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Intramolecular disulfide bonds are understood to play a role in
regulating protein stability and activity. Because disulfide bonds
covalently link different components of a protein, they influence
protein structure. However, the effects of disulfide bonds on fast
(subpicosecond to �100 ps) protein equilibrium structural fluctu-
ations have not been characterized experimentally. Here, ultrafast
2D-IR vibrational echo spectroscopy is used to examine the con-
straints an intramolecular disulfide bond places on the structural
fluctuations of the protein neuroglobin (Ngb). Ngb is a globin
family protein found in vertebrate brains that binds oxygen re-
versibly. Like myoglobin (Mb), Ngb has the classical globin fold and
key residues around the heme are conserved. Furthermore, the
heme-ligated CO vibrational spectra of Mb (Mb-CO) and Ngb
(Ngb-CO) are virtually identical. However, in contrast to Mb,
human Ngb has an intramolecular disulfide bond that affects its
oxygen affinity and protein stability. By using 2D-IR vibrational
echo spectroscopy, we investigated the equilibrium protein dy-
namics of Ngb-CO by observing the CO spectral diffusion (time
dependence of the 2D-IR line shapes) with and without the disul-
fide bond. Despite the similarity of the linear FTIR spectra of
Ngb-CO with and without the disulfide bond, 2D-IR measurements
reveal that the equilibrium sampling of different protein configu-
rations is accelerated by disruption of the disulfide bond. The
observations indicate that the intramolecular disulfide bond in Ngb
acts as an inhibitor of fast protein dynamics even though elimi-
nating it does not produce significant conformational change in
the protein’s structure.

FTIR � neuroglobin � ultrafast 2D-IR

Intramolecular covalent disulfide bonds take part in the regu-
lation of protein folding, stability, and activity (1–3). In

addition, several studies have indicated that intramolecular
disulfide bonds act as a regulatory switch in cells. In bacterial
transcription factor OxyR, reversible disulfide bond formation
induces protein conformational changes and acts as a transcrip-
tional switch (4). Redox-dependent cysteine oxidation systems
have been proposed for mammalian cells (2). Disulfide-
dependent structural configurations have been investigated by
NMR (5–7). Because the disulfide bonds are structural elements,
local and global protein structural dynamics can be regulated by
such bonds. Several molecular dynamics (MD) simulation stud-
ies have elucidated the importance of disulfide bonds on the
protein motions (8, 9). However, the effects of the bonds on fast
(subpicosecond to �100 ps) protein dynamics have not been
directly characterized experimentally.

To explicate the influence of a disulfide bond on the fast
protein structural dynamics, we investigated human neuroglobin
(Ngb). Ngb is a recently discovered family of vertebrate globin
proteins that are expressed in the brain and other nerve tissues
(10). The 3D structures of Ngb from human and mouse have
been published (11–13). The structure for Ngb is similar to that
of myoglobin (Mb), although Ngb shows only minor correspon-
dence at the amino acid level to Mb (10). An interesting feature

for Ngb is that structural analysis has shown the presence in
human Ngb of an intramolecular disulfide bond (14, 15), al-
though the 3D structure of human Ngb was solved for the mutant
protein with serines substituted for cysteines (11–13). The heme
iron in both the ferrous and ferric forms of Ngb is hexacoordi-
nated (11, 12), in contrast to mammalian Mb and Hb, which
contain pentacoordinated heme iron. Although hexacoordi-
nated heme has been reported in plant, bacteria, and inverte-
brate globins, its physiological significance is not yet understood
(16). In Ngb, an external gaseous ligand must compete with the
sixth ligand, the distal histidine (E7 in helix notation), for
binding.

Eliminating the disulfide bond by substitution of the cysteine
residues by serine or by reduction of the cysteines in human Ngb
lowers the O2 affinity in vitro (15). Although the physiological
role of the disulfide bond in human Ngb is not clear, hypoxia may
induce the reduction of the disulfide bond and result in a
subsequent release of O2 (15). The affinity of sixth heme ligand,
the distal histidine, is also affected by the formation of the
disulfide bond (15). The disruption of the disulfide bond in the
ferric form of human Ngb or the reduction of the heme iron in
mouse Ngb result in higher thermal stability. The increased
stability is explained by a change in the affinity of the distal
histidine for the heme iron (17). These results suggest that the
formation of the intramolecular disulfide bond stresses the
protein, and breaking the disulfide bond provides additional
structural degrees of freedom of the protein, resulting in an
increased affinity for O2 binding.

