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Abstract: Biphasic geminate rebinding of CO to myoglobin upon flash photolysis has been associated to
ligand distribution in hydrophobic cavities, structurally detected by time-resolved crystallography, xenon
occupancy, and molecular simulations. We show that the time course of CO rebinding to human hemoglobin
also exhibits a biphasic geminate rebinding when the protein is entrapped in wet nanoporous silica gel. A
simple branched kinetic scheme, involving the bound state A, the primary docking site C, and a secondary
binding site B was used to calculate the microscopic rates and the time-dependent population of the
intermediate species. The activation enthalpies of the associated transitions were determined in the absence
and presence of 80% glycerol. Potential hydrophobic docking cavities within the R and â chains of
hemoglobin were identified by computational modeling using xenon as a probe. A hydrophobic pocket on
the distal side of the heme, corresponding to Xe4 in Mb, and a nearby site that does not have a
correspondence in Mb were detected. Neither potential xenon sites on the proximal side nor a migration
channel from the distal to proximal site was located. The small enthalpic barriers between states B and C
are in very good agreement with the location of the xenon sites on the distal side. Furthermore, the
connection between the two xenon sites is relatively open, explaining why the decreased mobility of the
protein with viscosity only slightly perturbs the energetics of ligand migration between the two sites.

Introduction

The role and relevance of cavities in determining functional
properties of proteins are becoming progressively established.
Cavities lower protein stability, thus favoring flexibility and
function-related protein dynamics, and provide routes for ligand
entrance to the active site and transient storage.1 This scenario
has many examples in enzyme catalysis where substrate access
to and product exit from the active sites occur through well-
defined pathways.2 It is also firmly established for myoglobin
(Mb), for which an impressive number of experimental inves-
tigations have demonstrated that the migration of carbon
monoxide (CO) within the protein matrix involves several
hydrophobic pockets. These pockets were first evidenced by
X-ray crystallography under xenon high pressure3 and, more
recently, by low temperature4 and time-resolved X-ray crystal-

lographic studies carried out upon CO flash photolysis.5-7 The
photodissociated CO was located in the Xe1 and Xe4 pockets.
Further suggestions about the role of the Xe cavities in ligand
migration inside Mb came from computational modeling8 and
molecular dynamics simulations.9-11 These findings nicely
account for CO rebinding kinetics recorded for different Mb
mutants.12,13

The finding of hydrophobic cavities in several globins,
including myoglobin,12 cytoglobin,14 neuroglobin,15 truncated
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hemoglobins (Paramecium caudatum, Chlamydomonas euga-
metos, andMycobacterium tuberculosis),16,17andCerebratulus
lacteus mini-hemoglobin18 suggests that human hemoglobin
(Hb) may also host such cavities. Perhaps surprisingly, a detailed
understanding of the internal pathways for CO migration in Hb
is not yet available because of limited structural data. A mid-
1960s report on Xe binding to horse Hb identified a single
external site, possibly due to the low Xe pressure used in that
investigation,19 in agreement with equilibrium binding studies
consistent with a single association constant for Xe-Hb
complex20 and the single kinetically resolved binding, later
detected by Tilton and Kuntz.21 More recently, Shibayama and
co-workers reported that photodissociated CO molecules in the
â subunits of T-state Hb are located at two sites: a distal pocket
primary docking site and a hydrophobic cavity in the back of
the distal pocket at∼8.5 Å from the iron.22 No evidence for
this second CO location was reported for T-stateR subunits or
R-state Hb. However, the low temperature (25-35 K) and
dynamic constraints induced by crystal lattice might prevent
migration of the ligand, as previously observed for Mb.4

We have recently shown that the geminate CO rebinding after
flash photolysis of HbCO complexes, entrapped in wet silica
gels in the presence of glycerol, is biphasic.23 CO rebinding
kinetics to Hb silica gels is greatly simplified by the absence
of overlapping quaternary transitions.24-26 Biphasic geminate
rebinding to bothR andâ subunits has also been observed in
oxygenation studies of tri-liganded R-state Hb.27 We proposed
that these multiple geminate phases might be the evidence for
the existence of discrete docking sites for the photodissociated
ligand inside the protein matrix. Our model, in analogy with
that proposed for Mb1 to account for the observed rebinding
kinetics, is based on a simplified branched four-state model. In
this model it is assumed that, after photolysis, the ligand can
rebind to the heme from fast rebinding sites, likely present within
the distal pocket, or from slower rebinding sites, located farther
in the protein matrix. Escape of the ligand to solvent occurs
mainly from the distal pocket, as observed for Mb.1,28

