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Diatomic ligands in hemoproteins and the way they bind to the
active center are central to the protein’s function. Using picosecond Fe
K-edge X-ray absorption spectroscopy, we probe the NO-heme recom-
bination kinetics with direct sensitivity to the Fe-NO binding after
532-nm photoexcitation of nitrosylmyoglobin (MbNO) in physiological
solutions. The transients at 70 and 300 ps are identical, but they de-
viate from the difference between the static spectra of deoxymyoglo-
bin andMbNO, showing the formation of an intermediate species. We
propose the latter to be a six-coordinated domed species that is pop-
ulated on a timescale of ∼200 ps by recombination with NO ligands.
This work shows the feasibility of ultrafast pump–probe X-ray spec-
troscopic studies of proteins in physiological media, delivering insight
into the electronic and geometric structure of the active center.
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Diatomic molecules, such as CO, NO, and O2, are the re-
ceptors that bind to and activate heme proteins. Among

them, NO has been highlighted as a key biological messenger (1)
and its level controls various physiological responses, such as NO
synthases, message transduction (soluble guanylyl cyclases) (2, 3),
NO transport and oxidation [hemoglobin, myoglobin (Mb), and
nitrophorin] (4–6), and regulation of the NO/O2 balance (neuro-
globin) (7, 8). In all of these cases, the heme group that binds the
NO ligand is chemically identical, and therefore, variations in the
reactivity and function are thought to be closely related to the spin,
electronic configuration, and geometric structure on binding (9)
and/or suggestive of different steric and electronic interactions of
the bound NO with neighboring protein residues (10). Conse-
quently, there is great interest in understanding the nature of NO
binding to heme proteins and its biochemical role.
The binding kinetics of NO in Mb have been studied by a

variety of time-resolved spectroscopic techniques. Ligand disso-
ciation from the heme iron was triggered by excitation into either
the Soret or the Q bands, whereas the ensuing dynamics were
probed using transient absorption (TA) in the UV visible (UV-
Vis) (11–20), the near IR (21–23), and the mid-IR (10, 23, 24) or
by resonance Raman spectroscopy (20). For UV-Vis and near-
IR TA spectroscopy, the signals are dominated by the π-orbitals
of the porphyrin, whereas mid-IR TA of the NO stretch mode is
sensitive to the orientation of the NO dipole. Resonance Raman
spectroscopy maps several vibrational modes of the porphyrin,
but most studies have focused on the important Fe-N stretch
vibration (at 220 cm−1) with the proximal histidine (20, 25–27),
which is sensitive to the position of the iron atom out of the
heme plane and to the strain that the protein exerts on the heme
through movements of the helices (28, 29).
All of the TA studies report multiexponential recombination

kinetics with time constants spanning from subpicoseconds to
several hundreds of picoseconds or even longer. Table S1 pre-
sents a compilation of these time constants, which vary somewhat
with the spectroscopic observable. The shortest times (1–2 ps)

have been attributed to vibrational relaxation, whereas the longer
ones have been attributed to geminate recombination (GR), with
two main groups: 10–40 and 130–300 ps (10, 12, 13, 16–18, 20, 21,
24). Based on temperature-dependent UV-Vis TA studies,
Champion and coworkers (17) argued that the transition state
associated with the fast recombination kinetics (8–15 ps) has no
barrier and is caused by rebinding of NO from the center of the
distal pocket very close to the iron. A barrierless recombination is
thought to occur, because the unpaired NO electron forms a
transition state with the antibonding dz