In this study, the effect of the intramolecular disulfide bond in
human Ngb on fast protein dynamics is examined by using
ultrafast 2D-IR vibrational echo spectroscopy, which has been
used to measure heme protein equilibrium structural f luctua-
tions on time scales ranging from subpicosecond to 100 ps
(18–21). 2D-IR experiments have also been used to examine
structure and dynamics in a variety of nonheme proteins (20–23).
For heme proteins, 2D-IR vibrational echo experiments use the
heme-ligated CO vibration as a direct sensor of protein dynamics
by reporting on spectral diffusion (18, 24). The IR linear
absorption spectrum of the CO-stretching mode of heme pro-
teins generally displays several bands. The different bands reflect
structural differences, that is, distinct structural substates, and
the width of the bands reflect the range of CO vibrational
energies that are associated with the distribution of protein
structural configurations of each substate (18, 25). The linear IR
absorption spectrum cannot provide information on a protein’s
structural dynamics. The dynamical information is obtained
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from the time evolution of the 2D-IR line shapes that are
acquired with the vibrational echo experiments (24).

The FTIR spectra of CO bound to the ferrous heme iron of
human Ngb were essentially unaffected by the reduction of the
disulfide bond. However, 2D-IR measurements on the Ngb-CO
revealed that the structural f luctuations of Ngb are constrained
by the formation of the disulfide bond. When the disulfide bond
is removed, the rates of fast protein structural f luctuations
increase. Because the distance between the disulfide bond and
heme iron is �20 Å, the changes in dynamics in Ngb are not
induced by the direct interaction of the oxidized cysteine resi-
dues with the CO bound at the active site. Detailed analysis of
the time-dependent changes in the 2D-IR vibrational echo
spectra for Ngb with and without the disulfide bond demonstrate
that the fast global equilibrium structural f luctuations of the
protein are influenced by the presence of the disulfide bond.

Results and Discussion
Linear FTIR Spectroscopy. The background-subtracted linear FTIR
spectra of CO bound to human Ngb with the disulfide bond
(wt-Ngb), with the disulfide bond eliminated by reduction (red-
Ngb), and the mutant Ngb with disulfide bond eliminated
because the three cysteines are replaced by serines (CCC3 SSS)
(3cs-Ngb) are shown in Fig. 1. The cysteine 120 is at the surface
of the protein and does not participate in the disulfide bond (15).
However, we studied the 3cs-Ngb mutant because ligand binding
and denaturation studies were performed on it (15, 17). In the
spectrum of wt-Ngb (solid curve), there are two CO bands at
1,932 cm�1 and 1,968 cm�1. These have been called the N3 (lower
frequency) and N0 (higher frequency) conformers, respectively,
in analogy to the A3 and A0 bands of Mb (26–28). The significant
width of the CO-stretching bands of Ngb and their Gaussian
shapes implies that there is structural heterogeneity associated
with each protein substate. The heterogeneity is sensed by the
CO bound to the active site. Although the range of frequencies
that make up a substate’s absorption band is sensitive to the
details of the heme pocket, it is also determined by the global
structural variations of the protein (29). The frequency of N3
corresponds closely to the Mb-CO A3 conformation, which has
the distal histidine localized in the heme pocket (29), whereas the
frequency of N0 is almost identical to the Mb-CO A0 conformer,
which has the distal histidine rotated out of the pocket (30).
Recent 2D-IR vibrational echo experiments on wt-Ngb confirm
that the bands are inhomogeneously broadened and report the
dynamics of the N3 and N0 bands (28). The dynamics are
considerably slower than those of the corresponding A3 and A0
bands of Mb-CO, but are consistent with the assignments of the
N3 and N0 bands having the distal histidine in and out of the

pocket, respectively. The 2D-IR spectra showed that the N0 band
is actually composed of two substates, called N�0 and N �0, which
overlap to such an extent that they are not resolved in the linear
FTIR spectrum (28).