The differential equations corresponding to Scheme 1 can
be solved analytically, and under the hypothesis of preequilib-
rium for the rebinding from solution, microscopic rates can be
obtained. Their values were then calculated from the observed
rates, determined from the experimental rebinding curves using
a maximum entropy method (MEM).29,30

In this work we show that the time course of CO rebinding
to Hb can be fairly accurately reproduced with the simple kinetic
model of Scheme 1, where structural relaxation and kinetic
heterogeneity are neglected. Computational modeling was
exploited to identify hydrophobic pockets within bothR andâ
subunits and potential internal pathways for CO migration, with
locations compatible with ligand binding kinetics.

Materials and Methods

Computational Modeling. Molecular modeling was carried out on
a Silicon Graphics Fuel workstation. The structures of Mb complexed
with four Xe atoms (PDB code 1J52) and Hb in the oxygenated state
(1HHO),31 determined at a resolution of 1.9 and 2.1 Å, respectively,
were retrieved from the Protein Data Bank (www.rcsb.org). After being
imported in the program Sybyl version 7.0 (www.tripos.com), protein
structures were carefully checked for atom and bond type correctness
assignment. Hydrogen atoms were computationally added using the
Sybyl Biopolymer and Build/Edit menus. To avoid negative acid/acid
interactions and repulsive steric clashes, added hydrogen atoms were
energy minimized with the Powell algorithm with a convergence
gradient of 0.5 kcal (mol Å)-1 for 1500 cycles. This procedure does
not change positions to heavy atoms.

The prediction of Xe atom location was carried out with the
computational modeling program GRID, version 22a (www.
moldiscovery.com). Using a defined atomic or multiatomic probe, GRID
is able to properly locate the energetically and sterically favorable areas
in which the probe could be placed.32 In this study GRID simulations
were carried out choosing the Xe atom as the inquiring probe. To
properly inspect all the internal protein cavities, a box with dimensions
15 × 15 × 15 Å3 was centered on Leu72 CG for Mb, Leu66 CD2 for
R chains, and Phe71 forâ chains of Hb. The grid spacing was set to
0.33 Å. To display cavities and channels connecting different Xe
binding sites, Connolly surfaces were built for both Mb and Hb, using
the Sybyl MOLCAD module. The measurement of the cavity depth
was calculated by building, over the first molecular surface, a second
surface with a 6.0 Å radius probe unable to explore smaller cavities.
The distance between these two general surface maps is a direct measure
of the cavity depth.33

Encapsulation of R-State HbCO.A solution containing 10 mM
HEPES, 1 mM EDTA, pH 6, was added to an equal volume of
tetramethyl orthosilicate (TMOS) and vortexed for 2 min, at 4°C. The
mixture was deoxygenated by bubbling He for 90 min. An equal volume
of a solution containing 1% (w/v) human HbA, 10 mM HEPES, 1 mM
EDTA, and 30 mM sodium dithionite, pH 6, saturated with CO, was
added. The gelation occurred in 10-20 min, at room temperature. When
the gel was formed, a solution containing 100 mM HEPES, 1 mM
EDTA, and 30 mM sodium dithionite, pH 7, saturated with CO, was
layered on it. The sample thickness was approximately 1 mm. Bathing
solutions with glycerol concentrations of 0% and 80% (by weight) were
used. Samples were stored at 5°C for 3 days before performing the
kinetic experiments to allow for equilibration of the system with CO
in the gas phase. Samples were kept at all stages in gastight vials to
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Scheme 1. Simplified Four-State Kinetic Model
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prevent O2 leakage into the sample compartment. Absorbance spectra
were routinely measured to ensure that HbCO complex was fully
formed.26,34

