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The rates of biochemical reactions in proteins are modulated by
protein conformation. Myoglobin (Mb), a ligand-binding heme
protein, has long served as a model system for investigating the
dynamics of conformational change and the coupling of protein
motions to ligand binding.1 To unveil the mechanism of how protein
conformational changes modulate ligand-binding reactions, it is
most useful to characterize ligand-binding trajectories near the active
site of the protein.

Time-resolved studies of photolyzed MbCO have revealed much
about ligand-rebinding dynamics; however, under physiological
conditions, the geminate rebinding (GR) yield is too small and its
rate too low to characterize the extent to which protein conforma-
tional relaxation modulates the ligand-binding trajectories.2 On the
other hand, most of the photolyzed NO from MbNO geminately
recombine within a few tens of picoseconds at room temperature,3-5

thereby allowing one to probe the effect of picosecond conforma-
tional relaxation on ligand binding. Strong coupling between the
nuclear motion of the heme and NO rebinding reaction was
reported.6 Early MD simulations on a series of Mb mutants
suggested that NO rebinding is governed by constrained diffusion
of NO in the heme pocket.7 The dynamics of NO rebinding were
reported to be nonexponential,3-5 but the experimental methods
used could not identify whether the complex rebinding character
was a consequence of site heterogeneity, protein conformational
relaxation, or both. To distinguish between these possible mech-
anisms, it is crucial to develop a site-specific probe of the ligand
state.5 Here, we use femtosecond time-resolved IR spectroscopy
to directly observe the photolyzed NO as it rebinds under physi-
ological conditions. From these studies, the role of the protein
conformation in modulating the geminate rebinding rate is deter-
mined unambiguously.

Figure 1 shows a series of time-resolved vibrational spectra in
the “free” NO region after photolysis of MbNO in D2O at 283 K.8

Since the spectral region probed is free from any protein absorption,
and since each feature exhibits a15NO isotopic shift, the features
are assigned to NO and denoted as B states.9 The B states
correspond to ligands photodissociated from the heme iron and
remaining in the heme pocket. According to temperature-derivative
spectroscopy of MbCO, multiple vibrational bands for the bound
ligand (termed A states) arise from different protein structures
(conformational substates, CS), and those for the photolyzed ligands
result from different positions and/or orientations of the ligand
within the heme pocket in a given CS.10 For the photolyzed ligand,
the existence of CS gives rise to a distribution of band positions
and yields a Gaussian band shape. The time-resolved spectra were
modeled with a sum of three Gaussians (denoted B0, B1, and B2)9,11

plus their red-shifted replicas, which arise from vibrationally excited
NO. The positions of the bands shift, and their bandwidths shrink
on the picosecond time scale. This spectral evolution, also observed
in photolyzed CO spectra in Mb,12 arises from conformational
relaxation of Mb after photolysis. Conformational relaxation on this
time scale has also been observed in the amide band13 and band

III 14,15 of photolyzed MbCO. The initial growth of the total
integrated B state absorbance (Figure 2B), also observed in MbCO,
has been attributed to structural reorganization of the neighboring
protein residues surrounding the nascent docked ligand.12 The
population in each site is assumed to be proportional to its integrated
absorbance.16 Time dependence of the integrated absorbance
contains information about GR rates, transitions among B states,
and the vibrational relaxation of excited NO. The integrated
absorbance of each state was divided by the total integrated area
to deduce the time-dependent fractional population of the B states

Figure 1. Time-resolved B state spectra of photolyzed MbNO. Data from
0.3 to 3.2 ps are offset to avoid overlap. The spectrum at 100 ps is
decomposed into three Gaussian features labeled B0, B1, and B2 plus a red-
shifted replica of those features (O, data;s, fit). For comparison, the FTIR
difference (photolyzed minus unphotolyzed) spectrum of ferrous MbNO at
7 K is shown (from ref 18).

