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ABSTRACT: By using Fourier transform infrared photolysis difference spectroscopy combined with
temperature derivative spectroscopy at cryogenic temperatures, we have measured infrared spectra of the
stretching absorption on nitric oxide (NO) in the heme-bound and photodissociated states of ferrous and
ferric nitrosyl myoglobin (MbNO) and a few site-specific Mb mutants. The NO absorption was utilized
as a sensitive local probe of ligand interactions with active-site residues and movements within the protein.
By comparison with results obtained in previous spectroscopic and structural studies of carbonmonoxy
myoglobin (MbCO), the MbNO data were interpreted in structural terms. In the NO-bound state,
conformational heterogeneity was inferred from the appearance of multiple bands, arising from different
electrostatic interactions with active site residues, most importantly, His-64. In ferrous MbNO, a primary
photoproduct site similar to site B of MbCO was found, as indicated by a characteristic NO stretching
spectrum. In ferric MbNO, the His-64 side chain appears to interfere with trapping of NO in this site;
only a very weak photoproduct spectrum was observed in Mb variants in which His-64 was present.
Upon extended illumination, the photoproduct spectrum changed in a characteristic way, indicating that
NO readily migrates to a secondary docking site C, the Xe4 cavity, in which the ligand performs librational
motions on the picosecond time scale. This docking site may play a role in the physiological NO scavenging
reaction. Surprisingly, NO cannot be trapped at all in secondary docking site D, the Xe1 cavity.

Nitric oxide (NO) has been recognized as a key biological
messenger involved in a variety of physiological functions,
including neurotransmission, regulation of blood pressure,
prevention of platelet aggregation, and inhibition of vascular
smooth muscle proliferation. Much of NO’s biological
functionality derives from its interactions with heme proteins.
NO synthase enzymes exploit the unique chemical properties
of the iron protoporphyrin IX group to produce NO. Binding
of NO to the heme group of soluble guanylate cyclase leads
to the production of the second messenger cyclic guanosine
monophosphate from guanosine triphosphate (1, 2). Another
target of NO is cytochrome c oxidase, the terminal enzyme
of the respiratory chain. Already nanomolar NO concentra-
tions suffice to compete with O2 for the binding site, thereby
affecting apoptosis via the mitochondrial pathway (3). The
reaction between NO and hemoglobin (Hb) is involved in
intravascular NO homeostasis (4). Recently, myoglobin
(Mb)1 has been identified as an important NO scavenger
that plays a crucial role in regulating NO levels within the
cell (5-7).

The NO scavenging reaction of Mb involves multiple
steps. Initially, the oxygenated ferrous (Fe2+) Mb (MbO2)
reacts irreversibly with NO to yield ferric (Fe3+) Mb and
nitrate (8, 9). Thereby, NO is continuously degraded.
Subsequently, the ferrous unligated (deoxy) Mb is recovered
by metMb reductase and rebinds O2. However, ferric Mb
can also bind NO and then react with another NO molecule
to yield ferrous MbNO, which is a dead-end compound that
can no longer take part in NO scavenging. Brunori has
recently proposed that the temporary sequestration of NO
in protein internal cavities may enhance the efficiency of
the reaction because the spatial proximity would allow
multiple collisions of NO with the FeO2 moiety (7, 10). This
suggestion was based on detailed spectroscopic and crystal-
lographic studies that provided evidence of migration of
carbon monoxide (CO) and dioxygen (O2) among internal
cavities of Mb (11-23). Much less is known about the
dynamics of NO within Mb (24-27), mainly due to the
extremely high reactivity of the heme iron toward NO.
Consequently, upon photolysis, essentially all NO ligands
rebind geminately within picoseconds in ferrous MbNO (27-
32); in ferric MbNO, the geminate process extends to the
nanosecond time scale (33).

To explore the interactions of NO with Mb in detail, we
have studied the NO stretching vibration in the infrared (IR)
at cryogenic temperatures using Fourier transform IR (FTIR)
photolysis difference spectroscopy in combination with
temperature derivative spectroscopy (TDS). Previously, this
sensitive technique allowed us to utilize CO as a local probe
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within heme proteins, as the CO stretching absorption is fine-
tuned by interactions with the environment and, therefore,
provides detailed information on active-site conformations,
effects of mutations and ligand docking sites (11, 16, 17,
34-37). Measurements of the NO stretching vibration are
more challenging, however, because of its weaker intrinsic
absorption cross-section, spectral overlap with the amide
bands in the case of NO bound to ferrous heme proteins,
and incomplete NO photodissociation.

The experiments reported here were performed on wild-
type MbNO and a variety of Mb mutants in both their ferric
and ferrous forms. In the mutants, bulky amino acid side
chains were introduced that were previously shown to block
ligand passageways between protein internal cavities or fill
these sites in MbCO at cryogenic temperatures (11). In wild-
type MbCO, the primary docking site B close to the heme
iron and secondary sites C and D sites (the Xe4 and Xe1
cavities (38), respectively) are accessible to the ligand (Figure
1). In mutant I28W, the bulky indole side chain of Trp-28
largely hinders access to site C, whereas Trp-104 completely
blocks site D in mutant L104W. CO migration to both C
and D is suppressed by an aromatic amino acid at position
68, as in mutant V68Y (17). At position 29, however, an
aromatic residue enhances CO trapping in sites C and D, as
has been observed for double mutant L29W-S108L (16, 39)
and triple mutant YQR (L29Y-H64Q-V67R) (19, 36). To
examine the interactions between NO and protein residues
in the bound state and the primary photoproduct B, we have
further included mutants H64L and H64V in this study, in
which the key residue His-64, the distal histidine, is replaced
by aliphatic amino acids. For both ferrous and ferric MbNO,
multiple discrete protein conformations and multiple pho-
toproduct states were characterized. Comparison with MbCO
reveals similarities, but also distinct differences between the
NO and CO dynamics within Mb. These results may form
the basis for further detailed studies of the variety of NO-
binding heme proteins.

MATERIALS AND METHODS

Preparation of Protein Samples. Mutants of sperm whale
Mb were expressed inEscherichia coli strain Tb1 and
purified as described (40). Excess potassium ferrocyanide

was added to oxidize the protein material and subsequently
removed by gel filtration. Ferrous NO-ligated samples (MbII-
NO) were prepared in 75%/25% (by volume) glycerol/
deuterated buffer (1 M potassium phosphate in D2O). After
dissolving the protein to a final concentration of 20 mM,
the sample solution was equilibrated with N2 gas for 1 h. A
twofold molar excess of anaerobically prepared sodium
dithionite solution (in D2O) was added, followed by a twofold
molar excess of anaerobically prepared sodium nitrite solu-
tion (in D2O). Na14NO2 and Na15NO2 isotopes were used to
aid in IR band assignment.