Photolysis Setup.The sample was held in a 1× 1 cm2 gastight
cuvette mounted in a homemade sample holder. The bathing solution
was in equilibrium with a 1 atm CO atmosphere. Temperature was
controlled by a Peltier element with a feedback control mounted below
the cuvette holder. This allowed to achieve temperature stability better
than 0.1°C in the investigated temperature range (10-50 °C). Dry
gas flowing on the sample holder prevented condensation of humidity
on the cuvette walls. In the flash photolysis setup, photoexcitation was
achieved using the second harmonic (532 nm) of a nanosecond
Q-switched Nd:YAG laser (Handy Yag HYL-101, Quanta System).
Transient absorbance was monitored using a multiline, cw Argon ion
laser (2013, Uniphase). The 488 nm line was selected by a Pellin Broca
prism and an iris diaphragm. The power on the sample never exceeded
10 mW. Pump and probe beams hit the sample from the same side,
approximately at a right angle to the gel surface. The pump beam hit
a relatively large sample area (7 mm diameter), containing the spot
illuminated by the probe beam (1 mm diameter). Part of the excitation
laser output was directed to an energy meter (Laser precision RJ-7620)
equipped with a pyroelectric energy probe (Laser precision RJP-735).
Experiments were conducted with laser pulse energies of approximately
5 mJ. This energy corresponds to the photolysis of∼30% of the CO-
hemes, resulting in deoxy-heme concentrations of about 100µM at
the end of the laser pulse. To minimize undesired photolysis of samples
due to the intense probe beam, a fast mechanical shutter (Uniblitz)
was used. The synchronization of the experiment (laser triggering and
shutter opening) was performed using home-built electronics.35 The
probe beam was passed through a pinhole and a monochromator (Jobin
Yvon H10 UV) for removing the stray light from the pump laser. The
intensity of the transmitted light was measured by a Si avalanche
photodiode (Hamamatsu S2382), coupled with a transimpedance
amplifier (Avtech AV149). The voltage output was recorded by a digital
sampling oscilloscope (Lecroy LT374). Typically 100 traces were
averaged to yield a transient absorbance signal. Three time scales were
used, 1µs div-1, 100 µs div-1, 1 ms div-1, and 10 000 points were
acquired for each trace.

Data Analysis.Numerical solutions to the set of coupled differential
equations corresponding to Scheme 1 were determined by using the
function ODE15s within Matlab 6.1 (The MathWorks, Inc.). The
numerical solution of the set of equations depends on rate constants
and concentrations which were considered as fitting parameters that

can be optimized using a nonlinear fitting algorithm. For this we used
a Matlab version of the optimization package Minuit (CERN).

Results and Discussion

Time Course of CO Rebinding to R-State Hb Gels.The
geminate rebinding of CO to Hb in solution has been treated as
a first-order rate process, characterized by multiple exponential
decays,36-39 reflecting structural relaxation of the protein.39-41

This complex situation has been described sometimes with
stretched exponential functions.39,42,43 In the case of Mb,
relaxation has been treated explicitly in the framework of ligand
migration in the presence of internal docking sites.28,44 So far,
for Hb no attempt has been made to merge the relaxation effects
with the presence of distinct docking sites (see below) to
describe the rebinding kinetics.

