changes can be
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directly associated with particular chemical bonding patterns and are therefore more
readily interpreted in terms of chemical structure. Thus, an important goal of IR
studies of proteins is concerned with the structural interpretation of such spectra.
This is, however, a difficult undertaking in most situations because structure and
spectroscopy can only be recorded at the same time under special circumstances.
One example is picosecond time-resolved X-ray diffraction of the L29F mutant of
Mb which, in conjunction with femtosecond time-resolved mid-IR spectroscopy,
provided information on structures and spectroscopy at the same time.9 However,
this method is highly specialized and not applicable to an arbitrary protein. More
traditional methods such as linear and – more recently – 2D–infrared spectroscopy
also provide information that can be used to infer structural changes. However,
analysis of the spectroscopic signatures in terms of local structure has to be done
either by exploring analogies with previously investigated systems,10,11 or structure
and spectroscopy can be related by employing atomistic simulations with accurate
force fields. This has been successfully pursued over the past few years and has
made it possible to structurally assign vibrational spectroscopic signatures of
unbound CO in Mb and Ngb.12–16 These studies along with the corresponding experimental efforts have opened the possibility to use small diatomic ligands as sensitive
structural spectroscopic probes of heterogeneous environments such as the primary
(heme pocket) and several secondary (Xenon pockets) docking sites in Mb.
Likewise, the Fe-bound ligand can be used to probe the arrangement of the
protein side chains in the heme pocket. Over the years, in MbCO the three main
bands (A0, A1 and A3) were characterized in more detail.7,17 Multidimensional vibrational echo experiments18 and Molecular Dynamics (MD) simulations19 also coupled
with DFT calculations20,21 played an important role in the structural assignment of
these IR bands. Today, A0 is unambiguously considered to represent a conformational substate (CS) with the distal His64 side chain rotated out from the proximal
heme-CO active site towards the solvent. This conformation dominates at low pH
having His64 in its doubly protonated His64H+ state. Structural assignment of
bands A1 and A3 is still elusive6,17,21,22 but the majority of all recent studies suggest
His64 to be singly protonated at N3 for both bands but with different orientations
and distances to CO.19 However, even improved force fields have not yet made it
possible to unambiguously assign the three spectroscopically known substates (A0,
A1, A3) in MbCO.21 On the other hand, MD simulations together with electronic
structure calculations have been quite successful in assigning these substates to
particular bonding situations although a full characterization is also still lacking.
Another relevant aspect in using simulation and spectroscopy to explore and characterize proteins at an atomistic level is the notion that proteins typically exist in
a finite number of thermally accessible substates. It is quite likely that these CSs
are related to particular functions of the protein. However, relating structure,
dynamics, spectroscopy and function requires a multi-faceted approach and even
for the protein probably best characterized so far – myoglobin – a widely accepted
functional interpretation of the various CSs is still lacking. The CSs correspond to
local minima on the free energy landscape and are hierarchically organized.23–25
This network can nowadays be mapped out and analyzed by using MD simulations.15,26,27 The thermodynamically most stable minima can be differentiated by
vibrational spectroscopy as seen for the A0, A1, and A3 band in MbCO.3,28 The
complete ensemble of CS is interconnected on the (3N–6)–dimensional free energy
landscape where every CS is located in one of the minima in the first tier. Above
the critical glass-temperature Tc transitions between two different CSs are possible.
Thermal fluctuations in the lower tiers of the energy landscape give rise to processes
such as opening of channels and gates29,30 and small ligand diffusion through the
protein.31
Neuroglobin is another protein for which considerable experimental data relevant
to the present discussion has become available. It is classified as a member of the
vertebrate globin family of proteins and was discovered only recently in neuronal
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cells of men and mice.32–34 Although the amino acid sequence of Ngb differs by more
than 75% compared to Mb, both tertiary X-ray structures have the characteristic
three-over-three globin fold.35 Despite this structural agreement, Ngb was found
to behave differently compared to Mb in the presence of exogenous ligands such
as O2, CO or NO and consequently a different physiological role was suggested
for Ngb. For oxygenated Ngb it was found that a reaction with NO to a peroxynitrite
intermediate occurs with a fast first order rate of 200 s1 which subsequently decays
to nitrate.36 From this observation a possible physiological function as radical scavenger was suggested for Ngb.37 Ngb and Mb also differ in their ligand-free crystal
structure: While the iron atom of the heme prosthetic group in Mb remains pentacoordinated to the four porphyrin nitrogens and to the N3 atom of the proximal
His93(F8) residue, the distal His64(E7) in Ngb forms a sixth coordination to the
heme-iron.38 Several rebinding studies support the existence of this hexacoordinated
configuration by suggesting biphasic rebinding rates for exogenous ligands where in
the case of the slower rebinding rate the His64 to iron coordination needs to be
broken prior to ligand rebinding.39 Moreover, human Ngb (hNgb) which, in
contrast to mouse Ngb (mNgb), features a disulfide bond in the CD-loop was found
to lower its O2 affinity when removing the S]S bond.40 All these observations lead
to the assumption that the functional differences between Mb and among different
Ngb families are strongly related to protein dynamics rather than to structural
differences.
To better understand the relationship between spectroscopy and the underlying
CSs in bound NgbCO, MD simulations were used together with electronic structure
calculations. The following section presents the computational strategies employed.
Subsequently the results are discussed and compared with recent experiments.10,11

