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ABSTRACT: We use laser flash photolysis and time-resolved Raman spectroscopy of CO-bound heme
complexes to study proximal and distal influences on ligand rebinding kinetics. We report kinetics of CO
rebinding to microperoxidase (MP) and 2-methylimidazole ligated Fe protoporphyrin IX in the 10 ns to
10 ms time window. We also report CO rebinding kinetics of MP in the 150 fs to 140 ps time window.
For dilute, micelle-encapsulated (monodisperse) samples of MP, we do not observe the large amplitude
geminate decay at∼100 ps previously reported in time-resolved IR measurements on highly concentrated
samples [Lim, M., Jackson, T. A., and Anfinrud, P. A. (1997)J. Biol. Inorg. Chem. 2, 531-536]. However,
for high concentration aggregated samples, we do observe the large amplitude picosecond CO geminate
rebinding and find that it is correlated with the absence of the iron-histidine vibrational mode in the
time-resolved Raman spectrum. On the basis of these results, the energetic significance of a putative
distal pocket CO docking site proposed by Lim et al. may need to be reconsidered. Finally, when high
concentration samples of native myoglobin (Mb) were studied as a control, an analogous increase in the
geminate rebinding kinetics was not observed. This verifies that studies of Mb under dilute conditions are
applicable to the more concentrated regime found in the cellular milieu.

Heme proteins bind small diatomic ligands (CO, O2, and
NO) to fulfill their roles in respiration, signaling, and
catalysis. The investigation of ligand binding kinetics is thus
essential for the understanding of heme protein biological
function. Numerous studies have been performed on the O2-
binding proteins, myoglobin (Mb),1 and hemoglobin (Hb)
(1-4), but due to the complexity of protein structure,
function, and dynamics relationships, the detailed mechanism
of ligand binding to these proteins is still not fully under-
stood.

The shape, volume, and polarity of the distal heme pocket
(where the diatomic ligand binds) can affect the migration
and stability of the ligand when it binds (3-12). The distal
histidine residue (His-64) plays a particularly significant role
in discriminating between O2 and CO by providing a much
stronger hydrogen bond to O2 (12-18). Moreover, His-64
probably plays the role of a “gate” allowing small molecules
to enter or escape from the solvent-inaccessible ligand-
binding site (11, 19-25). The distal protein residues have
also been proposed to form a docking site (26, 27) that

influences the geminate ligand rebinding rate by constraining
orientationally and spatially the diatomic ligand (28-30).

On the other hand, the proximal histidine residue (His-
93) binds directly to the iron and also influences the trans
binding of diatomic ligands. Protein modulation of the heme
affinity through the proximal linkage plays a central role in
the Perutz mechanism for cooperative oxygen binding in
hemoglobin (31, 32). This modulation may involve control
of the iron displacement perpendicular to the heme plane
(33). In certain cases, a proximal ligand switch can influence
the binding of diatomic ligands (34-37). Extensive work
on model compounds (38-42) has also provided strong
evidence for proximal effects on diatomic ligand binding
(vide infra).

In previous work, we have quantitatively delineated
energetic contributions to the rebinding barriers and parti-
tioned them into proximal and distal terms, which were
estimated to be roughly equal in magnitude (33). Neverthe-
less, it remains controversial which side (proximal or distal)
plays the dominant role in diatomic ligand binding and in
determining the distribution of barriers observed at low
temperature (2, 3, 36, 43-51). More specifically, the
energetic significance of the putative “docking site” (26, 27)
remains unclear.

In this work, we use laser flash photolysis and resonance
Raman spectroscopy to investigate the effects of the distal
heme pocket on ligand rebinding. We probe the distal effects
by examining samples of microperoxidase (MP) and 2-me-
thylimidazole-ligated iron protoporphyrin IX [Fe(II)(PPIX)-
(2-MeIm)] in detergent micelles, where the globular protein
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is partly or completely stripped away. Microperoxidase is
prepared by enzymatic digestion of cytochromec (52). As
shown in Figure 1, MP has a “basket handle” peptide chain
whose histidine binds to the heme iron and mimics the
hemeprotein structure in absence of a distal pocket. There
are two basic variants of MP: one with 11 amino acids, MP-
(11), and one with eight amino acids, MP(8). These structures
are depicted on the left side of Figure 1 and a 3D
representation of MP(11), based on the cytochromec
structure, is shown on the right (the three extra amino acids
in the peptide chain of MP(11) are shown in stick and ball
representation). When dissolved in detergent micelles, both
the MP system and the Fe(II)(PPIX)(2-MeIm) compound
mimic the heme protein structure in the absence of a
specifically organized distal pocket.

Prior work, over a decade ago (35, 53), established quite
clearly that little or no CO geminate rebinding takes place
in heme model compounds. This, along with detailed pH
titrations involving the proximal histidine ligand (34, 39, 54),
revealed that proximal ligation effects played a significant
role in determining the barrier to CO rebinding. In contrast,
the recent infrared studies of Anfinrud and colleagues (29,
30) demonstrated a 90% geminate rebinding amplitude in
the MP11 system and were interpreted as evidence that a
distal pocket “docking site” plays an overwhelming role in
determining the barrier to CO rebinding. In this study, we
show that elimination of the putative distal “docking site”
does not lead to the reported 105-fold increase in the geminate
CO rebinding rate (29, 30). In contrast, we observe that
perturbations of the proximal heme ligand (associated with
intermolecular interactions) are strongly correlated with the
dramatic aggregation-dependent changes observed in the
ligand rebinding kinetics.