CO rebinding to R-state Hb gels (Figure 1) is characterized
by a fast geminate phase and a slower bimolecular phase. The
process is simplified with respect to solution because the R to
T quaternary transition is significantly slowed,24,43,45,46and thus,
no CO binding to the T-state is observed. The experimental
data can be reproduced fairly well under all investigated
conditions (temperature and glycerol concentration) by varying
the microscopic rates of the numerical solution of the set of
differential equations corresponding to Scheme 1. Figures 1 and
2 show the results of the analysis for selected conditions,
demonstrating the general good agreement between the model
and the experimental data.
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Figure 1. Fitting of the numerical solution of the differential equations (blues curves) derived from Scheme 1 to CO rebinding curves (O) for HbCO gels
at 10 (panel a) and 30°C (panel b). The time courses of the different species are also displayed:C(t), red;B(t), black;S(t), green. The yellow curve is the
result of the fit with the MEM analysis.23
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After photolysis, CO present in state C disappears with a rate
that is temperature and glycerol dependent, partly populating
state B and partly escaping to solution, state S. This can be
appreciated in the rising phase of the curve describing state S,
in which two separate rates can be distinguished, the faster being
due to direct escape of photodissociated ligand from state C
and the slower to those ligand molecules that are escaping to
solvent coming from state B. The extent to which state B is
populated depends on glycerol and temperature. Table 1 reports
the microscopic rate constants at 20°C for the four state model.
The linear Arrhenius plots obtained from the rate constants in
the temperature range 10-50 °C (Supplementary Information)
allowed us to estimate the activation enthalpies reported in Table
1. Under all conditions, the fitting obtained with the MEM is
superior to the fit obtained with the numerical solution of the
differential equations. This is particularly true for the long time
tail of the bimolecular rebinding and for the transition between
the geminate and the bimolecular phase (Figures 1 and 2, yellow
curves).23 This is mainly due to the simplified kinetic model
which uses single rates to describe the observed kinetics. The
MEM retrieves lifetime distributions which can give a better
description of kinetic heterogeneity due to kinetic hole burning
and structural relaxation accompanying ligand rebinding.23 As
a consequence, the recovered rates and the activation enthalpies
(Table 1) are also slightly different for the two analyses,
although the overall picture is substantially the same.

Although simplified, the present analysis allows us to
reproduce the population of the state B also in the absence of
glycerol. This state is populated to a lower extent with respect
to samples containing glycerol. Nevertheless, its time course is
clearly retrievable from the experimental traces, demonstrating
that the population of the state B is detectable also at lower
viscosity.

The rates and the activation enthalpies reported in Table 1
for the glycerol containing samples are not substantially different

from those obtained with the MEM.23 At variance, some of the
microscopic rates obtained from the present analysis of the CO
rebinding kinetics to the glycerol free samples differ consider-
ably from the previous estimate.

The rates kCA and kCB are characterized by negligible
activation enthalpies, independently of glycerol content. The
activation enthalpy for the ratekBC is of the order of 2 kcal/mol
in water and is slightly increased (4.0 kcal/mol) in 80% glycerol.
Modest effects are also observed on the activation enthalpy that
CO must overcome to escape to solvent (ratekCS). The present
analysis confirms the finding that, while the activation enthalpy
for process CfA is not influenced by the presence of glycerol,
the ratekCA for returning to state A is dramatically increased.
This explains the higher geminate yield in 80% glycerol, despite
the decreased activation enthalpy for process CfS.

The lack of effects of viscosity on the ratekCB indicates that
no large protein fluctuations are required to open pathways for
ligand migration from site C to site B. The ratekBC, on the
other hand, is reduced 5-fold in 80% glycerol. Thus, contrary
to what we observed previously,23 the process BfC seems to
be hindered, rather than favored, by the increased viscosity.
Thus, the higher efficiency with which state B is populated in
80% glycerol arises from a decrease in the escape rate from
state B (kBC).

The activation enthalpy for the SfC and CfS processes are
reduced in the presence of 80% glycerol. We have previously
discussed this effect as due to the opposing effects of increasing
the concentration of cosolutes (glycerol) which, at the same time,
affects the activity of the reactants, the solubility of CO, and
the viscosity of the medium.42

Locations of Cavities in R and â Subunits of Hb by
Computational Modeling. Hydrophobic cavities both for Mb
and Hb were localized by exploring the protein matrix using
the software GRID32 and a Xe atom as probe. The search
procedure, applied to Mb, correctly identified the Xe1, X3, and
Xe4 sites (Figure 3) that were crystallographically detected.3

The same analysis, applied to theR and â chains of R-state
Hb, shows very interesting results (Figure 4). There are two
well-defined potential Xe binding sites. The larger one corre-
sponds to the Xe4 position, whereas the second, smaller contour
does not have a correspondence in Mb. This can be due to amino
acid substitutions that might change cavity volume: Leu135
w âVal134, Met131w âTyr130. The Xe1 cavity of Mb on

Figure 2. Fitting of the numerical solution of the differential equations (blue curves) derived from Scheme 1 to CO rebinding curves (O) for HbCO gels
in 80% glycerol at 10 (panel a) and 30°C (panel b). The time course for the different species is also displayed:C(t), red;B(t), black;S(t), green. The yellow
curve is the result of the fit with the MEM analysis.23