2 orbitals without struc-
tural distortions of the protein matrix (17). The slow component
in their work (170–200 ps) was assigned to recombination of NO
from the more distant Xe4 pocket (30). The rebinding occurs on a
similar timescale as the structural fluctuations of the protein ar-
chitecture (13, 23, 28, 29), and therefore, relaxation of the active
site after dissociation gives rise to a small time-dependent barrier
(∼3 kJ mol−1) (17). From their mid-IR TA studies, Lim and
coworkers (23, 24) similarly concluded that the slow recom-
bination component (133 ps in their case) is caused by the pro-
tein environment surrounding the distal side of the heme, and
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conformational relaxation of the protein after photolysis may raise the
barrier to NO rebinding. In both cases (long and short components),
it was hypothesized that NO binds to an out-of-plane iron (domed
porphyrin), in agreement with theoretical calculations (31–33). Fi-
nally, τ4 in Table S1 is due to the nongeminate recombination of NO
molecules that have escaped out of the protein into the solvent.
More recent studies by Negrerie and coworkers (20, 21)

combined UV-Vis, near-IR (in the region of band III) TA, and
resonance Raman measurements. The resonance Raman mainly
probed the Fe-Nhistidine mode that is sensitive to the heme iron
out-of-plane position, just like the near-IR band III (27). Al-
though the UV-Vis TA results in the Soret and Q-band regions
agree with the results in refs. 16 and 18, the resonance Raman
results and the TA studies of band III reveal an additional ∼30-ps
component [also reported in one of the mid-IR studies (10) and
one UV-Vis TA study (12)]. Negrerie and coworkers (21) also
concluded that GR leads to the formation of a transient six-
coordinated domed heme, with a rise time of ∼10 ps and a decay
of 30 ± 10 ps, corresponding to the return to the planar form.
Thus, the transition from domed to planar is not a prompt one
[contrary to the reverse process (34)], and Negrerie and co-
workers (21) attributed its timescale to the constraints that the
protein exerts on the porphyrin. Indeed, using picosecond UV
resonance Raman studies of MbCO, Mizutani and coworkers
(29) found that, on photodissociation of CO, the signal of the
Tryptophan situated on the A helix showed a prompt decrease
followed by a recovery in ∼50 ps that was attributed to changes in
the protein tertiary structure that exerts strain on the heme–
protein link. Negrerie and coworkers (20) studied other heme
proteins and found that the timescale of the primary domed to
planar heme transition was ∼15 ps for hemoglobin, ∼7 ps for
dehaloperoxidase, and ∼6 ps for Cytochrome c (Cytc), and they
attributed these timescales to the constraints exerted by the
protein structure on the heme cofactor (20). Negrerie and co-
workers (20) noted, however, that dehaloperoxidase and Cytc
have similar time constants, despite their different structure and
heme linking, revealing that several factors, not only the protein
strain, can influence the heme response kinetics. Similar time
constants were reported using IR TA by Lim and coworkers (22)
for Cytc and a model heme, microperoxidase-8, but they attrib-
uted the faster ligand rebinding in Cytc compared with Mb to the
fact that the former does not have a primary docking site-like
structure that slows down NO rebinding.
On the theory side, Franzen (31) calculated potential curves

along the Fe-NO distance for the different spin states of a
compound consisting of an imidazole (Im) ligand bound to iron-
porphine (FeP) trans to the diatomic NO ligand (Im-FeP-NO):
the electronic ground state (S = 1/2) and the excited quartet (S =
3/2) and sextet (S = 5/2) states. For the planar geometry, Franzen
(31) found, as expected for the ground state, that the doublet is
the most stable configuration. The quartet is somewhat less
binding, whereas the sextet state is even less binding with an Fe-
NO equilibrium distance above 2 Å. Franzen (31) attributed the
∼10-ps component to the S = 5/2→S = 3/2 relaxation and the
>100-ps timescale to a sequential relaxation S = 5/2→S = 3/2→S =
1/2 process. More refined calculations by Strickland and Har-
vey (32) found that the quartet state is the most likely state to
be populated on recombination. Contrary to the works in refs.
16, 17, 23, and 24, these calculations exclusively invoke intra-
molecular electronic relaxation, neglect the role of the environ-
ment, and do not include the strain on the porphyrin.
Because the measured time constants somewhat vary with the

observable (Table S1) and because the iron atom is the active
site of the reaction, one would ideally like to probe it specifically.
Time-resolved X-ray techniques seem most appropriate, because
they can visualize the structure of the environment around the
Fe atom. X-ray protein crystallography has been implemented on
carboxy-Mb (MbCO), showing docking of the CO ligand at the