Ferric NO samples (MbIIINO) were obtained by dissolving
the oxidized protein at a concentration of 30 mM in 1 M
phosphate buffer. The solution was stirred under N2 for 1 h
in a gastight vessel to remove any dissolved O2. The
deaerated solution was exposed briefly (∼5 min) to a 1:9
mixture of NO/N2 gas at 1 bar, while the progress of the
binding reaction was constantly monitored by UV/visible
spectroscopy. Special precautions were taken to avoid
reductive nitrosylation of the heme iron: As soon as∼30%
of the protein molecules were ligated, degassed glycerol was
added to a final concentration of 50% (by volume), and
subsequently the NO atmosphere above the sample was
replaced by N2 to terminate the reaction. Prior to data
collection with MbIIINO samples of optimal path length (75
µm), each preparation was checked for possible contamina-
tion with ferrous protein by taking FTIR spectra on a thin
sample (5-10µm), so that the stretching vibration of ferrous
heme-bound NO (∼1600 cm-1) could be observed in the
presence of the strongly absorbing amide vibrations of the
protein.

For all samples, pH values were determined at ambient
temperature with a commercial H2O-calibrated pH meter and
are quoted as measured. Note that the pD value is actually
0.45 pH units higher (41). We have refrained from a pH/pD
recalibration because a fraction of the protons of the protein
will exchange with deuterons from the solvent, and moreover,
temperature has a pronounced effect on the pKs of proto-
natable amino acids (42). A well-studied example is His-64
of MbCO, for which a temperature change from 290 to 180
K results in an apparent pK increase by∼1.2 pH units in
75%/25% (by volume) glycerol/buffer solution (43).

FTIR Spectroscopy. All sample solutions were centrifuged
at 5000 rpm for 15 min prior to loading to remove any
undissolved or aggregated material. A few microliters of
sample solution were placed between two CaF2 windows
(diameter 25.4 mm) separated by a 5-75 µm thick mylar
washer, depending on the desired path length. The samples
were kept in a cryostat with a precise temperature control
system as described previously (44). FTIR transmission
spectra were collected either with the external MCT detector
(resolution 2 cm-1, range 1000-4000 cm-1) or the InSb
detector (resolution 2 cm-1, range 1700-2300 cm-1) of an
IFS 66v/S FTIR spectrometer (Bruker, Karlsruhe, Germany).
For photolysis, the samples were exposed to 532-nm laser
light from a frequency-doubled Nd:YAG laser delivering 300
mW (model Forte 530-300, Laser Quantum, Manchester,
UK).

Temperature DeriVatiVe Spectroscopy(TDS). This tem-
perature ramp protocol allows thermally activated rate
processes to be studied that are characterized by static
distributions of enthalpy barriers (43, 45, 46). These distribu-

FIGURE 1: Structural model of wild-type Mb. Amino acid His-64
is shown in subconformations A0, A1, and A3, as determined for
MbCO (pdb code 1A6G (60)). A ligand is depicted bound to the
heme iron (A), in the primary docking site B and in secondary
sites C (Xe4) and D (Xe1).
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tions are universally observed in kinetic experiments on
proteins at cryogenic temperatures and are a result of
conformational heterogeneity of the protein ensemble (47,
48). In a first step, the sample is photolyzed by exposure to
532-nm laser light. Two different illumination protocols were
employed that are known to generate different photoproduct
populations in MbCO: (i) short-term illumination at 4 K
(CO ligand: 1 s; NO ligand: 20 s, see below), upon which
photolyzed ligands preferentially settle in the primary dock-
ing site B (11, 49), and (ii) slow cooling from 160 to 4 K
over several hours (cooling rate 0.3 K/min) while continu-
ously illuminating the sample, which is an efficient way to
populate secondary transient docking sites C and D (11, 17,
46, 50). Immediately after photodissociation, the sample
temperature is increased at a rate of 0.3 K/min in the dark,
and one FTIR transmission spectrum is recorded every
Kelvin. Absorption difference spectra are calculated for
successive temperatures,A(ν, T) ) log [I(ν, T - 1/2 K) -
I(ν, T + 1/2 K)], which approximates the negative derivative
of the population with respect to temperature,-dN(T)/dT.
In the simplest form of the TDS data analysis, one assumes
that a change in the integrated absorbance (spectral area) is
solely due to ligand rebinding, and the absorbance change
is set proportional to the rebinding population,∆A(ν, T) ∝
∆N(ν, T). However, the IR bands of both heme-bound and
photodissociated ligands often exhibit intrinsic temperature
dependencies in their spectral positions, widths, and areas
(35, 51-53), which will all give rise to difference signals in
the TDS data and may demand more complex data analyses.

RESULTS AND DISCUSSION

Conformational Heterogeneity at the ActiVe Site of Myo-
globin. Conformational Substates in MbCO. The CO deriva-
tive of Mb has become a paradigm in the study of structural
heterogeneity and dynamics, largely due to the exquisite
sensitivity of the IR stretching absorption of CO, which can
be used as a local probe of its structural environment. In the
heme-bound form, three CO stretching bands can be distin-
guished that arise from the presence of discrete bound-state
conformations. These major substates, denoted as A0, A1,
and A3, are associated with IR bands at 1966, 1945, and
1930 cm-1, respectively (11, 43, 49). The dispersion of the
CO stretch absorption into a small number of A substate
bands is caused by electrostatic interactions, mainly between
the CO dipole and the imidazole side chain of His-64 (54-
57). The side chain has a pK of 4.5 at room temperature
(56). In the low-pH conformation A0, the imidazole is
protonated and rotated toward the solvent for better solvation
of its charge, whereas it is neutral and resides in the distal
pocket in the high-pH conformations A1 and A3 (58, 59).
X-ray structure analysis at 1.2 Å resolution (Figure 1)
suggests that the His-64 imidazole is located more deeply
in the heme pocket in A3 than in A1 (60). Thereby, it
produces additional steric hindrance at the active site, which
is reflected in a markedly higher enthalpy barrier against CO
binding in A3 (61). The variations in the stretching frequen-
cies of heme-bound CO are described within the backbonding
model (62). Positive partial charges in the vicinity of the
CO oxygen lower its stretching frequency, whereas negative
partial charges have the opposite effect (63). Electrostatic
influences also play a role when the CO is dissociated from
the heme iron and migrates within the protein. Vibrational

Stark effects due to local electric fields give rise to
characteristic spectra that allow ligand migration to and
dynamics within a docking site to be analyzed in great detail
(51, 52).