Table 1. Rate Constants at 20 °C and Activation Enthalpies in the
Absence and Presence of 80% Glycerol

CfA BfC CfB CfS SfC

no glycerol
k (106 s-1) 6.4 19.7 26.2 9.7 20 M-1

Ea (kcal/mol) 0 1.8( 0.6 0 7.6( 0.5 16( 1

80% glycerol
k (106 s-1) 21.4 3.7 26.7 3.2 3.1 M-1

Ea (kcal/mol) 0 4.0( 0.5 0 4.4( 0.8 8.3( 0.4
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the proximal side, where CO was also crystallographically
observed, was not present in theR nor in theâ chains of Hb.

Moreover, several mutations ofâ-chain Hb in the region
homologous to Mb Xe1 site would apparently prevent Xe
migration from Xe4 site to Xe1. The more significant and
obstructing substitutions are as follows: Phe138w âVal137,
Leu86w âPhe85, and, in particular, Leu104w âPhe103 and
Ile142 w âLeu141. Accordingly, the Leu104Trp mutation in
Mb caused a significant decrease in the occupancy of the
proximal site.12 Moreover, the side chains of the substituted
amino acids extensively occupy the Xe1 site in theâ subunit,
making it unsuitable for Xe accommodation. Analogous con-
siderations can hold for theR chain of Hb, where the
corresponding mutations are Leu104w RPhe98 and Ile142w
RLeu136. Also in theR chain the Xe1 site is not identified by

GRID as a potential binding site for Xe. Other mutations occur
in the Xe2 and Xe3 sites, which are less accessible in bothR
and â Hb chains with respect to Mb (the more significant
mutations are highlighted in bold): Xe2 binding pocket-
Leu104w RPhe98, Ser108w RSer102, Leu135w RLeu129,
Phe138w RVal132, Arg139 w RSer133in the R chain, and
Leu104w âPhe103, Ser108w âGly107, Leu135w âVal134,
Phe138w âVal137, Arg139w âAla138 in theâ chain; Xe3
binding pocket- Trp7 w RLeu2, His82 w RMet76, Ala134
w RPhe138, Leu137w RSer131, Phe138w RVal132 in theR
chain, and Trp7w âLeu78, Ile75w âGly74,His82w âLeu81,
Leu137w âGly136 in theâ chain.

CO Binding and Migration. Recent crystallographic studies
have identified the CO location, upon photodissociation, in both
the R and T states of Hb.22 In T-stateâ subunits, photodisso-
ciated CO molecules are detected at two different binding sites,
placed respectively 3.7 Å and 8.5 Å apart from the heme iron.
The first site, in the distal heme pocket above pyrrole ring C,
corresponds to the primary docking site of photolyzed CO in
Mb.5,47-49 The second site remarkably coincides with the larger
Xe contour that we have identified by GRID (Figures 3 and 4)
and corresponds to the Xe4 pocket of Mb. This cavity is
surrounded by the hydrophobic residues Gly24, Ala27, Leu28,
Val67, Leu68, and Leu106. In theR chain, CO has not been
detected in this pocket but only in a location at about 3.5 Å
from the iron. This different behavior of theR subunit can be
attributed to several mutations occurring in the cavity, as
described above, and also to the different location of Leu110
side chain, which seems to control the communication between
the possible Xe sites identified by GRID in theR andâ chain
(Figure 5). The hydrophobic side chain of Leu68, and the
different location of the Leu110 side chain probably make the
connection between the two areas more difficult in theâ with
respect to theR subunit. No secondary binding sites have been
reported in the R state by Adachi and co-workers,22 possibly
due to the low temperature (35 K), preventing migration of the
ligand, as previously observed for Mb.4

The channel connecting the heme iron binding site to the
exterior is very similar in Mb and Hb. No significant mutations
are observed, except Thr67w RLys61 and the corresponding

Figure 3. Connolly surface of Mb crystallized in the presence of Xe (1J52),
built with Sybyl MOLCAD tools. External protruding regions are colored
blue, while cavities and clefts are colored green, yellow, and orange, as a
function of depth. The amino acids forming part of the external surface
have been removed to display the positions occupied by the four Xe atoms
(Xe1, Xe2, Xe3, and Xe4), crystallographically detected (green spheres)
and localized by red arrows. The red contours identify the energetically
and sterically favorable regions for Xe sites, detected by GRID. The Xe1
and Xe4 atoms are completely hidden by the contour.