2. Methods
All MD simulations were carried out with the CHARMM program41 and the
CHARMM27 force field.42 For the present study the bis-His-coordinated structure
for human neuroglobin (hNgb, PDB code 1OJ635) and the CO-bound structure for
mouse neuroglobin (mNgb, PDB code 1W9243) were used. In the absence of a suitable X-ray structure, hNgb (PDB 1OJ6) was modified by replacing Ser46 and Ser55
by cysteines, forming the disulfide bond between the two residues, breaking the
His64–Fe bond, introducing the bound CO-ligand, and extensively equilibrating
the structure (see below). This structure is referred to as N (native) in the following.
For the mutant M the X-ray structure of mNgb was used as it is the only one with
a bound CO-ligand, the tertiary structures between PDB codes 1OJ6 and 1W92 do
 and because it shares a high
not differ considerably (backbone RMSD ¼ 2.1 A),
degree of sequence identity (94%) with hNgb. Proteins N and M allow us to study
systems closely related to the ones used in the spectroscopic work.10,11
Structure N was prepared in the following way: Missing H-atoms were added to
monomer D of PDB code 1OJ6. The protein was solvated in a periodic waterbox
3. All hydrogen atoms in the systems were minimized
with dimensions 41  61  56 A
for 500 steps with the steepest descent method and another 1000 steps with the
Adopted Basis Newton-Raphson algorithm.44 The same procedure was repeated
for all water molecules and for residues 44 to 58 which include the CD loop and residues Cys46 and Cys55 linked through a disulfide bond. After heating the system
from 20 to 300 K for 40 ps and equilibrating for an additional 250 ps at 300 K
 compared to the initial structure. Subsethe Ca atom RMSD converged to 1.3 A
quently a heme-bound CO was added to this structure and the equilibration was

continued for another 250 ps after which the backbone RMSD stabilized at 1.1 A
 compared to the previous equilibration and the initial structure, respecand 1.5 A
tively.
After adding H-atoms to the crystal structure of M (PDB 1W92) both proteins
(N and M) were treated identically. All protonation states for His64, including
This journal is ª The Royal Society of Chemistry 2011
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protonation at N3 (His364), Nd (Hisd64), and the doubly protonated histidine
(His64H+), were generated. As the simulation is focused on the region surrounding
the heme group, stochastic boundaries45 were used for the MD production phase to
increase computational efficiency. The heme pocket was solvated by three sequential
layers of water molecules around the center of mass of the four porphyrin nitrogens

of the heme prosthetic group, and a solvent boundary potential with a radius of 25 A

was applied to constrain the water molecules. A ‘‘reaction region’’ of radius 16 A
centered on the heme was defined, inside which the system was propagated with

Newtonian dynamics. The dynamics of the buffer region between 16 and 20 A
from the center was described using Langevin dynamics. After solvation, the N
system consisted of 2446 protein atoms (2447 for His64H+) and 1713 water molecules whereas M contains 2465 protein atoms (2466 for His64H+) and 1450 water
molecules. Each system was heated from 100 to 300 K for 50 ps and equilibrated
for another 100 ps. The final RMSD of the Ca atoms with respect to the crystal
 for N and 1.7 A
 for M, respecstructures (PDB codes 1OJ6 and 1W92) was 1.9 A
tively. Subsequently, forty snapshots from 2 ns of equilibrium MD simulations
were analyzed further for each system (i.e., M and N and all His64 protonation
states) giving a total of 240 analyzed structures.
To analyze more distant fluctuations around the CD-loop and cavity volumes,
His64H+ M and MbCO with periodic boundary conditions were prepared following
the same protocol as described above for the preparation of N. For MbCO the initial
coordinates were from the crystal structure with PDB code 1A6G. After heating and
 compared
equilibration, the RMSD of the Ca atoms in MbCO converged at z1.2 A

to the X-ray structure. In M the RMSD stabilized at z1.5 A.
All electronic structure calculations were carried out with the Gaussian 03 suite of
programs46 and DFT with the hybrid B3LYP functional.47,48 The heme group,
bound CO, distal His64, and proximal His93 residue were treated quantum mechanically. His64 was represented by its imidazole side chain, capped with a methyl
group. A double-z VDZ basis set was used for the CO ligand, Fe, and N atoms,
whereas the remainder of the QM system was treated with the smaller 3-21G basis
set. Remaining protein and solvent atoms were represented as point charges from
the CHARMM27 force field placed at the respective atomic coordinates. This
approach was successful in previous studies on bound and photodissociated
MbCO.21,49 Subsequently, the fundamental vibration frequency was obtained from
the one-dimensional Schr€
odinger equation: The CO bond energy was sampled at
 intervals of r, around re, the CO equilibrium distance and the energies
eleven 0.025 A
V(r) were fitted to a Morse function
V(r) ¼ De(1  exp(b(r  re)))