The spectrum of red-Ngb (dot-dash curve) is almost identical
to that of wt-Ngb. By using the same method that was discussed
in detail for wt-Ngb (28), the 2D-IR spectrum shows that the N0
band is also composed of two substates. There may be a slight
difference in the amplitudes of the N�0 and N �0 substates, but
within experimental error any difference is not definitive. Ex-
periments, theory, and MD simulations have shown that both the
local and global coupling between protein structure and the CO
vibrational transition frequency is mainly produced by the
electric field from the protein along the CO bond (26–32). The
protein residues range from charged, to polar, to nonpolar. All
of these, plus to some extent the solvent, contribute to the
electric field at the CO. The vibrational states couple to the
electric field by the Stark effect (32). Differences in structure
produce changes in the electric field at the CO and, therefore,
changes in frequency. The range of frequencies that give rise to
the inhomogeneous line widths of the CO bands is determined
by the range of structures that produce the electric fields at the
CO. The fact that there is negligible difference in the spectra of
wt-Ngb and red-Ngb demonstrates that the disruption of the
disulfide bond in CO adducts has no detectable influence on the
distribution of protein equilibrium structures. In the case of a
mutant Mb containing an artificial intramolecular disulfide
bond, the formation of the disulfide bond also shows minor
structural perturbation of the distribution of environments
sensed by the CO ligated at the active site, but the ligand binding
rate constant is changed (33). The change in the binding rate in
the mutant Mb protein indicates that the protein dynamics are
affected. 2D-IR vibrational echoes monitor the interconversion
of the structures and provide a direct measurement of the
protein structural dynamics as discussed below.

3cs-Ngb, which cannot form a disulfide bond, has significant
differences in its spectrum. The N3 substate is still the major
conformation, but the population of N0 substate is substantially
increased. In addition, the 3cs-N0 peak is shifted somewhat to
lower frequency (see Table 1), and there is a clear shoulder on
the low frequency side of the line. Calling the two peaks the N�0
and N �0 substates as in the wt-Ngb and red-Ngb, the 3cs-N�0 peak
is only �10% of the 3cs-N �0 (see Table 1). This is in contrast to
the N�0 and N �0 peaks of both wt-Ngb and red-Ngb, which are
approximately the same size. Because the difference between the
N3 and N0 spectroscopic bands is attributed to the configuration
of the distal histidine (27, 28), apparently the cysteine muta-
tion(s) influence the heme pocket structure of Ngb and alter the
distribution of the conformations, both between the main sub-
states, the N3 and N0, and between N�0 and N �0. The exact reason
for the difference in the FTIR spectrum between red-Ngb and
3cs-Ngb is not clear, but the 3D structure and MD simulation of

1900 1920 1940 1960 1980 2000

0.0

0.2

0.4

0.6

0.8

1.0

)
mron( ecnabrosba

frequency (cm-1)

Fig. 1. Normalized FTIR spectra of the CO-stretching mode bound to wt-Ngb
(solid curve), red-Ngb (dot-dash curve), and 3cs-Ngb (dashed curve) in 50 mM
phosphate buffer adjusted to pD 7.2.

Table 1. Absorption spectra parameters and lifetimes

Protein/band �CO, cm�1* FWHM, cm�1 T1, ps

wt-Ngb/N3
† 1,933.4 (84) 12.1 19.3

red-Ngb/N3 1,933.2 (80) 12.4 16.0
3cs-Ngb/N3 1,932.7 (51) 11.1 15.9
wt-Ngb/N�0 and N�0† 1,968.7 (16) 9.8 18.4
red-Ngb/N�0 and N�0 1,967.3 (20) 12.4 16.1
3cs-Ngb/N�0 1,954.2 (5) 6.4 –
3cs-Ngb/N�0 1,964.7 (44) 14.6 16.0

wt, wild type; red, disulfide bond reduced; 3cs, disulfide bond removed by
mutation.
*The values in parentheses indicate the populations of conformers.
†From ref. 28.
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Ngb imply that the configuration of CD-D region, including the
cysteine residues in the disulfide bond, has an effect on the distal
pocket (12, 34). Therefore, replacing the cysteines with serines
changes the relative free energy of the N3 and N0 states (relative
amplitude of the spectral peaks) and affects the pocket structure
when the distal histidine is swung out (frequency of the N0 state
and relative amplitudes of N�0 and N �0). The fact that the N3
frequency is not changed within experimental error suggests that
the modification in structure is more pronounced with the distal
histidine out of the pocket.

