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We present the geminate rebinding kinetics measurements of CO to 2-methylimidazole (2-MeIm) bound ferrous pro- 
toporphyrin-IX (FePPIX) in alkaline glycerol/water mixtures at 293 K after photolysis. The kinetics was probed by 
monitoring the CO stretching mode using femtosecond vibrational spectroscopy. When 2-MeIm is used in excess, 
heme dimers that typically form in low viscosity solutions disappear as the viscosity of the solvent increases. Heme 
aggregates formed in low viscosity solutions turn monomeric as more 2-MeIm is added, suggesting that 6-coordi- 
nated heme, including a strong proximal histidine tends to be in the monomeric form. The vibrational band of CO in 
the 2-MeIM-FePPIX-CO is well described by a single Gaussian function centered at 1958 cm1 and 28 cm1 full width 
at half maximum. The efficiency and rate of the geminate rebinding of CO to the heme increase with viscosity of the 
solvent, suggesting that retention of the dissociated CO near the heme, for a longer period by the viscous solvent me
dia, accelerates rebinding.
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Introduction

Even the simplest of chemical reactions may become com
plex in biological systems as protein conformations can affect 
the rates, coordinates, and yields of the reaction throughout its 
course. For example, the rebinding of CO to myoglobin (Mb) 
is multiphasic and shows non-Arrhenius temperature depend
ence due to the inhomogeneity of protein conformation and con
formational relaxation after deligation.1 The rebinding of CO 
to Mb following photolysis of MbCO has long served as a 
model system for the investigation of how proteins can control 
reactions.2 The enthalphic barrier of CO rebinding to Mb has 
been separated into proximal and distal contributions,3 with 
the proximal effect results due mainly to the Fe out-of-plane 
displacement3,4 and the distal effect arising from the spatial 
and orientational constraints imposed on CO by the distal 
pocket (the primary heme pocket).5 The proximal contribution 
was obtained by investigating the CO rebinding kinetics to 
bare heme both with and without the proximal ligand.3

Iron protoporphyrin-IX (FePPIX), also known as heme, is the 
prosthetic group of a large class of heme proteins. The bare heme 
has been used in investigating the intrinsic dynamics of CO re
binding to heme, free from protein structure and its conforma
tional dynamics.6-11 While FePPIX is an excellent model sys
tem for the active site of various heme proteins, the bare heme 
tends to dimerize and aggregate when exposed to solution, sig
nificantly perturbing the rebinding kinetics of CO to the heme.12 
Encapsulation of the heme compound in micelles was found to 
stabilize it in a monodispersed solution and thus prevents 
heme aggregation,13,14 however, the presence of the micelles 
also influence the rebinding kinetics. Previous studies found 
that low concentration heme can exist as a monomer in highly 
viscous alkaline solutions.9-11,15,16 However, there have been 
no systematic studies, as a function of solvent viscosity, on the 
heme aggregation and rebinding kinetics of CO to the heme.

The vibrational stretching mode of CO is very sensitive to its 
environment and is thus an excellent probe for the surround
ings of CO as well as the CO bound molecule itself.17-20 For exam
ple, the characteristics of the CO band (band position and band
width) changes dramatically with mutation of even 1 amino acid 
residue near the distal site in the Mb.21 Several CO stretching 
frequencies in MbCO have been observed and attributed to dif
ferent conformers of the protein.17-20

Here we have investigated aggregation of a CO bound bare 
heme with a proximal ligand in viscous solutions and found that, 
with highly excess 2-methlylimidazole (2-MeIm), FePPIX- 
CO can exist as a monomer even in moderately concentrated 
glycerol solutions. We also characterized the vibrational spec
trum of CO within monomeric 2-MeIm-FePPIX-CO in vis
cous solutions. A sin이e Gaussian function well describes the 
CO band and confirmed the heme as a monomer in solutions of 
varying viscosities. Utilizing these sample conditions and 
femtosecond vibrational spectroscopy, we measured the gemi
nate rebinding kinetics of CO to 2-MeIm-PPIX as a function of 
viscosity of the solvent and found that rebinding is controlled 
by diffusion of the dissociated CO.