(1)

where b and De were allowed to vary. Bound vibrational states supported by V(r)
were then calculated with LEVEL.50 Vibrational frequencies calculated in this way
are referred to as DFT/QM and allow quantitative computation of CO-vibrational
frequency shifts induced by the conformational and electrostatic environment of the
protein.

3. Results
This section separately presents the theoretical spectra obtained from the DFT/QM
calculations for M and N. Then the identified band positions are analyzed in structural terms.
3.1 Computed NgbCO spectra
Mouse NgbCO. The calculated band distribution for M together with a superposition of four independent Gauss-functions is shown in Fig. 1A and B. Due to the
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Fig. 1 Theoretical IR CO stretching spectra represented as histograms and calculated as
described in the Methods section. The dashed lines are Gaussian fits to guide the eye. A: Relative frequency shifts to the calculated His64H+ (black) band maximum in mNgbCO (M) for the
His364 (red) and Hisd64 (green) tautomers. B: Same as A but all water molecules within the
active site are removed from the snapshots prior to the frequency calculation. C: Relative
frequency shifts to the calculated His64H+ (black) band maximum in hNgbCO (N) for the
His364 (red) and Hisd64 (green) tautomers. D: Same as C but all water molecules within the
active site removed from the snapshots prior to the frequency calculation. E: Relative frequency
shifts to the calculated His64H+ band position in wt MbCO for the His364 (red) and Hisd64
(green) MbCO tautomer taken from Ref. 21.

larger number of water molecules within the active site of Ngb compared to Mb, the
QM scans were performed in two different ways: once including all charges of the
water molecules (‘‘wet’’) with their geometries fixed in the corresponding snapshot
 around
(Fig. 1A) and once with all waters removed (‘‘dry’’) within a radius of 5 A
the CO molecule (Fig. 1B). In the following the calculated His64H+ band-center,
estimated from the frequency distribution of all 40 snapshots (at 2094.8 cm1 in
the ‘‘wet’’ and at 2095.1 cm1 in the ‘‘dry’’ state) is taken as reference. All other
frequencies are reported relative to these values and are summarized in Table 1.
The Hisd64 band distributions (green) in Fig. 1A and B each have two peaks. The
two band centers can be fit with a sum of two Gaussian functions centered at 9 and
+7 cm1 (1A) and at 13 and +16 cm1 (1B). The frequency range of Hisd64 covers
roughly the same region as His64H+. The distribution of computed IR bands from
the His364 snapshots is predominantly redshifted (1A) with a maximum
at z17 cm1 for the ‘‘wet’’ protein and at z29 cm1 for the ‘‘dry’’ one. Although
there may be a splitting for ‘‘wet’’ His364 (19 and 30 cm1), it is not found for the
corresponding ‘‘dry’’ form (Fig. 1B). This suggests that the splitting arises from
interaction with water and does not represent an intrinsic property of one or several
protein conformations.
Human NgbCO. Fig. 1C and D show calculated spectra for the ‘‘wet’’ and the
‘‘dry’’ N system. Again, the His64H+ band which shows one distinct maximum
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Band shifts of His364 and Hisd64 protonation states relative to His64H+ in M, N and
MbCO calculated from MD snapshots and their DFT CO stretching potential as described in
the methods section. Values for MbCO are taken from Ref. 21
CO band shift
relative to
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the His64H+ peak
fully solvated [cm1]
dry active site [cm1]