MbIINO ActiVe Site Conformations. By using Raman
spectroscopy, Coyle and co-workers (64) screened a large
array of ferrous MbNO samples and found a linear correla-
tion between the stretching frequencies of heme-bound NO
and CO, with a slope of 0.92. This result implies that heme-
bound NO in MbIINO acts in a similar way as heme-bound
CO as a local probe of the active site; the N-O bond is
almost as sensitive to electrostatic fields at the binding site
as the C-O bond, which is also consistent with the reported
identical Stark tuning rate,∆µ ≈ (2.4/f) cm-1/(MV/cm),
found upon application of external electric fields for both
ligands (65). Here, f is the local field correction factor
estimated to be in the range 1.1-1.3.

We have calculated absorbance difference spectra of wild-
type and mutant MbIINO samples from transmission spectra
before and after photolysis. For better comparison, all spectra
in Figures 2 and 3 were normalized to equal areas. The
stretching frequencies of the individual bands were deter-
mined by nonlinear least-squares fitting with multiple Gaus-
sians and are compiled in Table 1. The spectra in the region
of heme-bound NO are displayed in Figure 2A for mixed
wild-type MbIINO/MbCO samples at four different pH
values. The dominant conformation in wild-type MbIINO at
neutral pH is represented by the band at 1614 cm-1 and, by
comparison with MbCO, should thus be similar to the A1

conformation. Consequently, the shoulder at 1607 cm-1 may
correspond to a conformation similar to A3 in MbCO, with
a stronger interaction between the ligand and the His-64 side
chain, because it is located at a lower frequency with respect
to A1 (Figure 2A). However, the difference in the stretching
frequency of the two substates is smaller for NO (∆ν ) 7
cm-1) than for CO (∆ν ) 15 cm-1), suggesting more similar
interactions in the two states of MbIINO. For an15NO isotope
sample, we expect a shift of the main band by 29 cm-1 to
1585 cm-1 on the basis of an NO reduced mass renormal-
ization (red dotted line in Figure 2A). However, the15NO
stretching spectrum at pH 7.3 displays two separate bands
at 1581 and 1588 cm-1 that are blue-shifted by 1.0 cm-1 at
pH 6 and pH 5.5. This splitting does not reflect conforma-
tional heterogeneity, as was suggested earlier (24), but arises
from a Fermi resonance between the stretching modes of
NO at 1585 cm-1 and Câ-Câ of the porphyrin ring at 1583
cm-1 (66, 67).

The spectra of the I28W and L104W mutants closely
resemble that of wild-type MbIINO, with large bands at 1614
and 1612 cm-1 and minor bands at 1604 and 1603 cm-1,
respectively (Figure 3A), indicating that the electrostatic
interactions are local in nature and not affected by mutations
remote from the active site. With respect to the wild-type
protein, V68Y shows a strongly red-shifted doublet of bands
at 1593 and 1582 cm-1 (Figure 3A). The better spectral
separation of the small band from the main peak may also
arise from the Fermi resonance mentioned above. A similar
shift, although not as pronounced, has been observed for
mutant V68F (64). The red-shift suggests that the edge of
the aromaticπ-electron system of Tyr-68 or Phe-68 places
a positive partial charge in the vicinity of the ligand oxygen
and thereby decreases the N-O bond order. Interestingly,
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in V68Y MbCO, this red-shift is only on the order of 1 cm-1,
which indicates that NO interacts more strongly than CO
with Tyr-68.

The spectra of the two distal histidine mutants H64L and
H64V MbIINO display two huge bands at 1635 and 1638
cm-1 that are considerably blue-shifted from the A1 confor-
mation (Figure 3A). This qualitative behavior is expected
upon removal of the interaction with His-64 (54, 55, 63).
We have made substantial efforts to prepare wild-type MbII-
NO samples at low pH so as to populate an A0-type substate,
with a protonated His-64 removed from the distal heme
pocket and a stretching band at∼1640 cm-1, as reported
from resonance Raman spectroscopy (64). However, our
mixed CO/NO preparation at pH 5.5 did not show the
slightest hint of an A0-type band at higher frequency for MbII-
NO, although there was∼50% of A0 populated in the MbCO
fraction of the sample (inset Figure 2A). A mixed CO/NO
L104W mutant sample containing∼60% of A0 molecules
in MbCO neither showed an A0-type species (data not
shown). Unfortunately, we did not succeed in preparing
concentrated IR samples at pH<5.5 due to denaturation.
Still, the data presented here provide clear evidence that the
closed conformation, with the His-64 side chain inside the
distal pocket, is energetically favored in the NO-ligated
species with respect to CO, presumably because of a stronger
hydrogen bond with His-64. We cannot exclude, however,
that His-64 becomes protonated at Nδ but still retains its
hydrogen bond between the hydrogen on Nε and the NO
(although we would expect to see an NO band shift in this
case).

MbIIINO ActiVe Site Conformations. As MbIIINO is iso-
electronic to MbCO, it is tempting to explain its spectra with
the simple backbonding formalism as well (62, 63). Indeed,
the IR spectrum of wild-type MbIIINO displays, depending
on pH, up to three bands of heme-bound NO at 1914, 1927,
and 1942 cm-1 that appear similar to the three ‘canonical’
substates A3, A1, and A0 of MbCO (Figure 2B, Table 1).
Closer inspection reveals that the band at 1914 cm-1 grows
continuously upon lowering the pH, and an additional band
appears at∼1902 cm-1. The 1942-cm-1 band does not appear

to have a systematic pH variation; it is very weak at pH 6.3
and 8. In I28W MbIIINO (pH 6.5), there are three bands at
1917, 1928, and 1942 cm-1 (Figure 3D). At pH 5.6, only
the band at 1917 cm-1 persists. The main absorption band
of L104W MbIIINO (pH 6.3) is located at 1924 cm-1; a broad
foot extends toward lower wavenumbers. At pH 4.6, the
1924-cm-1 band loses intensity and a new peak emerges at
1913 cm-1 (Figure 3D). Mutants H64L and V68Y display
only single bands at 1901 and 1918 cm-1, respectively.

To obtain insight into the structural properties of the
different conformations, we note that the spectrum of H64L
MbIIINO exhibits only a single NO band at 1901 cm-1

(Figure 3D). Consequently, a band near this frequency would
be assigned to an A0-type substate, with a His-64 side chain
that does not interact with the NO. However, all three bands
in MbIIINO are shifted to higher frequency, suggesting that
a negative partial charge interacts with the heme-bound NO
ligand in all three substates. To explain the band of the
dominant species in MbIIINO at 1927 cm-1, we propose an
interaction between the bound NO and the free electron pair
of a deprotonated His-64-Nε in the alternative tautomeric
state of the neutral His-64, in which Nδ is protonated, in
agreement with Miller et al. (24).