Xe1 and Xe4 positions (35–37). However, solid samples are far
from the physiological conditions under which proteins operate,
and it is desirable to investigate the ligand dynamics of heme
proteins in physiological solutions. In addition, the latter can be
flowed continuously to ensure the renewal of the sample and to
decrease the X-ray dose on it. Adopting such an approach, X-ray
scattering studies of MbCO in solution with a 100-ps resolution
were recently reported (38–40), but the spatial resolution is such
that tertiary and global structural changes can be probed but not
atomic-scale changes. In addition, this approach does not deliver
information about the electronic structure of the active site,
which plays a central role in the biochemistry and reactivity of
heme proteins (41, 42). The valence 3d electrons of the iron
atom are significantly delocalized over the porphyrin ligand
π*-orbitals, and the ability of the heme to redistribute charge and
spin density plays an important role in the formation and stabi-
lization of a variety of intermediates important for biological
function (42–44). Time-resolved X-ray absorption spectroscopy
(XAS) (45) offers the advantage of interrogating the electronic
and geometric structure of the biochemically active center of the
system with elemental selectivity (i.e., the Fe atom). It was used
to investigate the recombination of CO to Mb after its photo-
dissociation from MbCO (46–48). In this case, ligand re-
combination occurs on times up to milliseconds (49), and the
transient XAS was recorded using alternating intervals of data
acquisition for the laser-excited sample at a 100-ps time delay
and the unexcited sample, contrary to the pulse-to-pulse data
acquisition where the unexcited and excited XASs are recorded
sequentially (50). The resulting transient reflects the formation of the
deoxy-Mb species (46), indicating the absence of GR of CO at this
time delay. Very recently, Levantino et al. (51) reported a femto-
second XAS study of MbCO at the Fe K edge using the Stanford
Free Electron Laser LCLS. Levantino et al. (51) presented kinetic
traces exhibiting two time components (∼70 and ∼400 fs), which they
tentatively attributed to a structural rearrangement induced by
photolysis involving essentially only the heme chromophore and a
residual Fe motion out of the heme plane that is coupled to the
displacement of Mb F helix, respectively. However, without transient
spectra, these conclusions are highly speculative.
The high-repetition rate scheme for picosecond XAS studies

(46) was originally developed to investigate photoinduced pro-
cesses in highly dilute media (52), such as proteins in physio-
logical solutions, which have concentrations (1–4 mM) that are
one to two orders of magnitude lower than those of the metal
complexes that we investigated (50). Here, we show for the first
time, to our knowledge, its implementation to address the nature
of the recombination of NO to the porphyrin Fe atom with 70-ps
resolution. Nitrosyl-Mb (MbNO) is excited at 532 nm into the Q
bands, and the system is probed at the Fe K edge near 7.12 keV.
We carried out two series of experiments under somewhat dif-
ferent conditions, which are both described in SI Experimental
Details, Figs. S1–S3, and Tables S2–S4. The results of the second
series confirmed those of the first and improved the signal to
noise ratio. We find that, on dissociation of NO, the transient
XAS spectrum deviates from the difference spectrum of the
static deoxy-Mb and MbNO spectra (expected in case of full
separation of NO from the heme) and that it does not change
over hundreds of picoseconds, pointing to a species that is in-
termediate between MbNO and deoxy but closer to the latter in
terms of electronic and geometric structure. These results are
rationalized by the fact that the rate-determining step to ligand
rebinding is the diffusion of NO in the protein, presumably from
the Xe4 pocket (∼200 ps) as suggested in refs. 16 and 17, forming
the domed hexacoordinated species, which relaxes to the planar
configuration in ∼30 ps (20, 21). The experimental setups and
sample preparation are described in SI Experimental Details. We
also performed simulations of the transient X-ray absorption
near-edge structure (XANES) spectra using multiple scattering
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theory (MST) (details in ref. 42 and SI Simulations of Transient
XANES Spectra).
Fig. 1A reproduces the normalized Fe K-edge steady-state