Protein
His364
M
17
29

Hisd64
M
9, +7
13, +16

His364
N
+4
11

Hisd64
N
+2, +29
4, +18

His364
MbCO
12
—

Hisd64
MbCO
+16
—

peak (2081.5 cm1 ‘‘wet’’, 2092.9 cm1 ‘‘dry’’) is the reference and the spectra of the
two tautomeric forms are reported relative to it. Absolute band peaks of the
His64H+ frequency distribution in ‘‘dry’’ N differ only by 1.9 cm1 compared to
the corresponding one in M. The same distribution in full solvation is redshifted
by 13.3 cm1 compared to M which is likely due to the increased presence of water
molecules within the active-site in N (90 deleted water molecules for the His64H+
spectrum in Fig. 1D vs. Fig. 1C compared to only 56 waters in Fig. 1B vs. Fig. 1A).
The Hisd64 band distributions show distinct separations into two peaks. The spectrum (Fig. 1C) for the ‘‘wet’’ protein is split by 27 cm1 with both peaks shifted to the
blue relative to His64H+. The Hisd64 band separation for the ‘‘dry’’ system in
Fig. 1D is 22 cm1. Its low energy peak is redshifted by 4 cm1 and the high energy
band is blueshifted by +18 cm1. The difference of two blueshifts in spectra of the
‘‘wet’’ and the ‘‘dry’’ systems is related to the difference of the absolute band positions of His64H+ as mentioned in the previous paragraph.
The computed His364 N IR spectra in Fig. 1 are single peaked having the band
center located at +4.2 cm1 (‘‘wet’’) and 11 cm1 (‘‘dry’’). These bandshifts are
smaller compared to the corresponding ones in M (Table 1).
3.2 Structural assignments of the peak positions
Double protonation of His64, which introduces a positive charge on this side chain,
is known to render this residue more hydrophilic.28 The positive charge on His64H+
is expected to expose its side chain preferably to the solvent.7,21 The present MD
simulations show this for both Ngb variants, M and N. Starting from a ‘‘closed’’
(strongly interacting with the bound CO) His64H+ NgbCO conformation the
protein equilibrates after heating to 300 K within a few hundred ps into an
‘‘open’’ (solvent exposed) one. The Gaussian fitted spectra in Fig. 1A and B show
one distinct peak. Representative heme-aligned snapshots from the low-energy
(white and blue), band center (red) and high-energy (green) region of the calculated
His64H+ M band distribution are shown in Fig. 2. In all cases, His64H+ is found in
its solvent-exposed, open conformation and both, His64H+ and Phe28, the two residues closest to CO fluctuate considerably. For example, for the white and blue structures in Fig. 2, which both correspond to spectral features redshifted by z20 cm1,
 and 6.2 A
 respecthe RMSD of the side chain atoms of His64H+ and Phe28 is 5.7 A
tively. Thus, even with strong structural rearrangements the open conformation in
NgbCO does only moderately affect the CO infrared spectrum.
Fig. 3A displays the 40 frequency shifts for ‘‘dry’’ His364 M (diamonds) and N
(circles) as a function of the H to OCO distance rH. The straight lines are regression
1 with a standard
fits y ¼ a + br to the data points. The fit yields bM ¼ 21.4 cm1 A
1 where the subscript text refers to the mutant M.
deviation of sb,M ¼ 3.6 cm1 A
1 and sb,N ¼ 2.8 cm1 A
1. Therefore,
For N the parameters are bN ¼ 22.7 cm1 A
the CO stretching frequency shifts equally strongly with varying His64-NH3 to CO
380 | Faraday Discuss., 2011, 150, 375–390

This journal is ª The Royal Society of Chemistry 2011

Published on 17 May 2011. Downloaded by ETH-Zurich on 25/02/2014 15:55:17.

View Article Online

Fig. 2 Representative His64H+ M structures corresponding to low-frequency (white and
blue), z0 cm1 shift frequency (red) and high-frequency (green) CO stretching vibrations.
 around CO are shown additionally.
Eleven water molecules within a radius of 5 A

Fig. 3 A: CO-stretch frequency shift distribution of all ‘‘dry’’ His364 M (diamonds) and N
(circles) snapshots as a function of the His64-N3H to CO oxygen distance rH. The solid (M)
and dashed (N) lines represent linear regressions. B: Representative His364 M structures
selected from different regions of Figure A (color-coded) C: The same as in B but for His364 N.
This journal is ª The Royal Society of Chemistry 2011
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oxygen distances in both proteins. The intercepts a differ by 6.9 cm1 which suggests
that the CO stretching frequencies in M are typically more blueshifted compared to
the configurations in N for the same distance rH. The blueshift not only depends on
rH but also on the strength of the N3H–O hydrogen bond. The average angle qNHO
over all forty snapshots of M is 138.1 whereas for N qNHO ¼ 99.2 which is far away
from typical H-bonding geometries. Fig. 3B and C show each three typical structures
for the His364 protonation state from different regions in Fig. 3A (indicated by the
corresponding color-code). These representations illustrate the orientational trends
described above. For both proteins the green structures are related to CO bands with