To elucidate the conformations associated with the other
NO stretching bands, MbIIINO absorption spectra were
determined at various pH values between pH 5 and 8 (Figure
2B). With decreasing pH, the low-frequency band at 1914
cm-1 increases in area, and a weak band appears at 1902
cm-1. This latter feature could represent an A0-type confor-
mation, as its frequency is very close to 1901 cm-1, the band
position observed for H64L MbIIINO. The nature of the band
at 1914 cm-1 remains unclear, however. From the pH
dependence, a possible assignment involves a protonated His-
64 as well, where an additional water molecule residing in
the distal pocket may cause an upshift of the 1902-cm-1

band. We note that the two low-frequency bands tentatively
associated with a protonated His-64 still form a small fraction
of the total population at pH 5 at 4 K, whereas A0 clearly is
a majority species in MbCO at this pH (see inset in Figure
2A). A similar behavior was already discussed above for

FIGURE 2: FTIR photolysis difference spectra of (A) ferrous and (B) ferric MbNO samples at 4 K at various pH values.
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MbIINO. This observation suggests that the electrostatic
interaction between His-64-Nε and NO prevents protonation
and causes a downshift of the pK of His-64. We were unable
to prepare samples at lower pH due to denaturation, so that
we could not study the pH dependence of these species more
closely.

The band at 1942 cm-1 exhibits the highest frequency and
therefore should be assigned to a species similar to the one
at 1927 cm-1 but with an even stronger interaction between
the bound NO and the lone electron pair on His-64-Nε. This
assignment, which is analogous to the one proposed for the
A1 and A3 substates of MbCO, is further supported by the

FIGURE 3: FTIR photolysis difference spectra of (left column) ferrous and (right column) ferric MbNO samples at 4 K. (A, D) NO bound
to wild-type and select mutant Mb samples, photoproduct spectra measured (B, E) after 20-s illumination at 4 K and (C, F) after slow
cooling from 160 to 4 K under light.
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TDS experiments on MbIIINO (see below). This substate has
a comparatively high peak rebinding temperature of∼40 K,
as compared to 15 K for the dominant population at 1927
cm-1, which suggests that His-64 poses a significant rebind-
ing barrier in this conformation. Because of the spectral
closeness of the band at 1942 cm-1 on MbIIINO and the A1
substate band of MbCO at 1945 cm-1, we have also
entertained the idea that the band at 1942 cm-1 may arise
from a small fraction of MbCO. However, the frequencies
clearly differ by 3 cm-1, and the maximum rebinding
temperature of CO in the A1 substate band of MbCO is 50
K and not 40 K as observed here (see below). To aid in the
assignment of this band, we had expected to obtain informa-
tion from a V68Y MbIIINO sample, which is known to have
∼70% (30%) of the V68Y molecules in the A3 (A1)
conformation in MbCO (17). However, the spectrum of
V68Y MbIIINO shows only a single A substate band at 1918
cm-1 (Figure 3D), which suggests that Tyr-68 causes a
weakening of the interaction between NO and His-64, forcing
the His-64 imidazole away from the ligand. Further evidence
of this scenario will be given below in the discussion of the
photoproducts. Alternatively, Tyr-68 could compensate for
part of the shift induced by His-64 by contributing a positive
partial charge, similar to what was already proposed for MbII-
NO.

To summarize, active site heterogeneity exists in ferrous
and ferric NO-ligated Mb that resembles the phenomena
observed for MbCO. In each oxidation state, several substates
can be distinguished on the basis of the stretching bands of
the heme-bound NO. The comparison of active-site mutants
shows that, as in MbCO, His-64 plays a key role in the

noncovalent interactions also with the NO ligands; the pH
dependence of the spectral changes indicates that these
interactions are stronger than with CO. With the exception
of the substate related to the band at 1942 cm-1 in MbIIINO,
His-64 does not make an appreciable contribution to the
rebinding enthalpy barrier in any of the conformations of
NO-ligated Mb.

Ligand Dynamics in Photodissociated MbNO. Formation
and Yield of Photoproducts. The FTIR-TDS technique relies
on the photolability of the ligand-iron bond and the presence
of specific docking sites in which the ligands become trapped
and can be identified by a characteristic spectroscopic
signature. To establish an efficient photolysis protocol for
NO-ligated Mb, mixed MbIINO/MbCO and MbIIINO/MbCO
samples of mutant H64L, with path lengths of 25 and 75
µm, respectively, were prepared and illuminated at 4 K. The
laser intensity was attenuated 1000-fold by using a 3-OD
neutral density filter. These mixed preparations enable a
direct comparison of the NO and CO photolysis yields
because simultaneous measurement of CO and NO spectra
cancels effects because of laser power and sample density
variations. Mutant H64L was chosen here because, in contrast
to wild-type Mb, the absorption bands of heme-bound CO
and NO do not overlap in H64L MbIIINO/MbCO (Figure
2). Transmission spectra were collected continuously during
illumination and referenced against a transmission spectrum
taken in the dark. The photoproduct yields were determined
from the photolysis-induced decrease of the absorption bands
of heme-bound NO and CO and plotted as a function of the
illumination time in Figure 4. The prepared photoproduct

Table 1: Band Positions of the IR Stretching Absorption of Heme-Bound and Photodissociated CO and NO Ligands in Wild-Type and Mutant
Mb Samples. Band Positions Were Determined at 4 K, with an Estimated Experimental Error of(0.5 cm-1

ν(heme-bound ligand) (cm-1) ν(photolyzed CO) (cm-1) ν(FeIIIphotolyzed NO) (cm-1) ν(FeIIphotolyzed NO) (cm-1)

Mb sample MbCO MbIIIN O MbIIN O B C B C B C

wild-type Mb
pH 7.0 8.0 6.9
A3 1930 1942? 1607 2149
A1 1945 1927 1614 2119 2131 2132 - 1865 1869 1852 1857 1865 1869
A0 1965 1914

H64L
pH 6.8 7.0
A0 1965 1901 1635 2126 2132 2136 1862 1867 1864 1869 1862 1867 1865 1869

H64V
pH 7.1 7.3
A0 1968 1638 2124 2129 1857 1861 1869

I28W
pH 7.2 7.2
A3 1929 1942? 1605 - - -
A1 1945 1928 1614 2118 2131 - 1865 1869 1852 1856 1865 1869
A0 1917

L104W
pH 7.3 6.3/4.6 7.1
A3 1932 1934 1603 2149
A1 1944 1924/1924 1612 2118 2131 2132 - 1865 1869 1852 1857 1865 1869
A0 1912/1913

V68Y
pH 7.2 6.0 7.3
A3 1931 1918 1582 2107 2150 1863 1868 not occupied ND ND
A1 1944 1593 2111 2139
A0 1961

L29W-S108L
pH 7.6 7.3 7.2
AI 1945 1932 1604 2122 2131 2124 2137 - 1865 1869 - 1865 1869
AII 1965 1906 1917 1609
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states did not recombine during several hours in the dark at
4 K, as expected.