Figure 2. (a) Time dependence of the fractional B state population. The
data are fitted to the three models described in the text. (b) Time dependence
of the integrated B state absorbance and the A state bleach (O; from ref 8).
The dotted lines represent the fit to the integrated absorbances using model
2 with an initial rise time, and the solid lines represent population of B
states (see text).
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(Figure 2A). Interconversion between B states is manifested as time-
dependent changes in the fractional population.

We have considered various models to describe the kinetic
behavior of the B bands but have found only one acceptable model.
Of those considered, three models are discussed in some detail. A
kinetic model allowing parallel rebinding from all three B states
and transitions between them could not fit the data (model 1, Figure
2A), demonstrating that the multiple-sites model, with time-
independent rebinding rates, cannot explain the nonexponential NO
rebinding. Since the most general kinetic scheme withtime-
independentrates cannot reproduce the data and transition rates
between B states are suggested to be time-independent,17 rebinding
rate is set to be time-dependent. A model incorporating atime-
dependent rebindingfrom B1 (model 2) is most consistent with
the data. Recovered parameters from the global fit to whole spectra
for the model 2 are as follows:19

The rise time of the integrated B state absorbance (0.6( 0.2
ps) is in reasonable agreement with that found in MbCO experi-
ments (1.1-1.6 ps),12 suggesting that the growth results from protein
reorganization. Following the initial rise, the total population of
photolyzed NO reproduces the time dependence of the integrated
A states area (Figure 2B),8 confirming that B states indeed arise
from photolyzed NO. The fit also recovers the initial partitioning
of photolyzed NO (41( 6% in B0, 57 ( 5% in B1, and 2( 1%
in B2).20 Apparently, photolysis leads from A to mainly B0 and B1,
B1 thermally exchanges with B0 and B2, but NO rebinds primarily
from B1. These results are consistent with faster rebinding of B1

than of B2 at cryogenic temperature.18 The fact that the B1
population is smaller than that of B2 at 7 K suggests that a
significant portion of B1 has rebound, and B1 and B2 are kinetically
trapped. This interpretation implies that at 7 K, the rebinding barrier
is not fully established and is lower than the barriers to B state
interconversion.8 The absence of B0 at cryogenic temperatures18

may result from a rapid transition from B0 to B1.21 The recovered
rate constant for the time-dependent change of the barrier height,
(16 ps)-1, is similar to the effective rate for conformational
relaxation of Mb after photolysis, (18 ps)-1.8,15

A model allowing time-dependent rebinding from B0 has also
been used to fit the kinetics, but it severely deviates from the data
(model 3), demonstrating that NO rebinds primarily via B1.

A recent study using time-resolved polarized mid-IR spectros-
copy22 showed that the orientational distribution of photolyzed CO
in the heme pocket was consistent with an MD simulation in which
CO was found to be confined within an L-shaped thin slab that
contained two higher probability regions. It was suggested that B1

and B2 correlate with the∼125 and∼90° orientations found for
the 1.3 and 2.3 Å (from the heme normal) high probability sites in
the MD simulations, respectively.22 It was hypothesized that while
B1 and B2 can interconvert freely under ambient conditions, ligand
binding proceeds through B1, the region nearer the heme iron.22

This hypothesis is well supported by our MbNO results. It also
indicates that B1 and B2 are roto-isomers corresponding to photo-
lyzed NO in adjacent sites in the heme pocket found in MD
simulations.5,18,22

Different conformational substates of bound MbNO have been
found to exhibit the same GR kinetics.8 Here, we have shown that
multiple sites with fixed barriers cannot reproduce the time-

dependent population of B states at room temperature. Conse-
quently,a time-dependent rebindingbarrier is required to reproduce
the observed nonexponential rebinding dynamics. We conclude that
a time-dependent barrier arising from protein relaxation on the same
time scale as the rebinding process is responsible for the nonex-
ponential rebinding. On the basis of this model, we show that
photolysis leads to ultrafast translocation of NO to the heme pocket
sites denoted B0 and B1, B2 becomes thermally populated via B1,
and NO rebinds primarily via B1.
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