EXPERIMENTAL METHODS

Sample Preparation. Horse heart myoglobin, microper-
oxidase-8 (MP(8)), and microperoxidase-11 (MP(11)) were
purchased from Sigma Chemical Co. Horse heart myoglobin
was prepared in 0.1 M phosphate buffer, pH 7. The MP(8)
and MP(11) samples were prepared in pH 7, 0.1 M phosphate
buffer with 1% (w/v) hexadecyltrimethylammonium bromide
(cetyltrimethylammonium bromide, CTAB, also from Sigma).
Fe(II)(PPIX)(2-MeIm) was prepared by dissolving hemin
purchased from Aldrich Chemical Co. into 0.1 M phosphate

buffer pH 8.5 with 0.1 M 2-MeIm and 1% (w/v) CTAB.
(Unlike 1-MeIm, the methyl group in 2-MeIm sterically
hinders the formation of the bis-2-MeIm complex so that
competitive binding between CO and a second 2-MeIm
ligand is not observed.) Typical sample concentrations for
the kinetics measurements were 50-100 µM. The CTAB
detergent present in the MP(8), MP(11), and Fe(II)(PPIX)
sample solutions forms micelles that encapsulate the model
compounds and inhibit aggregation (55, 56). A highly
concentrated MP(11) sample solution (2-15 mM) was used
as a control and prepared in the same way, but without
CTAB, to reproduce the condition used in previous IR
experiments (29).

Nanosecond flash photolysis experiments were performed
on samples with a concentration<0.1 mM prepared in
cuvettes with a 1-mm optical path length. Samples were
degassed by repeatedly evacuating the cuvette headspace and
flushing with Ar gas. A small amount of degassed dithionite
solution was used to reduce the samples. The CO adduct
was formed from the reduced samples by flushing with CO
for 30 min. Samples with a concentration<0.1 mM used
for the ultrafast kinetics and Raman experiments were made
in gastight vials in a similar way and were transferred into
either a spinning sample cell with 1-mm optical path length
for ultrafast kinetics or into a stationary 1-mm cuvette or
10-mm diameter cylindrical spinning cell for Raman experi-
ments. High concentration (>1 mM) samples were prepared
in vials in a similar way and transferred into a spinning
sample cell with 15- or 50-µm optical path length for kinetics
measurements.

Sample pH values were measured by a Beckman Instru-
mentsΦ40 pH meter. Sample static absorption spectra were
obtained using a Hitachi U-3410 spectrophotometer.

Experimental Setup and Procedures. The laser flash
photolysis experimental setup and procedures have been
described in detail previously (25). Briefly, a cw beam
produced by a universal arc lamp (Oriel Instruments, model
66021) and a 0.25 m monochromator (Oriel Instruments,
model 77200) are used to probe the kinetic response of the
sample at selected wavelengths. The signal is detected by a
high-linearity, low noise, photomultiplier (Hamamatsu, H6780)
and recorded by a transient digitizer (LeCroy 9420). A laser
pulse (10 ns, 532 nm), produced by a 10 Hz Nd-doped
yttrium-aluminum-garnet (YAG) laser (Continuum, Inc.),

FIGURE 1: The structures of MP8 and MP11 showing the heme and the covalently attached amino acids (left). The 3D structure of the
MP11 is also shown (right). The three extra amino acids in the peptide chain of MP(11) are shown in stick and ball models (right).
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is used to photolyze the sample. The pump pulse energy is
typically 25 mJ.

The ultrafast kinetics measurement setup and experimental
procedure are described in detail elsewhere (57, 58). An
amplified 250 kHz Ti:sapphire laser (REGA 9050, Coherent,
Inc.) system generates∼50 fs laser pulses at∼800 nm with
an average power of∼1 W. These fundamental pulses are
used to pump an optical parametric amplifier (OPA, Coherent
9400) and to generate white light continuum. The white light
continuum, which is used as a sample probe, is created by
focusing the 800 nm fundamental into a spinning fused silica
disk, and its spectrum extends from 390 to 800 nm. A
monochromator (Triax 320, Spex) is used to disperse the
probe light after the sample. The OPA (50 fs, 250 kHz) is
also driven by the 800 nm fundamental and the resulting
pulses, used to photolyze the samples, can be tuned from
about 520 to 650 nm. The time delay for the probe (white
light continuum) with respect to the pump (OPA pulse) is
controlled using a precision translation stage (Melles Griot,
Inc.). The pump and probe beams are focused into a specially
designed spinning sample cell using an achromatic lens. The
sample cell has a 2 in. diameter titanium frame that spins at
a rate of over 7000 rpm to ensure that every pump-probe
pulse pair detects fresh sample. This ensures that problems
like thermal lensing and build-up of product state population
are eliminated. Care was also taken to make the pump beam
completely overlap the probe beam at the sample. The time
resolution of 200 fs is determined by pump-probe cross-
correlation. The kinetics measurements employ synchronous
detection, where the pump beam is modulated by a mechan-
ical chopper (3 kHz), and the pump-induced change in the
probe signal is detected at each time delay using a PMT and
a lock-in amplifier. Variations in probe power within the
monochromator-selected bandwidth are compensated using
a feedback circuit (59). Data points are displayed fort g
600 fs, after which the contribution from the coherence
coupling and oscillations are negligible.