Figure 4. Connolly surface ofR (panel a) andâ (panel b) chains of oxyHb (1HHO), built with Sybyl MOLCAD tools. The red GRID contours identify
regions energetically and sterically available to be occupied by Xe atoms. Part of the external amino acids have been removed to clearly display the cavities
and the channel connecting the heme and the two Xe sites.
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Thr67 w âLys66. The Lys side chain is effectively more
obstructive than Thr but is also extremely mobile, as evidenced
by high B factors. Therefore, the pathway followed by CO to
leave the protein matrix and exit to the solvent might be similar.

The meaning of the microscopic rates and the enthalpic
barriers can be discussed in light of the computational modeling
results. The finding of small activation enthalpies between states
B and C from the ligand rebinding kinetics is in very good
agreement with the location of the Xe sites on the distal side,
which could potentially act as docking sites also for the
photodissociated CO. While the connection between the two
Xe sites is relatively open, the decreased mobility of the protein
when the viscosity is increased seems to slightly increase the
enthalpic barrier for process BfC, thus stabilizing the photo-
dissociated ligand in state B. This small increase, coupled with
the dramatic drop in the rate for the process BfC when glycerol
is added, and the unchanged rate and enthalpic barrier for the
reverse (CfB) reaction make state B a very efficient trap for
the photodissociated ligand. The reduced mobility of critical
residues in the channel connecting the two Xe sites (e.g.,â
Leu105 andR Leu110, Figure 5) may limit the BfC rate. A
slower redistribution of conformational substates could also
contribute to the observed reduction inkBC, in agreement with
the broader lifetime distributions observed for HbCO gels in
the presence of 80% glycerol.23 This effect also could be at the
basis of the increased rate of the process CfA.

However, the influence of glycerol onkCS suggests that the
reduced mobility of the protein, due to the increased viscosity,
decreases the rebinding rate even in the presence of a decreased
enthalpic barrier, possibly due to the opposing effect of the lower
CO solubility. The effect of glycerol onkSC is similar, with the
reduction in rate being more substantial. The above-mentioned

substitutions Thr67w RLys61 and Thr67w âLys66, with the
Lys side chain being more bulky than Thr, could be responsible
for the reduction of the rateskSC andkCS at high viscosity. Their
mobility could be strongly reduced when glycerol is added, and
this would decrease the probability of rebinding.

Conclusions

Encapsulation in wet nanoporous silica gels allows us to
simplify the kinetics of CO rebinding to Hb by hampering
tertiary and quaternary structural relaxation on the time scale
of the experiments. This allowed us to highlight biphasic
geminate rebinding to Hb at room temperature, even in the
absence of viscogenic agents. The observed kinetics are
satisfactorily described by a simple branched four-state kinetic
model, and can be associated to ligand distribution in internal
hydrophobic cavities as in the case of Mb. In the absence of
detailed structural evidence for Hb, computational modeling was
used to identify potential CO docking sites withinR and â
subunits, which are compatible with the observed kinetic
behavior and with the effect of glycerol on ligand migration
and distribution of intermediate states. A comparison of the CO
binding sites and ligand migration pathways retrieved for Hb
with those of Mb suggests possibly distinct functional roles of
the internal cavities. The present work lays important ground-
work for time-resolved crystallography studies on HbCO and
calls for kinetic investigation of Hb mutants of the docking sites.
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Figure 5. Close-up view of predicted Xe sites. (a) GRID contours identify the probable Xe sites in oxyHbR subunits. (b) GRID contours identify the
probable Xe sites in oxy-Hbâ subunits. The communication between the two sites is controlled by the side chain of Leu105 in theR chain and Leu110 in
the â chain. The different contour shape is due to mutations occurring in the internal cavities:RAla63 w âLeu68 andRTyr24 w âVal23.

A R T I C L E S Sottini et al.

17432 J. AM. CHEM. SOC. 9 VOL. 127, NO. 49, 2005