Materials and Methods

Sample pneparation. A 2.0 mM FePPIX stock solution was 
prepared by dissolving hemin (FePPIX chloride, Aldrich) in 
1.0 M NaOD and then diluted into an appropriate deoxy
genated glycerol/water mixture with 2-MeIm. The sample was 
reduced with an excess amount of freshly prepared sodium di
thionite under N2. The reduced sample was bubbled with CO 
for approximately 10 min to form the 2-MeIm-FePPIX-CO. 
The final sample for the time-resolved spectroscopy was 
[FePPIX] = 0.1 mM, [2-MeIm] = 2 M, and pD = 12. The sam
ple was loaded into a gas-tight 0.08 -mm-pathlength flow cell 
with CaF2 windows for kinetic measurements with the temper
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ature of the cell maintained at 293±1 K. In contrast to 1-MeIm, 
the methyl group in the 2-MeIm is known to sterically inhibit 
formation of the bis-2-MeIm complex and preclude even ex
cess amounts of the compound from competing with CO for 
the sixth ligation site to the Fe atom.8 Therefore, 2-MeIm is 
used as the axial ligand instead of 1-MeIm. In the absence of 
the added proximal ligand, solvent molecules can serve as 
proximal ligands,3 therefore, some of the heme can potentially 
form H2O-FePPIX-CO under our experimental conditions.

The femtosecond mid-IR spectiometei: The details of the fs 
mid-IR spectrometer have been described elsewhere.22 Briefly, 
2 identical, homebuilt optical parametric amplifiers (OPA), 
pumped by a Ti:S amplifier, are used to generate a 575-nm 
pump pulse with 3.8 卩J of energy,23 and a tunable mid-IR 
probe pulse.24,25 The visible pulse was generated by frequency 
doubling of signal pulse from one OPA and the mid-IR pulse 
by difference frequency mixing of signal and idler pulse of the 
other OPA. The isotropic absorption spectrum was measured 
by setting the polarization of the pump pulse at the magic an- 
이e (54.7) relative to the probe pulse. The broadband trans
mitted probe pulse was detected with a 64-element-N2(l)- 
cooled HgCdTe array detector mounted on the focal plane of a 
320 mm monochromator with a 150 l/mm grating, resulting in 
a spectral resolution of ca. 0.9 cm^/pixel at 1950 cm-1. The 
pump-induced change in the absorbance of the sample A A = 
Ap - Au, was determined by chopping the pump pulse at half the 
repetition frequency of the laser and computing the difference 
between the pumped (Ap) and unpumped (Au) absorbances. 
Due to the excellent short-term stability of the IR light source 
(< 0.5% rms), less than 1x 10-4 rms in absorbance units after 0.4 
s of signal averaging was routinely obtained. Time resolution 
of the instrument was < 180 fs full width at half maximum 
(FWHM).
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Figure 1. Equilibrium spectra of 0.1 mM 2-MeIm-FePPIX-CO
with 0.5 M 2-MeIm in aqueous solution (1 cP) and glycerol/water 
mixtures (2 - 577 cP). Glycerol content in water was: 25% (2 cP); 
45% (6 cP); 55% (10 cP); and 95% (577 cP) by volume.28 
Pathlength of the sample cell was 0.24 mm. The Soret band of the
monomeric heme peaks at 418 nm and the band of aggregated 
heme peaks at 435 nm. Note that the peaks at 435 nm (418 nm) de
crease (increase) as viscosity increase.