strong blueshifts (40 to 50 cm1). Both structures also have a short (rH z 2.1 A)
and predominantly linear H-bond (qNHO ¼ 162 for M and qNHO ¼ 147 for N),
respectively. The structures shown in red in Fig. 3B and C are representative for
the center of each frequency distribution in Fig. 3A and their H-bond appears
 and qNHO ¼ 115 in M and qNHO ¼ 87 in N) whereas the
weaker (rH z 3.0 A
blue structures (3B and C) correspond to weak or nonexistent H-bonds with
 qNHO ¼ 107 (M) and rH ¼ 4.3 A,
 qNHO ¼ 63 (N), respectively).
(rH ¼ 3.6 A,
The CO stretching frequency calculated from the blue N structure is one of the
rare redshifted ones of this protein configuration. This is related to the fact that
the His364-imidazole side chain is rotated by z90 away from an optimal interaction
of N3H with the CO oxygen.
Fig. 4A shows two graphs of the CO stretch frequency shifts in ‘‘dry’’ Hisd64 M
(top) and N (bottom) as a function of the N3,His64 to OCO distance rN. In the figure,
the structures are also grouped into those having either the N3 (triangles) or the Nd
(squares) of His64 closer to the OCO. This separation corresponds to clustering the
data into two rotameric forms of the Hisd64 side chain for which representative
structures are shown in red and green in Fig. 4B and C. The linear regression coef1 and bN ¼ 24.6 cm1 A
1 with standard errors
ficients are bM ¼ 11.9 cm1 A
1. Therefore the frequency shift is more sensitive to rN
sb,M ¼ sb,N ¼ 2.4 cm1 A
for the native protein than for the mutant. The blue structures in Fig. 4B and C
represent structures which are either reminiscent of His364 protonation (for M,
see Fig. 3A) or strongly deviate from the linear regression curve (for N).
In the M structure the imidazole ring of the blue Hisd64 side chain is oriented in an
intermediate conformation between the red and green rotamers and therefore does
not properly fit into any of the two groups. The blue N structure in Fig. 4C is reminiscent of the open conformation and comparable to the His64H+ configurations.
Therefore it deviates more strongly from the linear regression curve. In both proteins
(Hisd64 M and N) the side chain of Phe28 is also found to be correlated with the
frequency distribution and the Hisd64 orientational distribution. In the high
frequency structures (rotamers as described by the red structures in Fig. 4B and
C) the phenyl ring of Phe28 is closer to the bound CO while in the low frequency
structures (green in Fig. 4B and C) it is more oriented towards the B0 docking site
recently discovered for this protein.15 Regarding a possible CO dissociation event
the green structures are therefore more likely to offer an initial migration of CO
into the docking sites B00 and F, identified in the same work, whereas residues
His64 and Phe28 in the red CS rather close the passage to this site and guide the
dissociated ligand towards sites C (Xe4), D (Xe1) and E (Xe2).

4. Discussion
This section discusses the results from the present study with the findings of the spectroscopic experiments.10,11 Furthermore, the results are also discussed in relation to
MbCO. The spectroscopic studies were carried out with two sequences: native hNgb
(called N in the following) which differs from the crystallized sequence by the presence of a Cys46–Cys55 disulfide bond, and a mutated sequence (M) in which the two
cysteines are replaced by serines.10,11
382 | Faraday Discuss., 2011, 150, 375–390
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Fig. 4 A: CO-stretch frequency shift distribution of all ‘‘dry’’ Hisd64 M (top graph) and N
(bottom graph) snapshots as a function of the His64-N3 to CO oxygen distance rN. Frequencies
marked by triangles correspond to structures with His64N3 closer to the oxygen of CO than
His64Nd. Squares correspond to the reverse situation. The solid lines are linear regressions
for each distribution. B: Representative structures from different regions of the frequency
distribution of Hisd64 M in Fig. A (color-coded). C: Same as B but for Hisd64 N.

4.1 Comparison with experimental NgbCO spectra
FTIR experiments of NgbCO found two major CO stretching bands N0 and N3
(see Table 2) which were discussed by comparing with the A0 and A3 bands in
MbCO.10,11,17 To provide structural insight, assignments based on analogies to
potentially related bands in MbCO mutants were explored. The frequency of the
N3 band (1933.4 cm1) in the spectrum of N is near the A3 substate (1931.8 cm1)
in L29F MbCO and N0 (at 1968.1 cm1) has almost the same frequency as the A0
state (1968.0 cm1) in H64V MbCO. At lower pH, the N0 intensity is larger than
that of N351 suggesting that the N0 band may be structurally related to His64H+
NgbCO. Similarly, substate N3 was proposed to originate from N3H interacting
via H-bonding with the bound CO in His364 NgbCO.10,51
The structures of His364 M and N in Fig. 3A and B are supportive of such assignments. Furthermore, the frequency shift between the calculated spectra of the
His64H+ and His364 protonation states in Table 1 qualitatively agree with the experimental N0–N3 band splitting of z 28 (M) and 36 cm1 (N), respectively. This
corroborates the assignment of the two experimental bands to an open His64H+
and a closed His364 tautomeric substate. Quantitatively the computed M and N
band splittings somewhat underestimate the experimental band separation.
This journal is ª The Royal Society of Chemistry 2011
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Table 2 Collection of experimental CO stretching modes relative to the A0 band wt MbCO.
The absolute frequencies taken from the related references are: wt MbCO A0 ¼ 1965 cm1,17
A1 ¼ 1949 cm1,17 A3 ¼ 1933 cm1;17 H64V MbCO 1968 cm1;10 L29F MbCO 1932 cm1;10
N N0 ¼ 1969 cm1,11 N3 ¼ 1933 cm1;11 M N00 ¼ 1954 cm1,11 N000 ¼ 1965 cm1,11
N3 ¼ 1933 cm1.11)
Protein/band