2D-IR Vibrational Echo Spectroscopy. The structural evolution of a
protein is reported by the effects of structural changes on the
frequency of the CO vibrational mode. The experiment can be
viewed qualitatively as follows. The first and second pulses,
separated by a time � that is scanned, act to label the initial
frequencies of the COs. Between the second and third pulses
(the time period, Tw), structural evolution of the proteins causes
the initially labeled frequencies to change (spectral diffusion).
The third pulse ends the evolution period, and the vibrational
echo pulse, which emerges from the sample a time �� after the
third pulse, reads out the final frequencies. Fourier transforms
of the time-dependent data produce a 2D frequency domain
spectrum. Spectra are recorded as a function of Tw. As Tw
increases there is more time for structural evolution, and,
therefore, larger frequency changes. The frequency changes are
reflected in the change in shapes of the 2D-IR vibrational echo
spectra. More details are given in Materials and Methods, and full
descriptions of the method have been presented (24, 35, 36).

2D-IR vibrational echo spectra of red-Ngb for several increas-
ing values of Tw are presented in Fig. 2 as contour plots. The ��

frequency axis is associated with the first interaction with the
radiation field (first IR pulse), and the �m frequency axis is
associated with the third interaction with the radiation field
(third IR pulse), which is the emission frequency of the vibra-
tional echo pulse. (�� and �m are the equivalent of �1 and �3 in
2D NMR.) Two positive bands (labeled �) along the diagonal at
(��, �m) � (1,933 cm�1, 1,933 cm�1) and (1,968 cm�1, 1,968
cm�1) arise from the 0 to 1 vibrational transitions of the CO
stretch of the N3 and N0 states of wt-Ngb, respectively. (The N�0
and N �0 bands overlap to such an extent that it is not possible to
distinguish their dynamics. Therefore, the N0 band is treated as
a single substate.) The negative peaks (labeled �) arise from the

1 to 2 transitions and are displaced below the corresponding
diagonal bands by the CO vibrational anharmonicity of �25
cm�1 (37). The dynamical information obtained from the 1–2
bands is the same as that obtained from the 0–1 bands; therefore,
only the 0–1 bands are analyzed below.

As can be seen in Fig. 2, the shapes of the 0–1 bands (bands
on the diagonal) change with increasing Tw. The change in shape
of the bands as Tw is increased reflects protein structural
dynamics. At short Tw the 2D line shape shows significant
inhomogeneous broadening, which manifests itself as elongation
along the diagonal. As Tw is increased, the experiment picks up
slower protein dynamics that broaden the bands along the �� axis
and causes them to become more symmetrical. In the long time
limit, all protein structures associated with a particular substate
will be sampled, and the 2D spectral bands will become round.

The changes in the shapes of the 2D bands with increasing Tw
can be used to quantitatively determine the time scales and
amplitudes of various contributions to the fast structural dynam-
ics of the proteins by using methods based on diagrammatic
perturbation theory (38). The frequency–frequency correlation
function (FFCF) connects the experimental observables to the
underlying dynamics. The FFCF is a joint probability distribution
that the frequency has a certain initial value at t � 0 and another
value at a later time t. As the structure evolves, the initial
frequencies of the protein-bound COs change, and the FFCF
decays. Once the FFCF is known, all linear and nonlinear optical
experimental observables can be calculated by using time-
dependent diagrammatic perturbation theory (38). Conversely,
the FFCF can be extracted from 2D vibrational echo spectra with
additional input from the linear absorption spectrum.

The FFCF is extracted from the Tw dependence of the 2D
spectra by using the center line slope (CLS) method (39, 40). The
CLS provides a useful quantity to plot for visualizing differences
in the dynamics of the various proteins (39). In the CLS method,
a slice through the 2D spectrum at a particular �m is a spectrum
along the �� axis. The peak of this spectrum is at a particular ��

value. So the peak is a point with �m, �� coordinates. Slices are
taken over a range of �m, and the resulting set of points form the
center line. Two such center lines for N3 band are shown in Fig.
2 for Tw � 0.5 ps and 32 ps. In the absence of a homogeneous
contribution to the spectrum (see below), at Tw � 0, the 2D line
shape would be a line along the diagonal at 45° (Fig. 2 Upper Left,
black dashed line). Then the slope of the center line would be 1.
At very long time, the 2D line shape becomes symmetrical, and
the center line is vertical (slope is infinite). The Tw-dependent
part of the FFCF is equal to the Tw dependence of the inverse
of the slope of the center line (39), which is referred to as the
CLS. Therefore, the CLS will vary from a maximum of 1 at Tw �
0 to a minimum of 0 at sufficiently long time. In Fig. 2, it can be
seen that for Tw � 32 ps the slope of the center line is steeper
than at Tw � 0.5 ps. It has also been shown theoretically that
combining the analysis of the CLS with the linear absorption
spectrum, the full FFCF can be obtained, including the Tw-
independent homogeneous component (39).