Figure 4 shows that trapping in a photoproduct site after
photodissociation is much more efficient for CO than for
NO. It takes∼1000 s to completely photodissociate MbCO
and hence∼1 s without the 3-OD filter. In some mutants,
subsequent illumination for many hours can provide energy
to the CO in site B so that it may migrate to other sites with
higher barriers against rebinding even at 4 K (16). Alterna-
tively, CO ligands have been observed to explore alternative
docking sites upon raising the temperature after photolysis
at 4 K (36). Furthermore, efficient CO migration to alterna-
tive sites can be induced by continuous illumination while
slowly cooling the sample, for instance, from 160-4 K (46,
50). Formation of photoproducts takes much longer in both
ferric and ferrous MbNO than in MbCO. For MbIINO and
also MbIIINO, the quantum yield of photolysis is 0.5-1 (30,
68, 69). Consequently, the much slower response to pho-
tolysis light at 4 K indicates that most ligand trajectories
terminate in the bound state right after photodissociation.
Essentially complete photolysis of NO is achievable but
requires many hours of continuous illumination with full laser
power (Figure 4, small open symbols). High photolysis yields
can be obtained using slow-cool illumination that efficiently
traps the NO ligands in remote sites.

Meuwly and co-workers have proposed that photolysis of
NO-bound Mb at cryogenic temperatures may lead to the
formation of both ferric (70) and ferrous (71) Fe-ON
complexes. Such metastable species have been reported upon
photolysis of iron nitrosyl porphyrins at 25 K (72). We have
taken great care not to overlook any photolysis-induced
spectral changes that could be assigned to Fe-ON photo-
products in the entire spectral range in which they may be
expected. However, we only found the typical photoproduct
absorption bands associated with ‘free NO’ in the protein
between 1840 and 1880 cm-1 even after extended photolysis
(Figure 3).

Primary Photoproduct of MbIINO.After brief illumination
of MbCO at 4 K, the photolyzed ligands are trapped in the
primary docking site B, in which the CO is located on top
of pyrrole ring C of the heme group (73-76). In the A1

conformation, two CO stretching bands are observed at 2119
and 2131 cm-1; they are associated with opposite orientations
of the ligand at site B. The doublet arises from vibrational
Stark splitting, i.e., from interactions between the CO dipole
and the local electric field at the docking site (74, 77, 78).

As for the A substate bands, the interaction with the His-64
side chain is the main determinant of the CO stretching
frequency (78). The photoproduct spectra of I28W, L104W,
and wild-type MbCO are very similar (Table 1) because all
these proteins have an identical active site structure and hence
the same electric field at site B (11). The larger Stark splitting
of the CO bands at site B for the A3 than the A1 substate of
MbCO (79) points to a decreased distance between the
photolyzed ligand and the His-64 side chain (60).

Because the majority population of wild-type sperm whale
MbIINO is associated with the band at 1614 cm-1, the
photoproduct spectrum in Figure 3B obtained after 20-s
illumination at 4 K is essentially governed by this species.
Its integrated area is∼20× smaller than the one of heme-
bound NO. It displays a doublet of bands, a large peak at
1857 cm-1, and a smaller one at 1867 cm-1. A shoulder at
1852 cm-1 is also apparent. The main photoproduct band of
the15NO wild-type MbIINO sample is centered at 1824 cm-1,
with a small shoulder at 1820 cm-1; the minor peak is seen
at 1834 cm-1 (data not shown). For mutants I28W and
L104W, the spectra of the ferrous state look qualitatively
similar; however, the high-frequency component 1867 cm-1

is weaker in I28W and stronger in L104W than in wild-type
MbIINO (Figure 3B, Table 1). In L104W, a further splitting
into two bands at 1865 and 1869 cm-1 is evident. Inciden-
tally, Miller et al. (24) also identified the two bands at 1852
and 1857 cm-1 in horse heart MbIINO, where they appeared
spectrally better resolved. A weak band at 1869 cm-1 is also
visible in their data. Consequently, all spectra show a splitting
of bands by∼10 cm-1, with a large population at 1857 cm-1

and a minor one at 1867 cm-1. It appears that even mutations
remote from the active site can influence the ratio of the
two components in a rather subtle way, as was previously
noticed for MbCO (11). In addition, these bands are further
split by 4-5 cm-1, at least in the low-frequency component
of all spectra. For the high-frequency component, this
additional splitting is only clearly visible for the L104W
mutant. In the aliphatic mutants H64V and H64L, we have
observed essentially only two bands split by 5 cm-1; they
are located in between the more strongly split bands of
samples containing His-64 (Figure 3B). Therefore, we
suggest that the large splitting arises from an electrostatic
interaction between His-64 and the NO in two different
orientations in the primary docking site B, very similar to
the situation in MbCO.

This assignment is further supported by an estimation of
the extent of splitting expected for NO in photoproduct site
B. The frequency shift,∆ν, of a vibrational transition dipole
that is oriented at an angleθ with respect to a local fieldEint

can be computed as

where |∆µb| is called the Stark tuning rate, which has its
physical origin in bond anharmonicity and electronic polar-
izability (65). For CO in frozen 2-methyltetrahydrofuran, a
Stark tuning rate of 0.43 cm-1/(MV/cm) has been determined
experimentally (80). For noncovalently bound or free NO,
to our best knowledge, Stark tuning rates have not yet been
measured. Recent ab initio DFT calculations have predicted
Stark tuning rates of 0.36 cm-1/(MV/cm) for NO and 0.51
cm-1/(MV/cm) for CO (81). Stark tuning rates of 0.53 and

FIGURE 4: Photolysis yields of H64L MbCO (black symbols), MbII-
NO (red, closed symbols) and MbIIINO (red, open symbols; small
symbols: full laser power) upon constant laser illumination through
a 3-OD neutral density filter at 4 K, calculated from the decrease
of the absorption bands of the heme-bound ligand.

h∆ν ) -|∆Bµ||Eint|cosθ (1)
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0.63 cm-1/(MV/cm) have been obtained by using classical
electrostatics, treating ligand binding as ‘electrostatic bond
formation’ (82). These calculations are in semiquantitative
agreement with our assignments, indicating that the Stark
splitting is somewhat smaller for NO than for CO (10 versus
12 cm-1) at site B in ferrous wild-type Mb at 4 K. This
interpretation, however, still leaves the observed additional
splitting by 4-5 cm-1 to be explained. For samples in which
His-64 is present, the splitting could originate from the two
bound-state conformations at 1607 and 1614 cm-1 that
generate two doublets, as for A1 and A3 of MbCO (79).
Alternatively, additional NO orientations in the primary
docking site could also produce these bands. H64L and H64V
MbIINO exhibit only single bound-state bands, so that
heterogeneity in the ligand-bound conformation can be
excluded. Even for CO in photoproduct site B, a splitting
exists in these mutants (4.5 cm-1 in H64V (54)). Likely, the
splitting is produced by the remaining electric field in the
absence of His-64. The presence of water molecules in the
distal pocket at low temperature upon removal of the
imidazole moiety could also be responsible for more
complicated IR spectra (83).