nCO, cm1

wt MbCO A0
wt MbCO A1
wt MbCO A3
H64V MbCO
L29F MbCO
N N0
M N00
M N000
N N3
M N3

0
16
32
+3
33
+4
11
0
32
32

The ‘‘dry’’ form of M (Fig. 1B) yields a His64H+ to His364 band splitting of
29 cm1 whereas in ‘‘dry’’ N it is reduced to 11 cm1 (Fig. 1D) and becomes
even slightly positive for ‘‘wet’’ N (Fig. 1C). This can be caused by the more
pronounced solvation of N compared to M. An analysis of the protein cavities
3 whereas in
near the CD-loop (see Fig. 5) shows the average volume in M is 18 A
3

N it is 24 A . The hydrogen bond network in N is more extended and reaches
even the CD-loop cavity. The reduced degrees of freedom in N compared to M
(Cys46–Cys55 bond) positions Tyr44 preferentially towards the bulk. This CS allows
water molecules between the CD-loop and the primary docking site. The average
number of water molecules in the distal heme cavity along the 500 ps MD simulation
is 1.5, 1.7, and 2.2 molecules for MbCO, M, and N, respectively. In MbCO and M
one water molecule enters and one leaves the active site during the simulation,
whereas in N two enter and one leaves. The more pronounced presence of water
in N may also be an explanation for the experimentally observed lowering of O2
affinity when the disulfide bond is removed.52 Without the available space, not
only water molecules can less easily access the active site but also an exogenous
ligand.
The computed spectra for the native and the mutant protein in their His64H+ and
Hisd64 states show that they partly overlap. This is particularly pronounced for the
‘‘dry’’ states (Fig. 1). As the Hisd64 spectra show a bimodal distribution throughout,
it is of interest to explore whether conformational dynamics between the two states
can be observed and on which time scale this occurs. An additional 60 ns MD simulation of Hisd64 N sampled around fifty transitions between structures with Nd
(green structures in Fig. 4B) or N3 closer to the CO ligand (red structures in
Fig. 4B), respectively. The two states correspond to a Ca-Cb-Cg-Cd2 dihedral angle
of z +100 and z 100 , respectively. Fig. 6 shows that the rotamer with Nd closer
to the CO ligand is preferred over that with N3 closer to CO by a factor of z10
which corresponds to an equilibrium constant K ¼ 0.1 for transitions between the
two conformations. From
DG. ¼ RT ln(K),

(2)

a differential stabilization energy DG. ¼ 1.3 kcal mol1 is obtained, where R is the
gas constant and T ¼ 300 K is the simulation temperature. The average residence
time of the less stable conformation (red snapshots in Fig. 4B) is around 600 ps.
Such a time scale for interconversion between two different but structurally related
states N00 and N000 of the N0 peak, is in qualitative agreement with observing a static
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Fig. 5 Combined distal site cavity network extracted from ten individual snapshots along an
equilibrated 500 ps MD simulations for His64H+ MbCO, M and N at 300 K. The transparent
white volume maps correspond to 10% population density of the cavity. Pockets were identified
by the program SURFNET.57 Water molecules, extracted from one characteristic snapshot in
each system, which are occupying the pockets or are located at the protein interface next to
a pocket are shown in CPK representation. Hydrogen bonds between the waters indicate the
increasing formation of a hydrogen bond network from the bulk into the heme active site in
going from MbCO over M to N.

component in the frequency–frequency correlation functions (FFCFs) indicative of
sufficiently slow (several 100 ps) structural dynamics of the protein.10 Given that
spectroscopically the His64H+ and Hisd64 states partly overlap – with the Hisd64
contribution occluded by the more prevalent His64H+ state – and that the two
components of the Hisd64 state interconvert on a time scale of several hundred picoseconds in the simulations, supports the existence of both, His64H+ and Hisd64
protonation. Further evidence for Hisd64 protonation comes from earlier IR experiments.51 They observed that the N0 substate in NgbCO at neutral pH (only a smaller
amount of His64 is doubly protonated (His64H+) and hence in the open
This journal is ª The Royal Society of Chemistry 2011

Faraday Discuss., 2011, 150, 375–390 | 385

Published on 17 May 2011. Downloaded by ETH-Zurich on 25/02/2014 15:55:17.