The cw resonance Raman setup and data processing have
also been reported elsewhere (60). The excitation source is
the 413.1 nm line generated by a Kr ion laser (Innova 300,
Coherent, Inc.). Light scattered in the right angle geometry
(90°) from the sample is collected by lenses and focused
into a single grating monochromator (1870B, Spex Indus-
tries). An interferometric notch filter (Kaiser Instruments)
rejects the intense Rayleigh scattered light. A liquid-nitrogen-
cooled CCD detector (Princeton Instruments), interfaced to
a personal computer, records the frequency-resolved intensity
of the scattered light. The Raman spectra are calibrated using
fenchone as a frequency standard, with a resulting 2 cm-1

frequency uncertainty.
The 10-ns transient resonance Raman setup (61) is similar

to the cw resonance Raman setup. The excitation used to
generate time-resolved resonance Raman spectra is derived
from 10 ns, 532 nm laser pulses produced by a 10 Hz Nd:
YAG laser (Continuum, Inc.) and a homemade 50-cm long
Raman shifter filled with 185 psi high purity hydrogen gas.
The resulting anti-Stokes shifted light results in 10-ns pulses
at 435.8 nm. Care is taken to eliminate uneven stress on the
1-cm-thick quartz windows at both ends of the Raman shifter
cell so that effects due to birefringence are reduced. Two
watts of the 532 nm beam are focused with a 30-cm focal
length lens into the Raman cell to generate∼10 mW Raman

shifted laser light at 435.8 nm. A dichroic mirror and a blue
glass filter are used after the Raman shifter to filter out the
532 nm light and the first red-shifted Stokes line, respec-
tively. The scattered Rayleigh light from the sample is
attenuated at the monochromator entrance slit by a 442-nm
interferometric notch filter (Kaiser Instruments) angle tuned
to 435.8 nm. Depending on the details of the scattering
geometry, three sharp additional lines sometimes appear in
the time-resolved resonance Raman spectra, especially when
high concentration samples are used or if the laser beam
scatters off the cuvette surface. These spurious features are
positioned at 237, 587, and 1084 cm-1 and, when necessary,
are removed from the spectra.

Measurement of Rate Constants. A simple three-state
kinetic model (62) that is widely used to describe the biphasic
ligand rebinding process in heme proteins is

Here, MbCO is the CO-bound state, Mb:CO is an intermedi-
ate state with the dissociated CO in the distal pocket, and
Mb+CO is the state when the photolyzed CO is in the
solvent. Within this model, the absorption change as function
of time can be expressed as (62)

with 0 e â e 1. The absorbance change,∆A(t), is
proportional to the population of the ligand dissociated heme
(N(t)) and∆A0 is used to normalize the data. The quantity
Ig is the geminate rebinding amplitude, andkg and ks are
rate constants for the geminate and bimolecular phases of
rebinding, respectively. [Mb] is the initial concentration of
photolyzed protein (and photolyzed CO) so that the total free
CO concentration after photolysis is [CO]) [CO]eq + [Mb],
in which [CO]eq is the equilibrium CO concentration dis-
solved in solvent prior to photolysis.

The relation between the fundamental rates defined in the
three-state model (eq 1) and the observed rates in eq 2 is
given by

wherekon is the CO concentration-independent bimolecular
CO rebinding rate. When using eq 2 to fit the experimental
data and eq 3 to calculate the fundamental rates, the total
concentration of photolyzed protein, [Mb], has to be ac-
curately determined. In the low concentration samples, [Mb]
is calculated from [CO]eq (assuming∼1 mM CO solubility
in water (63)) and the value of [CO] found using eq 2). To
accurately determine the concentration [Mb] of photolyzed
protein in the high concentration samples, we assume that
the extinction coefficient changes upon CO photolysis are
the same for both the low and high concentration samples.
Then the photolyzed protein concentration for the high

MbCO 79
kBA

Mb:CO {\}
kout

kin
Mb + CO (1)

∆A(t) ) ∆A0(Ige
-(kgt)â

+ (1 - Ig)(1 - [Mb]/[CO])/

(ekst - [Mb]/[CO])) ) ∆A0N(t) (2)

kBA ) Igkg

kout ) kg(1 - Ig)

kin ) kon/Ig

kon ) ks/([CO] - [Mb]) (3)
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concentration sample can be calculated from the absorbance
changes, [Mb]H ) [Mb]L(∆AH/∆AL)(lL/lH), where [Mb]L is
the photolyzed protein concentration for the low concentra-
tion sample,lL and lH are the optical path lengths for the
low and high concentration samples, respectively. The∆AL,H

are the experimentally observed absorbance changes for low
and high concentration samples att ) 0. This procedure leads
to estimated uncertainties of 20% for [Mb]H and 19% for
kon, mainly due to uncertainties in the path length of the high
concentration sample.

For low protein concentrations, [Mb]< 0.1 mM, [CO],
the normalized absorption change,N(t), in eq 2 and the CO
concentration independent observed bimolecular rebinding
ratekon in eq 3 reduce to

In this case, [CO]≈ [CO]eq and it is appropriate to set [CO]eq

equal to the concentration of dissolved CO in water: 1.0
mM at 293 K and 1.56 mM at 273 K (63).

In summary, the experimental kinetics data for low
concentration samples (<0.1 mM) are fitted using eq 4. For
high protein concentrations, the CO concentration in the
solvent cannot be treated as a constant during the rebinding
process. For these samples, we use eq 2 to fit the experi-
mental kinetics data.

RESULTS

Kinetics of Model Compounds.To evaluate the overall
influence of the distal side protein residues on binding of a
diatomic ligand, we study CO rebinding to MP and proto-
porphyrin IX complexed with 2-MeIm. The globular protein
material of MP and Fe(II)(PPIX)(2-MeIm) has been partly
or completely stripped off, but the proximal side of the iron
is still bound with histidine (MP) or 2-methylimidazole [Fe-
(II)(PPIX)(2-MeIm)]. We use these samples to radically
modify the distal side of the heme and thus evaluate the

significance of a distal “docking site” (26, 27) on the kinetics
of diatomic ligand rebinding. Figure 2 shows CO recombina-
tion upon flash photolysis at 293 K for horse heart Mb, MP-
(11), MP(8), and Fe(II)(PPIX)(2-MeIm). Apparently, so long
as the model compound samples are prepared at low
concentration in CTAB micelles (to prevent aggregation),
there is no CO geminate recombination in the nanosecond
to millisecond region. The kinetic parameters of horse MbCO
and the various CO model compounds obtained from fits
using eq 4 are listed in Table 1.