Kinetic model： A 3-state kinetic model26 can be used to de
scribe the rebinding process of CO to 2-MeIm-FePPIX after 
photolysis of 2-MeIm-FePPIX-CO

kBA kout
2-Melm-FePPLX-CO <—— 2-MelIm-FePPLX : CO ^=^ 

kin
2-MelIm-FePPLX + CO

where the 2-MeIm-FePPIX:CO and 2-MeIm-FePPIX + CO 
represent a contact pair state27 and the state of CO free in 
solution, respectively. The rate constants kBA, ku and kin repre
sent bond formation rate from the contact pair, escape rate of 
CO in contact to solvent, and contact formation rate from 
solvated CO, respectively. When [2-MeIm-FePPIX] << [CO], 
this 3-state model can be simplified as8

&(t) = M {W + (1 - Ig) e* } = MN(t) (1)

where ,Ao is the absorbance change at t = 0 and N(t) is the nor
malized population of the deligated heme at time t after 
photolysis. The quantity kg and ks are rate constants for the 
geminate and bimolecular phases of rebinding, respectively. 
The observed geminate rate (kg) and geminate yield (Ig) are re
lated to the intrinsic rates as follows: kg = kBA + kout, Ig = (Aba / 
(kBA + kout)}.8,26

Results and Discussion

Figure 1 shows equilibrium spectra of 0.1 mM FePPIX-CO 
with 0.5 M 2-MeIm in glycerol/water mixtures. While the 
Soret band in a highly viscous solution (95% glycerol in vol
ume, 577 cP)28 has one prominent band peaked at 418 nm, in 
low viscosity solutions (1 and 2 cP) there are two peaks at 418 
and 438 nm. As the viscosity of the solution increases by in
creasing glycerol content, the bands at 438 nm (418 nm) de
crease (increase) with an isosbestic point at 428 nm, suggest
ing that two species coexist in low viscosity solutions. FePPIX-
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Fgure 2. Equilibrium spectra of 0.1 mM 2-MeIm-FePPIX-CO 
with 0.5M (the thin solid line) and 2M (the dotted line) 2-MeIm in 
25% glycerol (2 cP). The spectrum at 95% glycerol (577 cP) is 
shown to represent the spectrum of the monomeric heme.
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CO tends to dimerize or aggregate when dissolved in aqueous 
alkaline solution,3 thus highly viscous alkaline solutions or mi
celles were used to prevent heme aggregation.9-11,15,16 The 
Raman spectrum of FePPIX-CO in a 2-MeIm solution, reveal
ing the stretching mode of the Fe atom of the heme and N atom 
of the 2-MeIm, VFe-N at 212 cm-1, confirmed that 2-MeIm serves 
as a proximal ligand of the heme.3 The Soret band of a mono
meric HzO-FePPIX-CO is known to peak at 411 nm and the 
band at 418 nm is a characteristic of the monomeric 2-MeIm- 
FePPIX-CO compound.3 The Soret band at 438 nm likely aris
es from heme aggregates and is clearly indicative of the ex
istence of heme aggregates in low viscosity solutions. The 
concentration of aggregates decreases as the viscosity of the 
solution increases. If all the coordination sites of the FePPIX 
are preoccupied (i.e., 6-coordinated by a proximal ligand and 
CO), it has a reduced tendency towards aggregation. In the ab
sence of added proximal ligands such as 2-MeIm, solvent mole
cules can easily take on the role,3 and thus H2O-FePPIX-CO 
can form. However, the weak bonding between the solvent 
molecule and the Fe atom29-31 leads to 5-coordinated FePPIX- 
CO that tends to aggregate. Therefore, high viscosity solvent is 
required to prevent aggregation of FePPIX-CO with 0.5 M 
2-MeIm. Evidently, all the monomeric FePPIX-CO bound the 
proximal ligand, 2-MeIm in our experimental conditions, pro
ducing 2-MeIm-FePPIX-CO. As shown in Fig. 2, a large frac
tion of FePPIX-CO forms aggregates in the 2 cP solution. 
However, when 2M 2-MeIm was used, the Soret band in the 2 
cP solution sharpened dramatically (Fig. 2) and mimicked that 
of the monomeric 2 -MeIm-F ePPIX-CO obtained in the 577 cP 
solution, suggesting that the majority of the compound is coor-
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Figure 3. (a) Equilibrium electronic spectra of 0.1 mM 2-MeIm- 
FePPIX-CO used in a time-resolved study (pathlength of the sample 
cel = 0.08 mm). (b) The vibrational band of CO bound to 2-MeIm- 
FePPIX-CO in viscous solutions, well described by a single Gaussian 
centered at 1958 cm-1 with 28 cm-1 FWHM (the solid line). Data were 
obtained from time-resolved spectra at 0.3 ps pump-probe delay 
(symbols). 