View Article Online

Fig. 6 Normalized population distribution of the Cb–Cg torsional angle of residue Hisd64 for
60 ns of MD simulation. Structures at z 100 reflect the rotameric conformation shown as
a red snapshot in Fig. 4B and angles of z100 represent the green structures in the same
Figure.

conformation) shows a significantly larger contribution (40%) compared to the corresponding A0 substate in MbCO. Therefore, the additional N0 contribution at pH 7
most likely derives from the singly protonated His64 tautomer (e.g. Hisd64). Finally,
as will be discussed further below, the existence and population of Hisd64 is also
required in Ngb for functional reasons.
4.2 Comparison with MbCO
The close structural relationship between NgbCO and MbCO and the extensive
experimental and theoretical data available for MbCO makes this protein an ideal
candidate for comparison with NgbCO. The L29F mutation in MbCO mimics the
active site environment of closed NgbCO with a unique IR absorption band at
1932 cm1, whereas the H64V MbCO mutant lacks the His64 side chain and represents an open active site conformation of MbCO with a CO IR band at 1968 cm1.53
The individual IR peak positions of L29F and H64V MbCO have similar wavelengths compared to the corresponding A3 and A0 states in wt MbCO. Similarly,
the N0 and N3 bands of N also appear in the same region blueshifted only by
1 cm1 compared to L29F and H64V MbCO. Moreover, FTIR experiments on
NgbCO which have the distal His64 residue substituted by nonpolar amino acids
like valine or alanine show also an increase in the population of the N0 substate.51
A comparison of the computed NgbCO band positions with those in MbCO21
show several differences. First, the CO frequency distribution for the His64H+
configurations in wt MbCO peaks at 2103 cm1 whereas for His64H+ in M and N
it is at z2094 cm1. This corresponds to a redshift of 9 cm1. Other differences
between the computed band positions of wt MbCO and M/N are mainly found
for the Hisd64 configurations. Fig. 1E shows the calculated bandshifts for His364
(red) and Hisd64 (green) relative to His64H+ wt MbCO from Ref. 21. The His364
frequency distribution in wt MbCO is redshifted as it is found for both ‘‘dry’’ forms
of M and N (1B and D) and shows one single peak. Contrary to the spectra of
Hisd64 M and N, the corresponding frequency in MbCO is blueshifted and shows
only one distinct peak. More detailed analysis of the positions of the experimentally
determined N00 and N000 bands reveal a 11 cm1 redshift for N00 relative to wt
MbCO A0. This agrees favourably with the computed bandshift of His64H+ M/N
versus His64H+ MbCO. Thus, it is quite possible that the suggested open
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conformation in NgbCO is primarily related to the N00 substate and not to N000
although it peaks at the same wavelength as A0 in wt MbCO.
In MbCO, the calculated spectra for Hisd64 are blueshifted relative to His64H+
(1E) but experimentally no IR bands were observed with energies higher than the
A0 band. Thus, the presence of a Hisd64 configuration was excluded in recent simulations.21 This is also consistent with His364 in Mb found by experiment and simulations.5,54 Two possible rotamers of His364 MbCO have previously been assigned to
the (weak) A1 and (dominant) A3 bands using QM/MM17 and pure MM simulations.19 Both studies independently suggested similar conformations for A1 and
A3. The A3 conformation has the imidazole side chain of His64 oriented with the
N3–H pointing towards the iron-bound CO and the unprotonated Nd to the solvent
exposed side of the protein. This His64 orientation corresponds to the majority of
sampled His364 M and N conformations in the present work (green structures in
Fig. 3A and B) which we assigned to the N3 band. Corresponding to the weak A1
band in MbCO an even weaker N1,2 band has been reported from FTIR studies.51
However, no such state was found in the present simulations.
Contrary to MbCO, the Hisd64 configuration is expected to be present to some
extent in NgbCO because it is required for formation of the bis-His hexacoordinated
state in the absence of an exogenous ligand.38 The position of the hydrogen atom
bound to Nd (NdH) in Hisd64 NgbCO is not suitable to establish a stable H-bond
to a heme-bound CO similar to the N3H in His364 NgbCO. Therefore the transition
barrier between the rotamers is expected to be smaller in Hisd64 NgbCO compared
to the His364 NgbCO. Surprisingly, none of the previous experimental NgbCO
FTIR studies suggested contributions from either one or both of the Hisd64 NgbCO
rotamers. Nevertheless, the present simulations of the Hisd64 tautomers in M and N
found both rotameric forms of Hisd64 and assigned the conformation with the N3
facing towards the solvent side of the protein to the low-energy peak in Fig. 1A
to D and one with N3 towards the protein interior to the high-energy peak.
A more detailed comparison of the two rotamers shows that the low energy peaks
of the Hisd64 M and N spectra (Table 1 and green squares in Fig. 4A) better agree
with the N00 band position and the N000 FTIR band could correspond to the blueshifted Hisd64 M and N peak (red triangles in Fig. 4A). The observed band-splitting
between N00 and N000 is only 11 cm1 whereas the computed splitting is z2 times
larger. It should be noted that one of the two substates (N00 ) is not shifted relative
to the spectra corresponding to His64H+ and could therefore be masked by the
dominant His64H+ protonation state (see discussion above). Similarly, in MbCO
it was suggested that small contributions of the His364 rotamer (responsible for
the A1 band) contribute to the A0 band.17