Since there is no CO geminate recombination in MP and
Fe(II)(PPIX)(2-MeIm), the kinetic data of these model
compounds are fitted only by the bimolecular (second) term
in eq 4. However, the bimolecular phase for MP(11) and
MP(8) deviates slightly from a perfect exponential and the
actual fitting function used is∆A ) ∆A0e-(kst)â1, with â1 close
to unity. Previous investigations of CO rebinding to ag-
gregated MP(11) at 293 K (52, 64) and in mixed solvents at
298 K (52, 65) reported a bimolecular rate for CO rebinding
kon ) 2 × 107 M-1 s-1, one order of magnitude faster than
the value 2.5× 106 M-1 s-1 that we observe for monodis-
perse MP(11)CO in aqueous solution (Table 1). We also
observed about one order of magnitude faster CO bimolecular
rebinding in the CO complex of aggregated MP(11) at
millimolar concentrations in the absence of CTAB (cf. Figure
4). The bimolecular CO binding rate observed for Fe(II)-
(PPIX)(2-MeIm) in CTAB (kon ) 1.6 × 106 s-1 M-1) is in
reasonable agreement with previous work on 2-MeIm ligated
and 1-MeIm ligated mesoheme dimethyl ester in CTAB (kon

) 4.8 × 105 and 5.8× 106 s-1 M-1, respectively (40).
Clearly, an important issue for preparing aqueous MP and

protoporphyrin IX samples is preventing molecular dimer-
ization or aggregation (52, 56, 66-68), which takes place
even for the CO complex (69). Efforts must be made to
prevent sample aggregation because the intermolecular
interactions due to dimerization or aggregation complicate
the CO rebinding measurement. We use detergent (CTAB)
and low sample concentrations (<0.1 mM) to prevent the
samples from aggregating (56, 66, 67, 70, 71). Figure 3
shows examples of the absorption spectra of the high
concentration (>1 mM) aggregated MP(11) samples (without
CTAB) and the low concentration (<0.1 mM) nonaggregated
MP(11) samples (with CTAB). The spectral differences are
particularly pronounced for the ferrous form, where the
presence of two distinct bands in the 500-600 nm range in
the spectrum of the high concentration aggregated sample
is characteristic of a six-coordinate low-spin heme. In
contrast, the spectrum of the low concentration sample

FIGURE 2: CO recombination upon flash photolysis at 293 K for
horse heart Mb (O), MP(11) (4), MP(8) (×) and Fe(II)(PPIX)(2-
MeIm) (0), detected at the Soret peak of each sample. Note the
absence of geminate CO recombination in MP(11), MP(8), and Fe-
(II)(PPIX)(2-MeIm). These three samples were prepared at low
concentration in the presence of CTAB to prevent aggregation.

N(t) ) Ige
-(kgt)â

+ (1 - Ig)e
-kst

(4)
kon ) ks/[CO]

Table 1: Rate Constants for CO Rebinding to Horse Mb, MP, and
Model Compounds at 293 Ka

Ig

(%)
kg

(106 s-1) â
1 - Ig

(%)
kon

(106 s-1 M-1) â1

horse MbCO 5.5 6.0 0.91 94 0.65 n.a
MP(11)CO 0 n.a.b n.a 100 2.5 0.89
MP(8)CO 0 n.a n.a 100 3.7 0.94
Fe(PPIX)

(2-MeIm)(CO)
0 n.a n.a 100 1.6 1.0

a The MbCO data are fit with eq 4, while the bimolecular phase for
CO rebinding to MP(11) and MP(8) is slightly nonexponential. The
actual fitting function for the CO-bound MP and model compound is
∆A ) ∆A0e-(kst)â1, 0 eâ1 e1. b n.a.) not applicable.
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resembles that of deoxyMb, and is characteristic of a high-
spin five-coordinate species. Spectral changes attributed to
aggregation are also evident in the reduced CO-bound and
oxidized forms at high concentration in the absence of
detergent. The sixth axial ligand present in the high
concentration deoxy form (the fifth being provided by the
imidazole nitrogen of His18) is proposed to be theR-nitrogen
of a valine or a lysine residue resulting from aggregation
with another MP(11) molecule (71, 72). It is noteworthy that
the conversion from high-spin to low-spin spectra with
increasing MP(11) concentration (Figure 3) is inconsistent
with the assignment (68) of the low-spin spectrum to a
monodisperse solution of MP(11) with water as a strong sixth
ligand (i.e., water binding should not depend on MP(11)
concentration).

To probe the kinetic consequences of MP dimerization or
“aggregation”, we compare in Figure 4 the optical (Soret
band) measurements of CO rebinding in “aggregated” and
“nonaggregated” MP(11) samples. The infrared (IR) mea-
surements of MP(11)CO by Lim et al. (29, 30) (sample
concentration 10-20 mM, without CTAB (73)), which use
the IR intensity of the C-O stretching vibration as a measure
of bound state population, are also shown. It can be seen
that aggregation dramatically influences the observed CO
geminate rebinding kinetics. The transient absorption signal
from the low concentration, micelle-encapsulated MP(11)
sample shows no geminate CO binding. The only ultrafast
response in the transient spectra of MP(11)CO is a small
∼4-6 ps decay, which we attribute to a cooling process (59),
rather than CO rebinding, since a similar signal is also seen
in deoxy MP(11) (Figure 4). In contrast, when aggregation
occurs at high concentration, most of the CO rebinds

geminately with a time constant of about 100 ps. The kinetics
of CO recombination measured at 425 nm in the aggregated
sample matches the result reported previously in the IR
measurements (29, 30), where very high concentrations (10-
20 mM (73)) are required to monitor the recovery of the IR
C-O stretching band with acceptable signal-to-noise.