dinated by 2-MeIM (2-MeIm-FePPIX-CO) and is in a mono
meric form even in the 2 cP solution. This observation sug
gests that the compound coordinated with 2-MeIm has less of 
a tendency to aggregate. Therefore, we employed 2 M 2-MeIm 
in investigating the rebinding kinetics of CO to monomeric 
2-MeIm-FePPIX as a function of the viscosity of the solution 
(37-252 cP).28 Fig. 3(a) shows the absorption spectra of 2-MeIm- 
FePPIX-CO with 2 M 2-MeIm in the viscosity range of 37-252 
cP. All the absorption spectra can be overlapped with the Soret 
band peaking at 418 nm, confirming that 2-MeIM-FePPIX- 
CO is indeed in a monomeric form under these experimental 
conditions. Thus, any variation in the kinetic measurements of 
these samples results from inherent properties of the solvent, 
namely viscosity.

Fig 3(b) shows the vibrational band of the CO stretching 
mode of 2-MeIm-FePPIX-CO in viscous solutions that is well 
described by a Gaussian function centered at 1958 cm-with 28 
cm-1 FWHM. It is similar to the CO band of HQ-FePPIX-CO 
in an 80% glycerol (v/v) solution, showing a sin이e band cen
tered at 1955 cm-1 with 〜23 cm-1 FWHM.3 The position of the 
CO band is known to be sensitive to the nature of the proximal 
ligand.32 The position and FWHM of the observed vibrational 
band are independent of the solvent viscosity, corroborating 
that 2-MeIm-FePPIX-CO is indeed in a monomeric form in a 
modest to high viscosity solvent when 2 M 2-MeIm is used. 
Since the vibrational band of the CO in the heme aggregates 
would have different characteristics from that in the monomer, 
if there were heme aggregates in the sample, the observed vi-
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Figure 4. Representative time-resolved vibrational spectra of CO 
after photolysis of 2-MeIm-FePPIX-CO in 89.7% glycerol. Data 
(open circles) were fitted to single Gaussian plus linear function 
(the solid lines). Linear function models change in weak solvent 
absorption due to temperature changes induced by thermal relaxa
tion of the excited heme. The signal from the solvent background 
was subtracted for clarity. Spectrum of MbCO is shown for 
comparison. 
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brational spectrum would possess several bands. A FWHM of 
28 cm-1 is much broader than the observed 8-12 cm-1 in the CO 
band in carbonmonoxy myoglobin (MbCO),18 where the dis
tal environments are well organized. Since CO in 2-MeIm- 
FePPIX-CO is exposed to inhomogeneous glycerol/water 
mixtures, broader FWHM can be attributed to the inhomo
geneous distal environments.

Figure 4 shows the time-resolved vibrational spectra of 
bound CO after 575-nm photolysis of 2-MeIm-FePPIX-CO in 
an 89.7% glycerol (v/v) solution at 293K. Data were collected 
for pump-probe delay times longer than 0.3 ps to avoid con
tributions from the truncated free induction decay of bound 
CO and from coherent signals occurring when pump-probe 
pulses are overlapped.33,34 The negative-going features (bleach) 
arise from the loss of bound CO, the magnitude of which is 
proportional to the population of the 2-MeIm-FePPIX pro
duced by the photolysis of CO from the 2-MeIm-FePPIX- CO. 
The bleach appears faster than the time-resolution of the in
strument (0.18 ps). The ultrafast photodissociation of CO from 
heme was suggested from the observation of a deligated- 
heme-like Soret band absorption spectrum within 50 fs after 
photolysis of the heme proteins.35 The ultrafast bleach of the 
vibrational band for the bound ligand was also observed in 
CO-bound as well as NO-bound heme proteins.22,36,37 The 
bleach spectrum is identical to the equilibrium spectrum of 
bound CO, with the exception that it appears as a negative 
signal. The decrease in the magnitude of the bleach results 
from the rebinding of CO to the parent molecule (geminate re
combination). The efficiency and the rate of the geminate re
binding were characterized by fitting the normalized bleach 
signal as a function of time.