spectra of deoxy-Mb and MbNO already discussed and analyzed
in ref. 42. The preedge features are caused by dipole-forbidden
but weakly allowed 1s-dσ and 1s-dπ transitions, the latter being
mixed with ligand π-orbitals (42). These transitions draw their
intensity from the dipole-allowed 1s-4p transition, because the
3d and 4p orbitals are mixed by the low symmetry of the heme
environment (42). In the deoxy form, the 1s-dπ transition is
weaker and does not contribute much to the spectrum, whereas
transitions to the lower bonding orbitals are possible; they con-
tain holes, because deoxy is a high-spin system. The edge is
shifted to the lower energies compared with MbNO, which is
typical of low- and high-spin ferrous systems and caused by an
elongation of the Fe-N bonds (53, 54). Finally, the above edge
features are also very different in the two systems and have been
discussed in ref. 42.
Fig. 1B shows the XAS transient spectrum of a physiological

solution of 4 mM MbNO recorded 70 ps after laser excitation of
the Q bands at 532 nm. It is compared with the difference of the
deoxy spectrum minus the MbNO spectrum, hereafter called static
difference. Fig. S1 compares the results of the two series of mea-
surements. Fig. S2 shows the transient spectra of the second series
at 70- and 300-ps time delay along with the static difference spec-
trum. Within the limits of the signal to noise ratio, the two nor-
malized experimental transients are identical. They exhibit changes
in the preedge, the edge, and the postedge regions. A typical kinetic
trace of these features (here for the signal at 7.125 keV) is shown in

Fig. 2. It is best fitted with a biexponential function convoluted to
a Gaussian function of 70-ps width, representing the X-ray pulse
duration. The fit yields decay times (preexponential factors) of τ3 =
192 ± 44 ps (75%) and τ4 > 1.3 ns (25%). The 70-ps resolution
hinders us from resolving the short decay times (τ1 and τ2 < 40 ps in
Table S1), but the reported time constants are in good agreement
with most optical studies (τ3 and τ4 in Table S1). Considering that the
short component in our case integrates all of the first two decay times
in the optical studies (Table S1), the ratio of the preexponential
factors agrees well with these studies. Fig. 2 also shows that the
high-repetition rate pump–probe scheme used here does not lead
to sample damage compared with the 1-kHz repetition rate used
in all previous laser-only studies. This finding is important for
future optical pump/X-ray probe studies of hemoproteins in so-
lution by either X-ray solution scattering or X-ray spectroscopy.
If ligand photodissociation was the only outcome of the re-

action, such as in the case of MbCO (46, 48), the transient XAS
spectrum would be expected to reflect the changes from MbNO
to the unligated deoxy-Mb form, which is expressed as the static
difference spectrum (Fig. 1B) weighed by the photolysis yield
(55). However, deviations with the experimental transient are
observed (i) between 7.13 and 7.14 keV, (ii) between 7.16 and
7.165 keV, and (ii) around 7.18 keV. Importantly, these de-
viations persist in the transient at 300-ps time delay (Fig. S2),
although in the latter two regions, they are less clear cut because
of a larger noise level. The deviations point to the formation of
an intermediate species during the rebinding kinetics.
Based on the interpretation of the static spectra (42), it is

possible to qualitatively assign the principal features of the pi-
cosecond transients as follows. (i) The negative preedge feature
results from the decreased preedge absorption in the deoxy form
because of its high-spin iron configuration [i.e., the antibonding
dσ-orbitals, which are empty in the low-spin MbNO, become
partially occupied in the deoxy form]. The former leads to a
depleted absorption compared with MbNO. (ii) The main fea-
ture at 7.125 keV arises from the edge shift associated with
deoxy-Mb. This shift is caused by the elongation of the porphyrin
Fe-N distances in the high-spin state of deoxy-Mb. The fact that
this feature does not show any change compared with the static
difference spectrum points to a similar oxidation state of the
intermediate with the deoxy-Mb compared with the ligated form
MbNO. This result shows, in retrospect, that in this timescale
(70–300 ps), any changes in the preedge region associated with
the intermediate species are merely caused by an electronic