High protein concentration (>1 mM) might conceivably
influence solvent properties, such as CO solubility and water
activity. For example, the 32 nm3 volume of hydrated Mb
(74) accounts for 25% of the entire sample volume at the
13 mM concentration employed in transient IR measurements
on MbCO (73). Moreover, the CO concentration in the
solvent is no longer constant during CO rebinding. Conse-
quently, we also investigated the effects of high protein
concentrations on the CO rebinding kinetics of Mb, to help
clarify interpretation of the IR measurements of MP(11)
obtained at high concentration (29, 30). Figure 5 compares
CO rebinding kinetics to horse Mb at high (9.1 mM) and at
low (96 µM) concentration. The data in Figure 5 were fitted
using eq 2, and the results are listed in Table 2. Note that,
in the high concentration sample, the bimolecular rebinding
kinetics are primarily determined by the protein concentration
[Mb], rather than by the free CO concentration [CO]eq, which
is reduced compared to the low concentration sample due
to reduced CO solubility in the presence of high concentra-
tion protein. It is clear from Table 2 that both the geminate

FIGURE 3: Spectroscopic signatures for aggregation of MP(11). The
figure shows the absorption spectra for the aggregated (solid line,
∼2.6 mM, without CTAB, 50µm path length) and nonaggregated
(dashed line,∼100 µM, with CTAB, 1-mm path length) MP(11)
samples. In each case, the 500-700 nm region is expanded by a
factor of 5. MP(11)+ denotes ferric MP(11).

FIGURE 4: CO rebinding kinetics of aggregated and nonaggregated
MP(11)CO samples. In the picosecond region, monodisperse MP-
(11) samples (50-100 µM in the presence of CTAB) were
monitored at 415 nm with a bandwith of 0.5 nm. The MP(11)CO
data was rescaled according to the average value around 100 ps
and deoxy MP(11) was rescaled to compare with MP(11)CO. The
ultrafast data for aggregated MP(11)CO (2.6 mM, no CTAB) was
monitored at 425 nm with a bandwith of 0.5 nm and rescaled
according to the value at 3 ps. In the nanosecond region, samples
were measured at their Soret peaks, 423 nm for MbCO, 415 nm
for monodisperse MP(11)CO. The aggregated MP(11)CO data in
the nanosecond region was rescaled to match the aggregated MP-
(11)CO data in the picosecond region. The IR kinetic data of Lim
et al (29) are plotted for comparison (sample concentration 10-20
mM, no CTAB). In the absence of aggregation, photolyzed MP-
(11)CO lacks the∼100 ps geminate recombination previously
attributed to removal of the distal pocket. In contrast, most CO
rebinds geminately when aggregation occurs. On the basis of
comparison of the ultrafast absorbance changes of MP(11)CO and
deoxy MP(11), the 6-ps decay shown in the figure is assigned to
vibrational cooling.

Proximal/Distal Influences on Heme Binding Biochemistry, Vol. 43, No. 22, 20047021



and bimolecular CO rebinding rate constants (kg andkon) of
Mb are independent of the protein concentration within the
experimental uncertainty. Thus, high transient CO concentra-
tions following photolysis at high protein concentration are
sufficient to explain the differences between the high and
low concentration bimolecular processes shown in Figure
5. These results confirm that the concentration dependence
of MP(11) (shown in Figure 4) reflects sample dimerization
or aggregation, rather than effects due to time-dependent
ligand (CO) concentration.

Resonance Raman Measurements of Microperoxidase.To
probe aggregation-induced structural perturbations so that
we could better understand the rapid CO geminate recom-
bination, we measured cw and time-resolved resonance
Raman spectra of MP(11) and MP(8). Figure 6 shows cw
resonance Raman spectra of aggregated and nonaggregated
deoxy MP(11) and MP(11) CO complexes. Figure 7 shows
the 10-ns transient resonance Raman spectra of the ag-
gregated and nonaggregated MP(11) CO complex. (In
Figures 6 and 7 and throughout the text, we use the term
“aggregated” to refer to samples with high sample concentra-
tion without CTAB and the term “nonaggregated” to refer
to samples with low sample concentration in the presence
of CTAB.)

In traces b and c of Figure 6, theν3 doublet in the spectra
of the high concentration (aggregated) deoxy MP(11) and
the CO dissociated form suggests a mixture of high-spin and
low-spin species. The upshiftedν2 (∼1590 cm-1) relative
to the low concentration (nonaggregated) sample (∼1573
cm-1), along with the ratio of the intensities of the high-
spin and low-spinν3 bands, indicate that the high concentra-
tion sample is predominantly low-spin. This suggests that
dimerization or aggregation takes place between MP(11)
molecules in the high concentration samples. There is no

sign of an Fe-NHis stretching mode in the high concentration
(aggregated) deoxy MP(11) sample or in its CO photoproduct
(Figure 6).

For the high concentration (aggregated) samples, the Fe-
CO stretching mode in the partially dissociated MP(11)CO
(trace d in Figure 6) is upshifted about 10 cm-1 compared
to the Fe-CO stretching mode (495 cm-1) of the fully ligated
sample (trace e in Figure 6). The asymmetric Fe-CO
stretching band (trace e in Figure 6) and its upshift in the
partially photolyzed sample (trace d in Figure 6) suggest
overlapping contributions from more than one Fe-CO
stretching mode in the high concentration (aggregated) MP-
(11)CO samples. The higher frequency Fe-CO vibration
(∼505 cm-1) is difficult to photolyze and may relate to the
very fast CO geminate rebinding observed in the aggregated
MP samples. We previously observed changes in the relative
intensity of two Fe-CO bands in partially unfolded MbCO
at low pH under continuous illumination (34), which we
modeled as a photostationary equilibrium between differing

FIGURE 5: The CO rebinding kinetics of horse Mb in phosphate
buffer pH 7 at room temperature.