Primary Photoproduct of MbIIINO.After brief illumination
of the ferric wild-type protein, a significant fraction is
photodissociated, as inferred from the bands of heme-bound
NO, but stretching bands related to photoproduct species are
essentially absent in the region around 1850 cm-1, as was
reported earlier (24). We made the same observation for
mutant L104W. Close inspection revealed an extremely
weak, single band at 1869 cm-1 (Figure 3E), with an area
that is∼160× smaller than that of the bound-state bands.

In Figure 3E, the dotted black and blue lines indicate the
actual amplitudes of the bands with respect to the other
photoproduct bands. In mutant I28W, despite a thorough
search in the entire spectral range, we were unable to find
any bands that may be assignable to the NO ligand stretching
vibration. From the TDS map in Figure 5F (see below), it is
evident that this absorption arises from NO molecules
rebinding at low temperature (<25 K) and not from those
that have escaped to secondary binding sites. Moreover, the
spectrum is distinctly different from the one of MbIINO,
which excludes an explanation involving a small contamina-
tion with the ferrous species. Therefore, we believe that only
a small fraction of the NO molecules docks in a specific
site in the distal pocket so that it gives rise to a well-defined
absorption band. We emphasize that we have carefully
scanned the entire frequency range in which NO or even
NO+ (ν ≈ 2300 cm-1 (84)) may absorb.

In contrast to wild-type and L104W, H64L MbIIINO again
displays a stretching spectrum of photodissociated NO, with
an integrated absorbance 25-fold lower than that of bound
NO, showing two bands at 1862 and 1867 cm-1 (Figure 3E).
The band positions are identical to those seen for the ferrous
sample. Apparently, NO in the primary photoproduct site of
H64L MbIIINO is insensitive to the oxidation state of the
heme iron. The reappearance of photoproduct bands in the
absence of His-64 indicates that its presence in wild-type
MbIIINO precludes docking of photodissociated NO ligands.
Interestingly, 20-s illumination of V68Y MbIIINO yields a
photoproduct doublet at 1863/1868 cm-1 (Figure 3E),
suggesting that there is no significant interaction between
the His-64 side chain and the photolyzed NO in this mutant.

FIGURE 5: TDS contour maps of (left column) MbIINO and (right column) MbIIINO; contours are spaced logarithmically. The maps show
temperature dependent absorption changes of (A, E) heme-bound and (B, F) photodissociated NO after 20-s illumination at 4 K, and (C,
G) heme-bound and (D, H) photodissociated NO after slow cooling from 160 to 4 K under continuous illumination. Solid and dotted lines
represent absorption increases and decreases, respectively.
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From the rather low frequency of the heme-bound NO (1918
cm-1), we had already inferred that the bulky Tyr-68 side
chain forces the His-64 imidazole away from the ligand. On
the basis of these observations, His-64 in ferric wild-type
Mb essentially prevents trapping of NO ligands in the
primary docking site B in well-defined orientations. As a
result, the NO ligands give rise to a very broad stretching
absorption that cannot be distinguished from the background.

NO Migration to Remote Photoproduct Sites.After slow
cooling from 160 to 4 K under continuous illumination,
photoproduct spectra of ferrous wild-type and mutant samples
(Figure 3C) are very different from those after brief illumina-
tion (Figure 3B). Essentially identical spectra are obtained
for wild-type and L104W MbIINO; they are dominated by a
doublet at 1865 and 1869 cm-1. In mutant I28W, the two
doublets at 1852/1857 cm-1 and 1865/1869 cm-1 contribute
roughly equally to the overall spectral area. The spectrum
of H64L MbIINO shows a single, rather broad band at∼1865
cm-1, whereas a new large peak appears at 1869 cm-1 in
H64V in addition to the two bands at 1857 and 1861 cm-1

that were already present after brief illumination.
For wild-type and L104W MbIIINO, slow cooling under

continuous illumination from 160 to 4 K again yielded easily
measurable photoproduct spectra, with spectral areas∼20-
fold smaller than those of the bound-state spectra. They
display the same 1865/1869-cm-1 doublet that was already
observed in the ferrous samples (Figure 3F). This doublet is
also present in the spectrum of mutant H64L after slow-
cool illumination. Still no photoproduct bands were found
for I28W, whereas the photoproduct spectra after brief and
prolonged illumination of V68Y are identical.

NO Rebinding from the Primary Docking Site.To examine
the rebinding behavior of NO from the photoproduct states
created by the different photolysis protocols, TDS experi-
ments were started immediately after 20-s illumination and,
in addition, also after slow cooling under light from 160 to
4 K. The TDS data of wild-type MbNO are shown in Figure
5 as logarithmically scaled contour plots of the absorption
changes on a surface spanned by the wavenumber and
temperature axes; solid and dotted lines represent increasing
and decreasing absorption, respectively.

After 20-s illumination, rebinding in both the major (1614
cm-1) and the minor (1607 cm-1) conformations of MbII-
NO occurs mainly at 15 K (Figure 5A). The decrease of the
photoproduct bands at 1852, 1857, and 1867 cm-1 is also
maximal at 15 K (Figure 5B). For wild-type MbIIINO,
maximum rebinding occurs at 15 K in the bands at 1924
and 1914 cm-1 and at 40 K in the band at 1942 cm-1 after
brief illumination (Figure 5E). A weak tail in the contours
of the dominant band extends up to 60 K, which indicates
that a very small fraction of NO ligands has already escaped
to the remote site during illumination. The signal in the
photoproduct map (Figure 5F) is extremely weak and
localized below 25 K.