 MbNO
 DeoxyMb

Δ

 Static difference
 Experiment:  Δ

A

B

Fig. 1. (A) Steady-state Fe K-edge absorption spectra of MbNO and deoxy-
Mb. (B) Transient spectrum (excited minus unexcited sample X-ray absorp-
tion) recorded 70 ps after excitation of the sample at 532 nm (○; with error
bars). The difference of the deoxy-Mb minus MbNO (called the static dif-
ference spectrum) steady-state X-ray absorption spectra (A) is shown in red
in B. Norm. Abs., normalized absorption.

Fig. 2. Kinetic trace of the maximum Fe K-edge absorption (Abs.) spectrum
signal of MbNO on 532-nm excitation. Fitted timescales are τ1 = 192 ± 44 ps
(75%) and τ2 > 1.3 ns (25%).
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redistribution within the d orbitals (56). (iii) Finally, the region
between 7.14 and 7.16 keV is very sensitive to the ligand binding,
which was discussed in ref. 42, and the fact that it is negative in
the transient reflects the decreased absorption of deoxy-Mb–like
species at these energies (Fig. 1A).
In summary, (i) the transient species has a somewhat similar

geometric and electronic structure to deoxy-Mb. The most ob-
vious interaction that would account for such an intermediate
species is between the iron and the NO ligand, and it is, of
course, weaker than in MbNO, because it bears several common
features with deoxy-Mb. Based on previous studies, we conclude
that it is the domed NO-ligated form (17, 20, 21, 31, 32). (ii) Our

pulse width integrates the signals of the short components
(<20 ps), and we detect both deoxy-Mb that has not yet recombined
and the domed ligated form, but these components represent over
50% of the total signal (Table S1). This estimate implies that, at
70-ps time delay, we are mostly detecting domed ligated species.
The fact that the transients are basically similar at 70 and 300 ps
(Fig. S2) further supports this conclusion.
The weakness of the signal (i.e., the deviation from the static

difference spectrum) is an important aspect of the above con-
clusion, because the only difference between the deoxy form and
the ligated domed species is the presence of NO near the Fe
atom. As the NO ligand consists of light elements, these atoms

Scheme 1. Recombination of NO to the Mb heme after photolysis. Deoxy is the domed unligated protein, MbNO* represents the domed ligated form after
recombination, and NOsolv represents the NO ligands that have escaped to the solvent.

Fig. 3. Simulated static difference spectrum (deoxy minus MbNO; blue) and transient spectrum (domed ligated minus MbNO; red) along with the experi-
mental static difference spectrum (green). Details are in SI Simulations of Transient XANES Spectra. Norm. Abs, normalized absorption.
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contribute only weakly to the XANES modulations, because the
photoelectron backscattering efficiency is low. Ideally, we would
like to extract the structure of the intermediate species from our
transients; however, the most notable changes are all in the
XANES region (up to ∼50 eV above the edge) and small, which
makes a quantitative analysis very challenging. Indeed, it is
known that the MST, used to calculate XANES and extended
X-ray absorption fine structure (EXAFS) spectra, has serious
limitations in the low-energy XANES region and is, at best,
qualitative. Therefore, we refrain from doing so, and bearing in
mind the limitation of MST, we performed simulations of the
static difference spectrum (taking the simulated spectra from ref.
42) and the domed ligated species aimed at seeing if the ob-
served trends are confirmed by theory. We take the quartet state
of the domed ligated complex, which has a structure very similar
to the deoxy form, except that the NO ligand sits at 2.93 Å from
the Fe atom (SI Simulations of Transient XANES Spectra). Fig. 3
shows the experimental (Fig. 3, green) and simulated (Fig. 3,
blue) static difference spectra, which give an idea about the
precision of the MST calculations. Fig. 3, red shows the simu-
lated transient for the domed ligated form, and the deviation
from the static difference spectrum goes in the same direction as
the experimental transient. However, we reiterate that, for this
case, extracting definitive structural information from these
calculations is not possible.
We can now rationalize the three types of timescales (typically