Table 2: Protein Concentration Dependence of the CO Rebinding
Kinetics in Horse Myoglobin at Room Temperature

sample
conc

Ig

(%)
kg

(106 s-1) â
kon

(106 s-1 M-1)
[Mb]
(mM)

[CO]eq

(mM)

high 5.1 6.7 1 0.53 9.1 0.27
low 5.2 6.1 1 0.61 0.096 1

FIGURE 6: The cw resonance Raman spectra of deoxy MP(11) and
MP(11) CO complexes: (a) deoxy (no aggregation), spherical
focusing lens, static cell, 17 mW; (b) deoxy (aggregated), spherical
focusing lens, static cell, 17 mW; (c) CO photolyzed (aggregated),
spherical focusing lens, static cell, 47 mW; (d) CO partially
photolyzed (aggregated), cylindrical focusing lens, static cell, 5 mW;
and (e) CO-bound (aggregated), cylindrical focusing lens, spinning
cell, 17 mW. The sample concentrations are∼2 mM without CTAB
for the aggregated samples and∼100 µM with CTAB for
nonaggregated samples. The doublet ofν3 bands in the Raman
spectra of the high concentration (aggregated) deoxy MP(11) (b)
and CO dissociated MP(11) (c) indicates mixture of high-spin and
low-spin species. There is no sign of the∼220 cm-1 Fe-NHis
stretching mode in the high concentration (aggregated) deoxy MP-
(11) (b) and CO photolyzed MP(11) (c). The asymmetric Fe-CO
stretching band of the high concentration (aggregated) MP(11)CO
(e) and the upshift of the Fe-CO stretching band in the CO partially
photolyzed MP(11) sample (d) suggest that two overlapping Fe-
CO stretching modes are present.
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proximal ligands. Similar proximal ligand switch models
have been proposed for model heme compounds and the Mb
H93G mutant (35, 37) and may be operative in these
aggregated model systems as well.

The Fe-CO stretching band for low concentration (non-
aggregated) MP(11)CO is at 491 cm-1 and also asymmetric
(76). However, in contrast to the high concentration (ag-
gregated) MP(11)CO, the Raman spectra of the partially
photolyzed low concentration (nonaggregated) MP(11)CO
show that the Fe-CO stretching band has reduced intensity,
but is not shifted (76). The Raman spectrum of the low
concentration (nonaggregated) deoxy MP(11) (trace a in
Figure 6) shows a strong Fe-NHis band at 218 cm-1 and the
core size marker bandsν4, ν3, and ν2 indicate that the
nonaggregated deoxy MP(11) is a five-coordinate high-spin
sample. The cw Raman shifts of the MP(11) samples in
Figure 6, along with the low concentration (nonaggregated)
MP(11)CO sample, are summarized in Table 3. These Raman
shifts agree well with previous Raman measurements of
aggregated and nonaggregated deoxy MP(8) samples (70).
The Raman shifts of the deoxy and CO complexes of MP-
(11) listed in Table 3 do not agree with the measurements
of Laberge et al. (68).

For all 10-ns transient Raman spectra of MP(11)CO in
Figure 7, the presence of a singleν4 band at 1355 cm-1

indicates that CO is completely dissociated. The core size
marker bandsν3 andν2 suggest that most of the photoproduct

is a five-coordinate high-spin species, even for the aggregated
samples in Figure 7. Nevertheless, there is still no Fe-NHis

stretching mode observed in the 10-ns transient spectra of
the aggregated samples. The very similar Raman spectra for
the aggregated MP(11)CO using both a static and spinning
cell (trace b and c in Figure 7) confirm that the 10-ns Raman
spectra represent the photoproduct of the aggregated MP-
(11)CO sample. The 10-ns transient Raman spectrum of the
nonaggregated MP(11)CO in Figure 7 (trace a) is very similar
to the cw Raman spectrum of the nonaggregated deoxy MP-
(11) in Figure 6 (trace a). This is consistent with previous
work on Mb (75) and means that five-coordinate high-spin
deoxy MP(11) is the transient photoproduct in the low
concentration (nonaggregated) MP(11)CO samples. One
significant difference between the high concentration (ag-
gregated) MP(11)CO cw Raman spectra in Figure 6 and the
transient Raman spectra in Figure 7 is the different ratio of
high and low spin species. The 10-ns transient photoproduct
of the aggregated MP(11)CO sample is primarily five-
coordinate high spin (traces b and c in Figure 7) with no
Fe-His mode, while the long time transient photoproduct
probed by the cw Raman experiment is primarily a low-
spin species after CO photolysis (trace c in Figure 6). This
indicates that on time scales much longer than 10 ns, another
Fe ligand replaces the photolyzed CO in the aggregated
samples.