In MbCO, the enthalpy barriers that govern rebinding from
the primary docking site B are markedly different for the
three A substates. For example, the peak enthalpies of A1

and A3 are 10.1 and 19.5 kJ/mol, respectively (61), which
suggests that the His-64 side chain exerts more steric
hindrance in A3. For wild-type MbIINO, however, the two
conformations related to A1 and A3 behave identically with
respect to NO rebinding in the FTIR-TDS experiments, in

agreement with kinetic studies of Miller et al. (24). Recom-
bination is seen to be essentially completed by 25 K, which
is the temperature range in which thermal interconversion
between rotoisomers of the photodissociated CO is observed
in the photoproduct spectra of MbCO (49, 78). This
observation suggests that the temperature of rebinding in the
TDS experiment is not governed by an activation enthalpy
barrier at the heme iron but rather by the weak binding of
the ligand in its docking site. Femtosecond IR spectroscopy
of MbIINO has also established the presence of two spec-
troscopically different but kinetically identical substates at
ambient temperature (25). Apparently, the His-64 imidazole
moiety does not sterically hinder NO access to the heme
iron in either of the two spectroscopically distinguishable
states.

The same set of TDS experiments was carried out on the
ferrous and ferric forms of the mutant Mb samples. Instead
of presenting these data as contour maps, we have plotted
in Figure 6 the temperature dependence of the absorption
changes in the bands of the heme-bound ligands integrated
along the wavenumber axis. This representation provides an
alternative, more compact way to display the temperature
dependence of the rebinding reaction (but obscures spectral
changes). For comparison, we have also included TDS data
on MbCO. For the same photolysis protocol, it is obvious
that the rebinding patterns are similar for ferrous and ferric
NO preparations of the same mutant Mb. After 20-s
illumination at 4 K, rebinding in wild-type Mb, I28W, H64V,
and L104W occurs predominantly at∼15 K. In H64L,
maximal recombination occurs at even lower temperatures;
and a second process is faintly visible at∼30 K. In contrast,
the rebinding peak is shifted to 35 K in V68Y MbIIINO. After
extended illumination, the temperature dependencies of the
absorption changes in the bound-state bands of MbIIINO and
MbIINO are very similar (Figure 5G), with>80% of the
photolyzed NO ligands rebinding in the population peaking
at ∼70 K. The photoproduct maps of the ferric and ferrous
samples are essentially superimposable (Figure 5D, H).

NO Migration to Secondary Photoproduct Sites. There has
been a long-standing debate about the determinants of the
nonexponential geminate recombination in ferrous MbNO
on picosecond time scales observed under physiological
conditions. Petrich and co-workers, for instance, have
proposed that protein relaxation, especially the iron-out-of-
plane movement, dynamically increases the barrier against
rebinding after ligand dissociation (31, 32), as earlier
suggested by Agmon and Hopfield (85). A similar dynamic
model was invoked to explain the slowing of the flash
photolysis kinetics of MbCO around 200 K (86, 87). In the
latter case, however, migration of CO to alternative docking
sites was shown to be responsible for this effect (18, 88),
which raises the question if ligand migration could also be
responsible for nonexponential rebinding in MbIINO (89).
On the basis of their recent temperature-dependent investiga-
tions of NO rebinding to mutant Mb samples, Ionascu et al.
(27) explained the nonexponential process by recombination
from a primary docking site and a more remote site. For
MbIIINO, EPR studies also gave evidence of two photoprod-
uct sites at cryogenic temperatures (90).

Within 20-s illumination at 4 K, a rather small fraction of
the NO ligands already escapes to another docking site with
higher enthalpy barrier against rebinding (Figure 5E). This
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population can be enhanced by extended illumination. After
slow cooling of ferrous and ferric wild-type MbNO from
160 to 4 K under continuous illumination,∼90% of all NO
ligands are photolyzed and the majority is trapped in the
secondary site, where they give rise to a doublet of stretching
bands at 1865 and 1869 cm-1, independent of the iron
oxidation state (Figures 3 and 5). In MbCO, a third rebinding
process occurs at∼120 K, which is entirely absent in the
MbNO samples (Figure 6). Rebinding from this photoproduct
peaks at∼70 K (Figure 6). The same intermediate is
populated upon slow cooling of L104W MbNO (Figure 3C
and 3F). In contrast, migration into the secondary site is
markedly suppressed for mutant I28W, so that the predomi-
nant fraction of NO ligands still rebinds at∼15 K (Figure
6). Moreover, the photoproduct bands representing ligands
at site B still comprise∼50% of the spectrum of I28W,
whereas they are completely absent in wild-type Mb and
L104W (Figure 3C). Ligand migration is totally absent in
mutant V68Y; all ligands are trapped exclusively at the
primary site for both illumination protocols (Figure 3E and
3F, Figure 6). By comparison with previous CO migration
studies in Mb (11, 17), these results enable us to unambigu-
ously identify the secondary docking site with the Xe4 cavity
(38): The Xe4 cavity is readily accessible to CO in mutant
L104W, but partially blocked in I28W (11), whereas CO
can migrate to the Xe1 site in I28W, but not in L104W,
which has this cavity completely filled by the Trp-104 indole
side chain. The introduction of an aromatic residue at position
68 is known to interfere with CO migration to both the Xe4
and Xe1 cavities (17). We also note that the ability of NO
ligands to escape into the Xe4 cavity was suggested earlier
by molecular dynamics simulations (89, 91). The data in
Figure 6 clearly indicate that, unlike CO, NO cannot be
trapped in the Xe1 cavity at all, at least at cryogenic
temperatures. This finding came as a surprise, as we had
expected a similar migration behavior for NO and CO based

on their similar molecular dimensions. As a matter of fact,
NO is even slightly smaller as CO, which suggests that NO
will experience less steric hindrance on its way from the
Xe4 to the Xe1 cavity. However, we emphasize that our
experiments can only detect a photoproduct population in a
particular site (i) if a significant fraction of ligands migrates
to this site instead of going to other, more easily accessible
sites, and (ii) if sufficiently high free energy barriers exist
that prevent fast return from this site. Our data indicate that
NO is trapped in Xe4 in a different orientation than CO,
which could give rise to a scenario in which the free energy
barrier for migrating on to Xe1 is significantly higher than
the one for returning to the distal pocket. Alternatively, the
slightly smaller size of NO could lower the barrier for exiting
Xe1 so that a significant photoproduct population cannot
accumulate at low temperatures. By using time-resolved
X-ray crystallography, we hope to clarify this interesting
issue in the future.