<10, ∼30, and ∼200 ps) that were reported in laser-only studies
and this study. Champion and coworkers (17) explain the <10-ps
time constant as reflecting GR to the domed configuration be-
cause of nearby NOs, whereas the 200-ps time constant is at-
tributed to the more distant NOs located in the Xe4 position
(30). This interpretation is supported by the conclusions in the
works by Lim and coworkers (23, 24) and Kholodenko et al. (18),
which argued that the long component is determined by the re-
laxation of the protein.
Our results show that the entire kinetics up to ∼300 ps reflect

the same intermediate species, which we identify as the domed
ligated heme, relaxing in ∼30 ps back to the planar configuration
according to the work in ref. 20. Thus, we conclude that the
200-ps timescale for the diffusion of NO (probably from the Xe4
position, which was suggested in ref. 17) to the Fe atom is the
rate-limiting step for the formation of the domed species that
then decays in 30 ps (20). Therefore, because the rise time of the
intermediate is longer than its decay time, the former appears as
a decay in the kinetics.
The resonance Raman experiment by Kruglik et al. (20) is

specifically sensitive to the 30-ps component, which was missed

in most IR or UV-Vis TA studies (Table S1). Interestingly,
Kruglik et al. (20) report a rise of this component of ∼10 ps (i.e.,
they detect the fast-rising component of the domed ligated form
caused by GR, amounting to about 50% of the entire recombining
population) (τ2 in Table S1). The rest of the domed species is di-
luted in the 200-ps component, because as mentioned above, the
rise is slower than the decay.
Kruglik et al. (20) associate the 30-ps relaxation of the domed

ligated species to the constraints exerted by the protein on the
porphyrin, whereas from his calculations of the model system Im-
FeP-NO, Franzen (31) finds that, for an Fe doming of 0.2 Å
(typical of the domed deoxy species), the highest excited state ac-
cessible on NO recombination to the Fe atom is the sextet state,
which has an equilibrium distance of 2.85 Å, where it crosses the
potential curves of the doublet (ground) state. The more recent
calculations by Strickland and Harvey (32) rather suggest that the
quartet state is more likely to be populated on recombination with
an equilibrium distance of 2.93 Å. However, more important here
are the conclusions by Franzen (31) of a sequential cascade among
spin states that are invalidated by the similarity of our 70- and
300-ps transient spectra, unless the relaxation from a high- to a
low-spin state is on the order of 100s ps or longer, which is unlikely.
Finally, the >1-ns component in this XAS study and previous

optical studies (Table S1) is most probably caused by proteins
that have lost the NO ligand to the surrounding solvent. Scheme
1 summarizes the results of this investigation and previous in-
vestigations (16, 17, 20, 23, 24).
This study shows the feasibility of picosecond XAS at high-

repetition rates on biological systems in physiological solutions.
Importantly, no radiation damage by either laser or X-ray is ob-
served. Furthermore, we gain insight into the NO ligand dynamics
and show that the domed MbNO* species is the only initial out-
come of recombination, which is populated in ∼200 ps (because of
recombination from distant NOs) and relaxes in ∼30 ps. The latter
timescale is governed by the constraints exerted by the protein on
the porphyrin. This work paves the way to an investigation of the
short-time dynamics using ultrafast XAS and X-ray emission at
X-ray Free Electron Lasers to address the nature of the electronic
and spin state of the intermediate and its geometric structure.
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