A homogeneous contribution to the 2D line shape and to the
linear absorption line shape can arise from three sources: very
fast structural f luctuations that produce a motionally narrowed
contribution (24, 41); the vibration lifetime, T1; and orienta-
tional relaxation. Because the rotational diffusion of the protein
is slow relative to the vibrational lifetime, the orientational
relaxation contribution is negligible. The T1 contribution was
measured independently by using IR pump–probe experiments.
The T1 contribution to the homogeneous line width (1/�2T1) is
quite small. It varies for the different bands, but it is �0.3 cm�1.
The T1 values are listed in Table 1. The homogeneous contri-
bution mainly comes from the motionally narrowed component.
Motional narrowing occurs when there is some portion of the
structural f luctuations that are extremely fast, such that �� � 1,
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Fig. 2. 2D-IR spectra of CO-bound red-Ngb. Each contour corresponds to a
10% signal change. The positive going peaks are labeled with � (vibrational
echo emission at the 0–1 transition frequency), and the negative going peaks
are labeled with � (vibrational echo emission at the 1–2 transition frequency).
Conditions are 50 mM phosphate buffer adjusted to pD 7.2. The white dashed
lines are the center lines.

Ishikawa et al. PNAS � December 4, 2007 � vol. 104 � no. 49 � 19311

BI
O

PH
YS

IC
S



where � is the time scale of the fluctuations and � is the range
(amplitude) of the frequency fluctuations. Motionally narrowed
fluctuations produce a Lorentzian contribution to both the
linear absorption spectrum and the 2D-IR spectrum. The Tw-
independent homogeneous contribution manifests itself by
broadening the 2D spectrum along the �� axis even at Tw � 0.
This broadening reduces the initial value of the CLS to a number
�1, which permits the determination of the homogeneous
component (39).

A multiexponential form of the FFCF, C(t), was used to model
the multi-time scale dynamics of the Ngb structural f luctuations.
This form has been widely used, and it has been found applicable
in studies of the structural dynamics of heme-CO proteins (18,
19, 24, 29), in particular, wt-Ngb (28). The FFCF has the form:

C	t
 � �
i�1

n

� i
2e�t/�i � � s

2 . [1]

The �i and �i terms are the amplitudes and correlation times,
respectively, of the frequency fluctuations induced by protein
structural dynamics. �i reflects the time scale of a set of structural
fluctuations and the �i is the range of CO frequencies sampled due
to the structural fluctuations. The experimental time window is a
few T1 values, because lifetime decay reduces the signal to zero. The
2D-IR vibrational echo experiment is sensitive to fluctuations a few
times longer than this window (42), that is, �100 ps, because some
portion of slower fluctuations will occur in the experimental
window if their time scale is not too slow. Protein structural
dynamics that are sufficiently slow will appear as static inhomoge-
neous broadening, which is reflected in C(t) by �s, a static term. In
obtaining the FFCF from the data, the �i and the �i are determined.
However, for a motionally narrow term (�� � 1), only the product,
�2� � 1/T*2 can be obtained. T*2 is called the pure dephasing time.
The pure dephasing time is obtained by using 1/T2 � 1/T*2 � 1/2T1,
where T2 is determined from the CLS with use of the linear
absorption spectrum (39), and T1 is obtained from IR pump–probe
experiments (see Table 1).

Fig. 3A shows a comparison of the 2D-IR vibrational echo CLS
data for wt-Ngb (filled circles) and red-Ngb (open squares). The
curves through the data points (solid, wt-Ngb; dashed, red-Ngb)
are calculated from the FFCF obtained by using the CLS
method. The calculated curves show the Tw-dependent portion
of the FFCF. Fig. 3B again shows the wt-Ngb data and FFCF
(filled circles, solid curve) and the 3cs-Ngb data and FFCF (open
triangles, dashed curve). Table 2 gives all of the FFCF param-
eters for the N3 and N0 substates of the three proteins. Exam-
ining Fig. 3A, it is clear the reduction of the disulfide bond has
increased the rate of structural f luctuations on fast time scales.
Although the nature of the changes is different, both the N3 and
N0 of the red-Ngb display faster decays than the wt-Ngb. For
3cs-Ngb, in which the disulfide bond is eliminated by mutation,
the N3 substate shows a dramatic increase in the rate of fast
structural f luctuations. The change in the N0 state is less
pronounced, but there is still an increase in rate as shown in
Table 2. It is important to note that the disulfide bond is �20 Å
from the CO bound to the heme. Furthermore, there are changes
in dynamics for both the N3 substate (distal histidine in the heme
pocket) and for the N0 substate (distal histidine swung out of the
heme pocket). Therefore, the observed changes in the dynamics
with the elimination of the disulfide bond are most likely global
modifications of the protein structural f luctuations rather alter-
ations that occur very locally in the heme pocket.