NO Dynamics in the Xe4 CaVity. Temperature-dependent
changes of the integrated absorption are not solely due to
rebinding but may also reflect ligand reorientation at a
particular site (11, 17), ligand migration between sites (36),
or librational dynamics of ligands covalently bound to the
heme iron (35) or trapped in a docking site within the protein
(51, 52). In the photoproduct maps obtained after slow
cooling of wild-type MbNO (Figure 5D,H), the bands at 1865
and 1869 cm-1, which dominate most of the photoproduct
spectra after slow-cool illumination, show characteristic
features of ligand librations in a cavity. They exhibit a
pronounced loss of intensity starting below 20 K, although
rebinding from the secondary site represented by these bands
becomes noticeable only above∼40 K, as seen from the
contours in the bound-state maps (Figure 5C,G) and also in
the integrated absorption changes (Figure 6). This behavior,
which was also observed for the other mutant samples, was
observed earlier for the photoproduct bands of the MbCO

FIGURE 6: Integrated absorbance differences,∫∆A(ν)dν, of MbIINO and MbIIINO wild-type and mutant samples calculated from the TDS
data as a function of temperature. Data on MbCO are included for comparison. TDS data were taken (solid lines) after brief illumination
at 4 K and (dotted lines) after slow cooling from 160 to 4 K under constant illumination.
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double mutant L29W-S108L, where it is particularly pro-
nounced and was utilized to determine the internal electric
field in the cavity (51, 52). Therefore, we have studied the
absorption changes in the NO photoproduct bands of this
particular mutant after illumination during slow cooling from
160-4 K. The contour map in Figure 7A shows two discrete
populations for NO rebinding, peaking at 115 and 160 K
(Figure 7A,B). The two rebinding maxima are also seen for
the CO-ligated species and have earlier been shown to arise
from CO rebinding from the Xe4 cavity (Figure 7D,E), and
the differences in the rebinding temperatures have been
explained by a protein relaxation that leads to a collapse of
the cavity volume (51).

NO ligands trapped in the Xe4 cavity of L29W-S108L
MbIINO display stretching bands at 1864.7 and 1869.6 cm-1.
The Stark splitting of NO at 10 K (4.9 cm-1) is significantly
smaller than the one of CO (12.3 cm-1 (52)), as seen in
Figure 7C,F. If we estimate, based on the previously
published calculations (81, 82), that the ratio of the Stark
tuning rates between NO and CO is 0.8, it appears that the
two ligands must be oriented differently within the cavity.
Assuming opposite orientations, we have determined the
angleθ between the CO dipole and the electric field vector
(eq 1) in the Xe4 cavity as 29° (51). To explain the
significantly smaller splitting in the case of NO (assuming
that the electric field is identical), an angleθ as large as
∼70° is required.

The TDS contours (Figure 7B) indicate a pronounced
decrease of the NO photoproduct band areas between 10 and
70 K that is also clearly evident from the spectra (Figure
7C) and the normalized areas in the inset to Figure 7B. This
loss in area is not related to rebinding, as can be seen from

the absorption changes in the map of the heme-bound ligands
that are only visible at temperatures above 80 K (Figure 7A).
An additional experimental finding concerns the Stark
splitting of the two bands, which decreases with increasing
temperature (Figure 7C). Both effects were noticed earlier
in the TDS maps of L29W-S108L MbCO (Figure 7D,E) and
exploited to analyze the dynamics of CO in the Xe4 cavity
in great detail (51, 52). The temperature-dependent spectra
can be described by a quantitative model that treats the CO
ligand in the cavity as a two-dimensional oscillator, perform-
ing librational motions with a period of 1.3 ps. This motion
was subsequently observed in the time domain by measuring
the anisotropy decay in an ultrafast IR pump-probe experi-
ment by Helbing et al. (92). The temperature-dependent
effects on the NO and CO spectra are very similar (Figure
7C,F). The inset in Figure 7B shows that the decays of the
integrated absorbances of NO and CO are essentially
identical, which indicates the both ligands perform librational
motions of comparable magnitude within the Xe4 cavity.

CONCLUSIONS

In this work, we have characterized conformational
heterogeneity in both ligand-bound and photoproduct states
of ferrous and ferric MbNO at cryogenic temperatures by
using photolysis difference FTIR spectroscopy in combina-
tion with TDS. The His-64 imidazole side chain interacts
with NO near the active site in different ways, depending
on the particular protein conformation. Whereas His-64
makes a significant contribution to the rebinding enthalpy
barrier in MbCO, it does not contribute to an enthalpy barrier
to ligand binding in MbNO (except for the MbIIINO
conformation associated with the NO band at 1942 cm-1),

FIGURE 7: TDS data of L29W-S108L (left column) MbIINO and (right column) MbCO obtained after slow cooling from 160 to 4 K under
continuous illumination. TDS contour maps in the bands of (A, D) heme-bound and (B, E) photodissociated NO and CO. Solid and dotted
lines represent increasing and decreasing absorption, respectively; contours are spaced logarithmically. Inset in panel B: Normalized band
areas of NO and CO as a function of temperature. FTIR absorbance difference spectra of (C) NO and (F) CO located in the Xe4 cavity,
plotted from 10 to 70 K in 10-K intervals.
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so that the different conformation have identical rebinding
properties. Whereas CO preferentially occupies the primary
docking site B and sites C (Xe4 cavity) and D (Xe1 cavity)
to a lesser extent in extended illumination experiments at
cryogenic temperatures (16, 46, 93), NO readily escapes into
the Xe4 cavity but cannot be trapped in Xe1.

Time-resolved crystallography and spectroscopy on MbCO
at room temperature have disclosed that the internal cavities
are not only pure packing defects or essential components
of functional flexibility but provide transient binding sites
and are parts of internal pathways for ligands migrating to
and from the active site (11, 14, 15, 20, 22, 23). Our present
results with MbNO point to another physiological role of
such a protein cavity: to function as a storage device of a
macromolecular reactor, where MbO2 and NO are trans-
formed to ferric Mb and NO3-. This NO scavenging reaction
of MbO2 is very rapid (8), with estimated half-lives in the
millisecond time range in the red muscle. By contrast, the
oxidation reaction according to 2 NO+ O2 f 2 NO2 in
aqueous solution takes many seconds at the typical sub-
micromolar concentrations of NO in the cell (94). The huge
enhancement in reactivity seen for MbO2 depends on the
one hand on the superoxide character (Fe3+-O2-) acquired
by O2 bound to the heme iron (95); on the other hand,
transient trapping of NO in the highly affine Xe4 cavity may
considerably enhance the probability of the NO to encounter
the ‘activated’ metal bound O2- (7, 10) and, thereby, thein
situ formation of the reaction intermediate peroxynitrite (96).

The pathophysiological significance of Mb as an NO
scavenger has been substantiated by experiments carried out
in ViVo using Mb knock-out mice (6). Mb is crucial to the
inactivation of NO and substantially determines the dose-
response curve of the NO effects on coronary blood flow
and cardiac contractility. The detailed chemistry of NO and
its interactions with components of the cellular environment
is complex and not yet well understood. Spectroscopic studies
along the lines presented here can be useful for gaining
further insight at the molecular level, as heme proteins are
the key targets of NO in mammalian physiology.
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