The 10-ns transient resonance Raman spectra of MP(8)-
CO at high and low concentration are shown in Figure 8.
“Nonaggregated” MP(8)CO (trace a in Figure 8) can be
studied at low concentration without CTAB, since the
aggregation of MP(8) is less severe than for MP(11). The
strong Fe-NHis mode and core size marker bands indicate
that the photoproduct of the “nonaggregated” MP(8)CO
sample is a five-coordinate, histidine ligated high-spin
species. The ultrafast kinetics measurements of CO rebinding
to low concentration MP(8) without CTAB also show no
picosecond geminate CO rebinding (76). This observation
is consistent with the concept that the picosecond CO
geminate rebinding somehow arises from the sample ag-
gregation process. Similarly, the transient Raman spectrum
of aggregated MP(8) shows no Fe-NHis stretching mode
following CO photodissociation (trace b in Figure 8) even
though the core size marker bands indicate that the dominant
species is five-coordinate high-spin. This appears to be
correlated with the observation of picosecond CO geminate
rebinding (76).

The transient Raman spectra of MP(8)CO in Figure 8 are
very similar to those of MP(11)CO shown in Figure 7. They
are also in good agreement with the previously reported
Raman measurements of deoxy MP(8) (70). However, the
Fe-NHis stretching mode in the (nonaggregated) MP(8)CO
photoproduct is upshifted to 225 cm-1 (trace a in Figure 8)
compared to∼216 cm-1 for nonaggregated deoxy MP(11)
(trace a in Figure 6) and its CO photoproduct (trace a in
Figure 7). By studying the CTAB dependence of the Fe-
N(2-MeIm) stretching band in the nonaggregated five-
coordinate high-spin Fe(PPIX)(2-MeIm) samples, Kitagawa’s
group (77, 78) concluded that the upshifted Fe-N(2-MeIm)
mode (220 cm-1 (79) in the absence of CTAB compared to
207 cm-1 (80) in the presence of CTAB) is due to the
hydrogen bonding between the heme proximal 2-MeIm and
solvent water. Similar effects could conceivably be involved

FIGURE 7: The 10-ns transient resonance Raman spectra of MP-
(11) CO complex: (a) MP(11)CO (no aggregation), (b) MP(11)-
CO (aggregated), and (c) (MP(11)CO (aggregated) in spinning cell.
The excitation pulse energy is about 100µJ. The sample concentra-
tions are similar to the sample concentrations in Figure 6 for the
aggregated and nonaggregated samples. The third spectrum (c)
shows the high-frequency region of MP(11)CO as a control
measurement (b and c are the same). The singleν4 band at 1355
cm-1 in all Raman spectra indicates CO has been totally dissociated.
The core size marker bands (ν3 and ν2) suggest that most of the
sample is five-coordinate high-spin species in the high concentration
(aggregated) samples (b and c). However, there is still no Fe-NHis
stretching mode in these samples. There is a broad quartz band
underneath the spectrum (b) in the 300-500 cm-1 region (trace b)
due to the wall of quartz sample cell. This occurs when the laser
is positioned near the sample surface to avoid strong self-absorption
in high concentration samples.
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in upshifting the Fe-NHis transient Raman band in the
nonaggregated MP(8) samples.

DISCUSSION

Ultrafast optical measurements of CO-bound MP(11)
(Figure 4), MP(8) (76), and Fe(II)(PPIX)(2-MeIm) (81), all
of which lack an organized distal pocket structure, provide
no evidence for rapid geminate CO rebinding when the
monomer forms are studied. The results in Figure 2 and Table
1 demonstrate that the elimination of the distal heme pocket
(and more specifically, the protein residues proposed to form
a ligand “docking site” (26, 27) in Mb) do not influence
geminate CO rebinding as dramatically as previously claimed
(29, 30). The prior conclusions were based upon IR
measurements using highly concentrated (and aggregated)
samples, which lead to anomalous CO rebinding kinetics.

The results presented here are completely consistent with
a previous report (53) that there is no observable CO
rebinding to imidazole-ligated protoheme complexes on
picosecond time scales in low viscosity solvents. It is worth
noting that analogous measurements of CO rebinding kinetics
in organic solvents and in aqueous CTAB preparations agree
well, suggesting that the use of either solvent condition will
generate self-consistent results (40). Similarly, no significant

geminate CO recombination was observed for Fe(PPIX)-
(His)(CO) in 80% ethylene glycol solutions (35), although
at extreme viscosity (98% glycerol), CO geminate rebinding
was observed (53).

These results, combined with the present kinetic results
on CO rebinding to MP and Fe(II)(PPIX)(2-MeIm), suggest
that, in low viscosity solvents, the CO escape ratekout in eq
1 is much larger than the CO geminate binding ratekBA,
i.e.,kout . kBA. This means that, within the three-state model
described in eq 1, the geminate yieldkBA/(kBA + kout) is
negligible andkBA cannot be obtained.

In contrast, the significant CO geminate rebinding that is
observed following photolysis of Fe(II)(PPIX)(1-MeIm)(CO)
in 98% glycerol (53) demonstrates that when the CO escape
ratekout is slowed by highly viscous solvents or distal protein
residues, the geminate yield is increased to an observable
level.

It is clear that the distal pocket significantly influences
the kinetics of ligand rebinding. Numerous prior studies of
heme proteins (3, 5-11, 14-17, 82) have shown that the
rebinding kinetics are dependent on the polarity and size of
individual residues in the distal pocket. However, what we
want to emphasize here is that the elimination of the putative
“docking site” in the distal pocket of Mb does not result in
the 105-fold increase in the geminate binding rate proposed
by Lim et al (29, 30).