5. Conclusion
Increased structural dynamics and a larger active site cavity makes the structural
interpretation of spectroscopic states in NgbCO considerably more challenging
compared to MbCO. Here, we used MD simulations in conjunction with QM/
MM calculations to shed more light into the structural interpretation of spectroscopic experiments on NgbCO. Previously, Ngb spectra were analyzed indirectly
by comparing with and capitalizing on analogies with wt and mutant Myoglobins.10,11 Assignments from analogies may be valid but a more direct approach is
preferable, as it can not only provide a more fundamental understanding, but also
scrutinize the validity of ‘‘assignment from analogy’’.
The calculations support the previous assignment of the N3 peak to a closed His364
conformation with a strong His364 N3–H to CO interaction. The N0 band (with two
substates N00 and N000 ) is assigned to an open active site structure with the His64
residue oriented towards the solvent and no interaction with the bound CO-ligand.
The present MD simulations of His64H+ NgbCO represent this CS closest. More
detailed comparison of the computed spectra with MbCO suggests the conformational
This journal is ª The Royal Society of Chemistry 2011

Faraday Discuss., 2011, 150, 375–390 | 387

Published on 17 May 2011. Downloaded by ETH-Zurich on 25/02/2014 15:55:17.

View Article Online

sampling of His64H+ M and N to be more closely related to N00 . In contrast to MbCO,
the Hisd64 tautomer is expected for NgbCO to allow formation of the bis-His coordinated state.38 The calculations for Hisd64 M and N revealed a band splitting into two
specific rotamers which were not found experimentally so far. The low-energy peak in
the computed spectrum is close to the IR-band maximum computed for His64H+
NgbCO and we therefore suggest this conformation to also contribute to the N00
band. However, the band is masked, probably due to spectral overlap. Such spectral
masking of the bands corresponding to the two different His64 protonation states
may also be responsible for the different relaxation times of the N0 state. The highenergy band representing the second His64 rotamer of Hisd64 NgbCO was always
blueshifted relative to His64H+ and is assigned to the N000 substate.
Finally, the simulations find considerably reduced conformational dynamics in N
compared to M due to the disulfide bond in N. Experimentally, the rate of structural
fluctuations in wild type (with disulfide bond), reduced wild type (without disulfide
bond) and a serine mutant has been found to be very different on the time scale of
several ten picoseconds by following the spectroscopy of the N0 and the N3 states.11
Two independent 1 ns MD simulations of fully solvated M and N at 300 K show an
 of the backbone atoms in the CD-loop (resiaverage fluctuation of RMSD ¼ 0.86 A
 in M whereas the overall protein backbone
dues 44 to 58) for N compared to 1.36 A
 This,
fluctuations in N and M differ considerably less (RMSD difference 0.16 A).
however, does not provide any information on the time scale of the fluctuations.
A larger distal site cavity for M and especially N makes the active site more accessible for bulk water molecules which may contribute to a slowing down of the relaxational dynamics through vibrational coupling. However, to fully characterize such
effects a complete analysis of the lineshapes55 is required which is not possible
with the present approach due to the large QM region employed and outside the
scope of the present work. Alternatively, improved force fields – similar to those
developed for unligated CO12,14 – capable of capturing details of the electrostatic
interactions in the active site and the coupling between different vibrational degrees
of freedom may be envisaged.56
In summary, atomistic simulations have provided structural assignments of the
spectroscopic features N0 (open His64H+) and N3 (closed His364) and support the
presence of a Hisd64 tautomer which is involved in the substates N00 and N000 .
The dynamics between N00 and N000 (Nd or N3 closer to the CO ligand, respectively)
occurs on a time scale of several hundred picoseconds which corresponds to experimentally observed conformational dynamics of the N0 peak from the static component of the FFCF. These results give independent insight into the relationship
between conformational dynamics and spectroscopy in NgbCO and provides the
basis for further understanding. With the approach chosen here it is possible to
corroborate previous but indirectly inferred assignments and to extend the characterization of the active site dynamics in NgbCO.
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