The FFCF parameters obtained from the 2D-IR vibrational
echo experiments can be compared by examining Table 2. The
homogeneous dephasing time constant, T*2, is not as useful as the
other time constants because it depends on �2� � 1/T*2. There-
fore, the amplitude and the time constant cannot be separately

determined. A change in T*2 can occur because of a change in the
amplitude (range) of the frequency fluctuations (�) or in the
time constant (�). The N3 substates of the three proteins have a
homogeneously broadened component, two dynamic compo-
nents that give rise to spectral diffusion within the time window
of the experiment, and a static component, that is, some of the
protein structures that contribute to the CO absorption line
(�25%) are sampled at rates that are too slow to measure. The
time constant, �1, becomes significantly faster when the disulfide
bond is reduced and even faster when the three cysteines are
replaced by serines. The �2 component actually becomes some-
what slower when the disulfide bond is eliminated. This could
occur if some portion of the very slow structural f luctuation,
represented by the �s term in the FFCF (see Eq. 1), became
faster, and moved into the time window of observation. The N0

substates of all three proteins have a single dynamic component
in addition to homogeneously broadened and static terms in the
FFCF. For N0, in going from wt-Ngb to red-Ngb, there is a very
substantial increase in the rate (1/�1) of the fast protein structural
f luctuations. The rate for 3cs-Ngb is also increased, but it is not
nearly as large as that of the N3. Fig. 1 shows that the change in
the N0 band in the linear spectrum for 3cs-Ngb is large in contrast

0.4

0.6

0.8

1.0

S
L

C

0 10 20 30 40 50
0.2

0.4

0.6

0.8

S
L

C

Tw (ps)

N3

N0

N3

N0

0.4

0.6

0.8

1.0

S
L

C

0 10 20 30 40 50
0.2

0.4

0.6

0.8

S
L

C

Tw (ps)

0.4

0.6

0.8

1.0

S
L

C

0 10 20 30 40 50
0.2

0.4

0.6

0.8

S
L

C

Tw (ps)

0.4

0.6

0.8

1.0

S
L

C

0 10 20 30 40 50
0.2

0.4

0.6

0.8

S
L

C

Tw (ps)

N3

N0

N3

N0

A

B

Fig. 3. Tw-dependent CLS for wt-Ngb (A and B, filled circles), red-Ngb (A,
open squares), and 3cs-Ngb (B, open triangles). The solid (wt-Ngb) and dashed
(A, red-Ngb; B, 3cs-Ngb) curves are calculated from the FFCFs obtained by
using the CLS method.

Table 2. FFCF parameters

Protein/
band T*2, ps �1, cm�1 �1, ps �2, cm�1 �2, ps �s, cm�1

wt-Ngb/N3* 4.4 1.9 2.0 2.7 14 3.1
red-Ngb/N3 6.0 3.0 1.3 3.3 22 2.9
3cs-Ngb/N3 6.0 2.0 0.7 3.0 23 2.3
wt-Ngb/N0* 9.0 1.8 11.5 - - 3.5
red-Ngb/N0 11.0 3.0 3.7 - - 4.3
3cs-Ngb/N0 6.0 2.8 8.1 - - 5.6

wt, wild type; red, disulfide bond reduced; 3cs, disulfide bond removed by
mutation
*From ref. 28.
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to the N3 band or the bands of red-Ngb. The substitutions of
cysteine residues may result in a substantial modification of the
dynamics in the N0 conformer of 3cs-Ngb that is independent of
the elimination of the disulfide bond. It is possible that this
modification of the dynamics as sensed at the active site is in
opposition to the influence of the elimination of the disulfide
bond that is manifested by the change in the N0 substate
dynamics in going from wt-Ngb to red-Ngb. A study has indicated
that the ligand binding and distal histidine dissociation rate of
Ngb are markedly changed by the disruption of the disulfide
bond (15).