On the other hand, the data in Figure 4 do confirm the
observation of a large amplitude∼100 ps CO geminate
rebinding process for MP(11) when a high concentration
(aggregated) sample is used. Our extensive rebinding, cw
Raman, and transient Raman studies of these high concentra-
tion (aggregated) MP samples suggest that the fast CO
geminate rebinding is associated with proximal perturbations
of the aggregated molecules. The different ratio of high-
spin and low-spin species detected in the cw and transient
Raman spectra of the high concentration (aggregated) MP
photoproduct (Figures 6-8), combined with kinetic studies,
suggests the scheme

for CO photolysis in the aggregated MP(11) and MP(8)
samples, where L is the proximal ligand of the heme iron.
When a high cw flux of photons drives CO from the heme
iron, a different ligand L′ (perhaps theR-nitrogen of a valine
or a lysine from another MP molecule (71, 72)) can bind to
the distal coordination site of the heme iron on millisecond
time scales. Thus, continuous illumination in cw Raman
measurements creates a photostationary equilibrium domi-
nated by the L-Fe-L′ state. To account for the observation

Table 3: Raman Shifts of MP(11) Complex Measured by cw Laser Line Excitation

sample νFe-His (cm-1) νFe-CO (cm-1) ν7 (cm-1) ν4 (cm-1) ν3 (cm-1) ν2 (cm-1) ν10 (cm-1)

deoxy (HS) (monodisperse) 218 n.a. 688 1354 1470 1573 1605
deoxy (LS) (aggregation) n.d.a n.a. 688 1358 1473(HS)

1494(LS)
1593 1621

CO photolyzed (aggregation) n.d. n.a. 686 1359 1470(HS)
1495(LS)

1594 n.d.

CO bound (aggregation) n.d. 495
505

688 1374 1498 1592 1631

CO bound (monodisperse) n.d. 491 689 1372 1499 1591 n.d.
a n.d. ) not determined. n.a.) not applicable.

FIGURE 8: The 10-ns transient resonance Raman spectra of MP-
(8)CO: (a) without aggregation (50µM, without CTAB) and (b)
with aggregation (3 mM, without CTAB). The excitation pulse
energy is about 100µJ. There is no Fe-NHis stretching mode in
the CO dissociated aggregated MP(8) sample (b) even though the
core size marker bands indicate that most of the hemes are five-
coordinate high-spin.

L-Fe-CO {\}
hν

L-Fe {\}
∼1 ms

L-Fe-L′ (5)
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of multiple Fe-CO bands with differing behavior under
photolysis, the simple reaction scheme in eq 5 could be
expanded to include CO-ligated states with alternate proximal
ligands. In contrast, the 10-ns transient Raman spectra
measure the CO photodissociated L-Fe state denoted in eq
5.

Assuming that the 10-ns transient Raman spectra shown
in Figures 7 and 8 reflect the initial photoproducts L-Fe of
the aggregated MP(11) and MP(8) samples, the absence of
an Fe-NHis mode in these spectra suggests three straight-
forward possibilities: (i) L is not the histidine residue, (ii)
there is no proximal ligand (L) present, or (iii) intermolecular
interactions keep the heme iron in plane following CO
dissociation. In cases (i) and (ii), there is no Fe-NHis mode
to detect. In the latter case (iii), the Raman Franck-Condon
coupling to the resonant Soret band may be too small to allow
detection of the Fe-NHis mode (83). All of these possibilities
are consistent with fast CO geminate rebinding. However,
infrared studies of the highly concentrated (aggregated) CO-
bound MP(11) samples find a CO vibrational frequency of
1952 cm-1 (76). This, along with the observation of the 505
cm-1 Fe-CO Raman mode, is in agreement with the well-
established back-bonding correlation betweenν(Fe-CO) and
ν(C-O) in ferrous histidine bound FeCO adducts (84-86).
This observation suggests that proximal histidine ligation in
a planar heme geometry (possibility (iii)) is most consistent
with the experimental results. However, the question of the
spin state of the iron atom in a five-coordinate in-plane
geometry remains open and is potentially inconsistent with
the Raman marker bands, which indicate a S) 2 state under
these conditions. Therefore, a more complex scenario,
involving a rapid proximal ligand switch mechanism (34,
35, 37), may ultimately need to be invoked to consistently
explain all of the experimental observations and simulta-
neously account for the geminate rebinding of CO to the
heme on the 100 ps time scale.

CONCLUSION

Our study finds no observable CO geminate rebinding in
monodisperse MP or Fe(II)(PPIX)(2-MeIm) samples where
the distal pocket has been removed. At high concentrations
of MP(11)CO, when aggregation occurs, we observe that
most of the CO rebinds geminately in about 100 ps, which
is in agreement with previous infrared studies (29, 30).
However, contrary to previous suggestions (29, 30), the
kinetics and cw and transient Raman studies presented here
demonstrate that this rapid geminate rebinding arises from
perturbations of the proximal heme-ligand structure, rather
than from the absence of a distal pocket “docking site”. The
proximal perturbations do not allow detection of the Fe-
His Raman mode and are potentially due to a planar, (rather
than a domed) histidine ligated heme (83) or to a loss of the
distal histidine ligand following CO dissociation (35). Either
of these scenarios would enhance the CO geminate rebinding
rate. We conclude that the IR rebinding studies of Lim et
al. (29, 30) do not imply that distal pocket docking effects
are of primary importance in controlling CO rebinding. This
is because the IR studies must be carried out at high sample
concentrations and cannot distinguish distal pocket docking
effects from other molecular dimerization or aggregation-
induced phenomena that affect the proximal ligation.

The absence of the iron-proximal ligand stretching mode
in the transient Raman photoproduct is an unambiguous
signature of the proximal perturbations, which are clearly
correlated with fast CO geminate rebinding in both the MP-
(8) and MP(11) samples. Thus, the very fast CO geminate
rebinding that is observed in both of the high concentration
(aggregated) MP(8) and MP(11) samples strongly suggests
that proximal perturbations play a significant role in control-
ling the geminate ligand rebinding rate. Finally, the lack of
similar concentration-induced effects in native Mb verifies
that studies of Mb under dilute conditions are applicable to
the more concentrated regime found in the cellular milieu.
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