Figure 5 shows the survival fraction of the deligated 
2-MeIm-FePPIX after photolysis of 2-MeIm-FePPIX-CO in 
73-90% glycerol/water (v/v) solutions at 293 K. Glycerol con
tent was carefully chosen to vary the viscosity of the solution 
within a broad range (37-252 cP).28 The efficiency of CO 
geminate rebinding varies with the viscosity of the solvent as 
does the rate of rebinding, with both rebinding efficiency and 
rate increasing with viscosity of the solvent. When the range of 
the data is much shorter than 1/ks, equation (1) can be 
simplified to:匕e窈 + (1 — 匕).The rebinding kinetics was fitted 
to an exponential function plus constant, resulting in the gemi
nate yield, Ig = 13-21%, and the geminate rate, kg = 9-75x108 
s-1 (time constants of 1.1 - 0.13 ns). From these parameters, the 
intrinsic rates for the 3-state kinetic model were calculated. 
Table 1 summarizes the fitted parameters and the calculated in
trinsic rates for the 3-state kinetic model. The rebinding rate 
from the contact pair, kBA, increases with viscosity, ranging 
from 1.2 to 13x108 s-1 (time constants of 8 - 0.8 ns) and is con-

Time (ps)
Figune 5. Survival fraction of the unbound 2-MeIm-F ePPIX after 
photolysis of 2-MeIm-F ePPIX-CO in viscous solutions at 293 K. 
The data (open circles) were fitted to a 3-state model (the solid 
lines) described in the text.

sistent with previous measurements using time-resolved opti
cal spectroscopy in the Soret band.3 From the change in the 
Soret band of the sample in 80-95% glycerol (v/v) solutions, 
the reported geminate rate and yield was 8-47x108 s-1 and 7
20%, resulting in kBA = 2-3x108 s-1.3

The rebinding of CO to H2O-FePPIX after photolysis of 
HzO-FePPIX-CO is nonexponential with kBA reported to be 1.5 
x1010 s-1 in 80% glycerol solution. The nonexponential rebind
ing is attributed to the distribution of the heme-doming geo
metries of the deligated heme. Exponential rebinding kinetics 
is expected if the rebinding is slower than the fluctuational 
averaging rate for heme-doming geometries. The averaging 
rate was estimated to be 3.3x109 s-1 at 80% glycerol, a solvent 
relaxation rate at 290K,38 value in good agreement with our 
observed exponential rebinding rate of 8-47 x108 s-1. While the 
rebinding rate of CO to 2-MeIm-FePPIX is more than 10 times 
slower than that of HzO-FePPIX, it is more than 100 times fast
er than that to Mb after photolysis of MbCO. The rebinding 
rate of CO of Mb after photolysis of MbCO is exponential with 
kBA = 2.8x106 s-1 in 75% glycerol. Much slower rebinding of 
CO to Mb has been attributed to the presence of the primary 

3-5heme pocket in Mb.
The ratio of the rebinding rates of 2-MeIm-FePPIX and Mb 

was used to find the free energy difference in the rebinding bar

Table 1. Fitted geminate parameters and calculated intrinsic rates for the 3-state kinetic model