The differences between the results obtained for red-Ngb and
3cs-Ngb may be indicative of cysteine-mediated regulation of
protein dynamics in the active site of Ngb. An MD simulation
study indicated that the flexibility of the CD-D region is related
to the dynamics of the heme distal site (34). The 3D structure of
the CO adduct of Ngb also demonstrates that the contact
between distal histidine and Tyr (CD3) is involved in the CD-D
region displacement on the CO binding to the heme iron (12).
The cysteine mutation(s) may change the flexibility or confor-
mation of CD-D region and result in the changes in the FFCF
parameters from those of red-Ngb, in which the cysteines are
reduced by not replaced with serines and, in particular, cys120 is
left unchanged. The relatively faster protein fluctuation of the
N0 band for red-Ngb can be understood as occurring because of
the structural restrictions of the global motion by the disulfide
bond that are removed when the bond is eliminated by reduction
without other changes. MD simulation of Scorpion Toxin Lqh III
showed that the disulfide bond constrains the protein’s f luctu-
ations both locally and globally (9).

In a previous 2D-IR vibrational echo study, the dynamics of
the N3 and N0 substates of wt-Ngb were compared with equiv-
alent substates of Mb by using the Mb mutants, L29F (distal
histidine in the active-site pocket) and H64V (no distal histidine
in the pocket) as models (28). Both substates of wt-Ngb were
found to have substantially slower dynamics than the corre-
sponding Mb proteins (28). The results obtained here show that
the Ngb dynamics become faster when the disulfide bond is
eliminated. However, even without the disulfide bond, the
dynamics of Ngb substates are still substantially slower then the
dynamics of the corresponding substates of Mb. Therefore,
the slower dynamics found for Ngb compared with Mb are not
solely a result of the presence of the disulfide bond, which is not
present in Mb. Rather, the differences between Ngb and Mb
arise from the fundamental disparity in the protein structures,
although they both have the classic globin fold and almost
identical heme pocket structures.

NMR relaxation studies of glutaredoxin and bovine pancreatic
trypsin inhibitor show that disruption of the disulfide bond,
which is near the active site, increases the protein motion,
primarily in the vicinity of the disulfide bond (6, 7). The 3D
structure of the transcriptional factor OxyR revealed that large
conformational changes induced by the disruption of the disul-
fide bond resulted in activation of the transcription (4). In the
case of Yap1, it is thought that the elimination of the intramo-
lecular disulfide bond produces a conformational change that
masks a nuclear export sequence, preventing the insertion of the
protein into the nucleus (43). 3D structure of Ngb with the
disulfide bond has not been determined; only the structure of a
mutant Ngb without the disulfide bond is known (11–13).
However, the perturbation of the static structure produced by
reduction of the disulfide bond may be small. The linear FTIR
spectra of the CO adducts of wt-Ngb and red-Ngb (see Fig. 1) are
very similar, indicating that changes in structure as sensed by the
CO ligand bound at the active site are small. Because the CO
spectrum is sensitive to both local and global changes in structure
through the changes in the electric field at the CO, reduction of
the disulfide bond cannot produce major structural changes.

However, as can be seen in Fig. 3 and Table 2, reduction of the
disulfide bond produces nonnegligible changes in the structural
dynamics of Ngb.

Disruption of the disulfide bond in Ngb lowers the O2 affinity
in vitro (15). The disulfide bond’s influence on the protein
dynamics of Ngb might play a physiological role in human Ngb.
The CD-D region of Ngb, including the disulfide bond, binds the
GDP-bound form of the �-subunit of heterotrimeric G protein
(G�i), which is thought to be important in the neuroprotective
function of human Ngb (44). Although the disruption of the
disulfide bond in Ngb does not seem to be involved directly in the
G�i binding (44), the relationship between the structural dy-
namics, including the active site, and the conformational free-
dom in the CD-D region remains to be established. G�i binding
to Ngb may restrict protein fluctuations in the CD-D region,
which result in changes in the active-site dynamics.

Concluding Remarks. The fast equilibrium structural dynamics of
wild-type neuroglobin and neuroglobin with the disulfide bond
eliminated were examined by using ultrafast 2D-IR vibrational echo
experiments on the stretching vibration of CO bound at the active
site. The experiment measures CO spectral diffusion that reports on
both local and global structural fluctuations of the proteins. The
disulfide bond was eliminated either by reduction of the cysteines
that form it or by mutation in which three cysteines, including the
two that form the disulfide bond, are replaced by serines. The
experimental results show an increase in the rates of structural
fluctuations when the disulfide bond is removed. The most direct
comparison is between wt-Ngb and red-Ngb because the amino acid
sequence is left intact. Both the N3 and N0 substates of red-Ngb
show significant increases in the rates of equilibrium structural
fluctuation (see Fig. 3A and Table 2), although the IR absorption
spectrum of the CO bound at the active site is unchanged by
reduction. The mutant, 3cs-Ngb, shows a substantial increased rate
of fast dynamics for the N3 substate, but less change for the N0
substate (see Fig. 3B and Table 2). There is a significant change in
the IR absorption spectrum (see Fig. 1), with the N0 band increasing
in amplitude relative to the N3 band and shifting somewhat to lower
frequency.

One way to view the changes of the Ngb dynamics with the
reduction of the disulfide bond is in terms of the protein’s energy
landscape. wt-Ngb and red-Ngb have two substates, N3 and N0.
A folded protein in a particular substate occupies a minimum on
the free-energy landscape (45). However, the minimum is broad
and rough with many local minima separated by low barriers.
Transitions among these minima give rise to the structural
f luctuations that cause the spectral diffusion measured by the
2D-IR vibrational echo experiment. The distribution of barrier
heights gives rise to the distribution of rates of spectral diffusion
that is reflected in the different terms in the FFCF. When the
disulfide bond is eliminated, the rate of fast structural f luctua-
tions is increased. However, reduction of the disulfide bond does
not change the IR absorption spectrum of the CO bound at the
active site, which is sensitive to both the local and the global
structure of the protein. The lack of change in the CO absorption
spectrum indicates that the distribution of structures in the
vicinity of the folded protein free-energy minimum that are
sampled under thermal equilibrium conditions are not altered
significantly. These results suggest that the elimination of the
disulfide bond reduces the heights of the relatively low-energy
landscape barriers that determine the rate of the fast structural
f luctuations.

Materials and Methods
Protein Expression and Purification. Expression and purification of
human His6-tagged Ngb and the mutant protein were performed
as described in ref. 44. Purity of proteins and contamination of
the disulfide-dependent formation of dimmers were checked by
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SDS/PAGE under reduced and nonreduced conditions. The
presence of the intramolecular disulfide bond was checked by
using the 4,4�-dithiodipyridine (4-PDS) method (46). The Ngb
samples, containing the intramolecular disulfide bond, were
reduced to the ferrous form with a small excess of sodium
dithionite (Sigma Aldrich) under a CO atmosphere followed by
buffer exchange to CO-saturated 50 mM phosphate D2O buffer
adjusted to pD 7.2.

To break the intramolecular disulfide bond between cysteine
residues in Ngb, the purified sample was incubated with 10 mM
DTT (Sigma Aldrich) for 24 h. CO forms of Ngb without the
disulfide bond and the mutant protein were prepared according
to published protocols (29). Ngb without the disulfide bond
sample contains 1 mM DTT to avoid the formation of disulfide
bond during the measurements. For linear FTIR spectra and
vibrational echo measurements, �20 	l of the sample solution
was placed in a sample cell with CaF2 windows and a 50-	m
Teflon spacer.

2D-IR Vibrational Echo Spectroscopy. Three transform limited (110
fs, 150 cm�1 FWHM) mid-IR laser pulses produced with a
Ti:Sapphire regenerative amplifier pumped optical parametric
oscillator are sequentially time-delayed before they are brought
into the sample. The vibrational echo pulse generated in the
sample is emitted in the phase-matched direction, made colinear

with a local oscillator pulse, and dispersed through a monochro-
mator onto a 32-element MCT array detector. The signal is
mixed with the local oscillator to obtain full time, frequency, and
phase information about the vibrational echo wave packet. The
laser frequency was tuned to coincide with the absorption
frequencies of the proteins.

For each protein, a family of vibrational echo 2D spectra is
obtained as a function of three variables: the emitted vibrational
echo frequencies, �m, and the variable time delays between the first
and second pulses (�) and the second and third pulses (Tw, ‘‘waiting’’
time). 2D spectra are created by numerically Fourier transforming
the � scan data as a function of the emission frequencies, �m, at each
Tw. The amplitude of the 2D-IR data at each fixed Tw is plotted as
a function of the Fourier transformed � scan interferograms, ��

(horizontal axis in the 2D plots), and emission frequency, �m

(vertical axis of the 2D plots) (18, 24, 47, 48).
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