Solvent Glycerol % (v/v) Viscosity28 (cP) kBA (108/s) kout (108/s) kg (108/s) Ig

73.3 37 1.2 土 0.2 7.8 土 0.5 8.9 土 0.5 0.13 土 0.01
77.3 55 5.6 土 0.9 35 土 8 41 土 9 0.14 土 0.04
80.9 81 05.5 土 0.8 20 土 7 26 土 6 0.21 土 0.04
85.3 138 11 土 1 46 土 2 57 土 3 0.19 土 0.02
89.7 252 13 土 2 62 土 1 75 土 3 0.17 土 0.05
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rier due to the presence of the primary heme pocket and pro
tein matrix.3 The difference in the free energy barrier, AG, was 
calculated to be 12±1 kJ/mol at 293 K, using the equation:3
(AG) 」ba(Mb)

eW 一奇 丨=-(匸 ddtw、. However, care has to be taken I RT 丿 1棚(2-MeIm-FePPIX)
in the interpretation of this difference in the free energy barrier. 
Contribution from the protein matrix itself can be accessed 
from the rebinding kinetics of heme proteins without the 
primary heme pocket. The geminate rebinding of CO to car
boxymethyl cytochrome c (Ccytc) in water, a heme protein 
without the primary heme pocket, was nonexponential and the 
average rate was found to be 7.4 x 109 s-1,39 more than 3 orders 
of magnitude faster than that to Mb in water (5.6 x 106 s-1),26 and 
even faster than the 2-MeIm-FePPIX. Evidently, the presence of 
an organized protein matrix without a specific structure like the 
primary heme pocket accelerates the rebinding by efficiently 
holding the dissociated CO near the Fe atom for a longer 
period. Clearly, the difference in the free energy barrier mainly 
arises not from the presence of the protein matrix, but from the 
unique structure of the primary heme pocket. Therefore, the 
contribution of the primary heme pocket to the rebinding barrier

, ，一” •間』AG) 1项(Mb) 5.6 x1°6can be recalculated using： exP「RT 丿=kBAACcytc) =而°9, 

resulting in AG= 17±3 kJ/mol at room temperature. The 
primary heme pocket indeed plays a significant role in hind
ering efficient geminate rebinding of CO in Mb.

As can be seen in Table 1, the geminate rebinding becomes 
faster and more efficient as the viscosity of the solvent 
increases. The dissociated CO starts to diffuse away from the 
Fe atom immediately after photolysis. Using Stock’s relation: 

「、 k^T
D = ----- , the diffusion coefficient of CO in the viscous media6nna
at 293K was calculated to be 2.9x10-7cm2/s at n = 37 cP and 
4.3x10-8 cm2/s at n = 252 cP. Here, the van der Waals b co
efficient for CO was used to deduce the hard sphere radius, a 
=2 A.11 While the CO in 37 cP travels 1.3 A in 100 ps and 4.1 
A in 1 ns, the CO in 252 cP travels only 0.5 A in 100 ps and 1.6 
A in 1 ns. Note that the travel distance is from the nascent loca
tion reached in photolysis. Clearly, the CO in 252 cP remains 
near the Fe atom for a longer period, increasing the chance of 
geminate rebinding. Therefore, we conclude that the longer re
tention of the dissociated CO by the viscous media is respon
sible for the faster and more efficient geminate rebinding of 
CO to the heme. Since the organized protein matrix of Ccytc 
can serve as an excellent trap for the diffusing CO, our con
clusion is consistent with the much faster and more efficient 
geminate rebinding of CO to Ccytc.

In conclusion, we have found that, in the presence of highly 
excess 2-MeIm, 2-MeIm-FePPIX-CO can exist in a mono
meric form even in modestly viscous solvents. The vibrational 
stretching mode of CO in 2-MeIm-FePPIX-CO is well de
scribed by a single Gaussian centered at 1958 cm-1 with 28 cm-1 
FWHM. It is much broader than that in Mb and slightly 
blue-shifted compared with that in H2O-FePPIX-CO. While 
the band is sensitive to the nature of the proximal ligand, char
acteristics of the CO band are independent of the viscosity of 
the solvent in modest to high viscosities. Under our experimental 
conditions, the efficiency of the geminate rebinding of CO to 

2-MeIm-FePPIX was 13-21%, with a rate faster than 1x108 s-1. 
Both efficiency and rate increase with viscosity of the solvent, 
suggesting that viscous media retard the diffusion of the dis
sociated CO and thus accelerates geminate rebinding.
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