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ABSTRACT: Using Fourier transform infrared (FTIR) spectroscopy combined with temperature derivative
spectroscopy (TDS) at cryogenic temperatures, we have studied CO binding to the heme and CO migration
among cavities in the interior of the dimeric hemoglobin ofScapharca inaequiValVis (HbI) after
photodissociation. By combining these studies with X-ray crystallography, three transient ligand docking
sites were identified: a primary docking site B in close vicinity to the heme iron, and two secondary
docking sites C and D corresponding to the Xe4 and Xe2 cavities of myoglobin. To assess the relevance
of these findings for physiological binding, we also performed flash photolysis experiments on HbICO at
room temperature and equilibrium binding studies with dioxygen. Our results show that the Xe4 and Xe2
cavities serve as transient docking sites for unbound ligands in the protein, but not as way stations on the
entry/exit pathway. For HbI, the so-called histidine gate mechanism proposed for other globins appears
as a plausible entry/exit route as well.

The globin superfamily of proteins includes vertebrate
hemoglobins (Hb), vertebrate myoglobins (Mb1), invertebrate
globins, plant globins, and bacterial and fungal flavohemo-
proteins (1). These proteins all bind oxygen and a variety of
other small molecules at the central iron of a heme group
enwrapped by the polypeptide chain in its characteristic
‘globin’ fold. Yet they are structurally highly diverse, ranging
in size from the small monomeric minihemoglobin of the
nemertean wormCerebratulus lacteuswith only 109 amino
acid residues (2) to the giant erythrocruorin protein found
in the annelidLumbricus terrestristhat consists of 144
hemoglobin subunits held together by 36 linker proteins (3).
Globins perform a multitude of tasks in biological systems,
including oxygen storage and transport, NO scavenging,
enzyme action, and small-molecule sensor function (4, 5).

The monomeric Mb is arguably the best studied member
of the globin family. For many years, Mb has served as a
model system for protein structural dynamics (6-13). A
surprising complexity was discovered in its seemingly simple
ligand binding reaction, which involves protein relaxations
and fluctuations as well as ligand diffusion within the protein.
Sophisticated biophysical experiments, notably X-ray struc-
ture analysis (14-20) and optical and infrared spectroscopy
(21-29), applied over wide ranges in time and temperature
and on a large number of genetically modified Mbs have
led to a detailed picture of ligand binding in this protein. In
our laboratory, we have focused on Fourier transform infrared
(FTIR) cryospectroscopy to study the migration of carbon
monoxide (CO) among cavities within the protein interior,
using the CO molecule as a sensitive probe of the local
environment (27-31). At physiological temperature, these
cavities serve as transient ligand docking sites so that the
ligand shuttles back and forth among the docking sites within
the protein after dissociation from the heme iron. Thereby,
the probability of immediate rebinding is decreased and
escape from the protein is enhanced. No permanent channel
exists in the molecular structure of Mb that connects the
active site to the outside, but a short channel can open
between the heme pocket and the solvent upon rotation of
the imidazole side chain of the distal histidine, His-64 (E7;
all secondary structure assignments indicate the homologous
positions in helices A-H of Mb) (32, 33). Solid evidence
supporting ligand exit via the histidine gate has recently been
provided by time-resolved X-ray crystallography (20).

Ligand binding to hemoglobins is significantly more
complex due to the additional effects of cooperativity
between subunits (34, 35). Because of its simple, dimeric
structure, hemoglobin I (HbI) from the blood clamScapharca
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inaequiValVis has served as a paradigm to elucidate the
structural and dynamic aspects of cooperative ligand binding
in heme proteins (36-46). In contrast to the large quaternary
rearrangements observed in the tetrameric human hemoglobin
(47), the allosteric transition from the high-affinity R state
to the low-affinity T state in HbI involves mainly tertiary
structure changes, including a movement of residue Phe-97
(F4) from the subunit interface into the proximal heme pocket
(36), reorganization of an interfacial water cluster (40), and
relocation of the heme groups toward the subunit interface
(39). Another striking difference is found in the mutual
arrangement of the subunits. In human hemoglobin, the
subunits are linked via helices G and H and corners CD and
FG, whereas the HbI dimer interface is formed mainly by
contacts between the E and F helices of the subunits (48).
Because of this assembly, which is also observed in the
echinodermCaudina HbD and the giant hemoglobin of
Lumbricus terrestris(49), the important distal histidine
residue, His-69 (E7) in HbI, is located in the interface (48),
which raises the intriguing question if ligands can still exit
the protein via the histidine gate.

Whereas the structural changes associated with the R-T
transition of HbI have been studied in great detail, issues of
ligand migration pathways have as yet gained little attention.
Therefore, we have chosen to investigate CO ligand dynam-
ics within HbI with a similar strategy as for Mb, namely by
combining X-ray crystallography and FTIR cryospectroscopy
(27-30). A series of mutants was prepared to modify
protein-ligand interactions, based on the experience gained
from earlier studies on Mb (28). Voluminous residues were
introduced to (i) directly block putative transient ligand
docking sites (I25W), (ii) to occlude possible migration
pathways to these sites (H69V-I114M, I114F), or (iii) to
transform a possible docking site into a more efficient ligand
trap (M37F). Furthermore, replacing His-69 modifies the
active site structure, including the accessibility of the distal
pocket from the EF interface (H69Q, H69L, H69V-I114M).
Mutant F97Y remains in the R-state conformation even in
the unligated form and was, therefore, also included to
explore possible influences of the allosteric transition on
ligand migration and binding (36). The effects of these
mutations on physiological ligand binding were examined
by using flash photolysis and equilibrium tonometry at
ambient temperature.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Crystallization.Site-
directed mutagenesis was performed using the Quikchange
mutagenesis kit (Stratagene, La Jolla, CA), with oligonucle-
otide primers encoding for the desired mutation. The mutant
proteins were expressed inE. coli and purified according to
the protocol established for recombinant wild-type HbI (50).
Crystals of H69V-I114M HbICO, deoxy H69V-I114M, and
deoxy M37F were grown in 2.6 M sodium and potassium
phosphate buffer, pH 8.5. CO-ligated I25W and M37F
crystals were obtained from 2.4 M sodium and potassium
phosphate buffer, pH 7.5, as described (48). A few I25W
crystals were rinsed in stabilizing solution (2.4 M sodium
and potassium phosphate, pH 7.5) and coated with paratone
N oil before xenon was introduced at pressures between 200
and 400 psi within a xenon chamber (Hampton Research,

Aliso Viejo, CA). The crystals were frozen in liquid nitrogen
immediately after xenon exposure.

Structure Determination. X-ray diffraction data sets of
I25W HbICO, M37F HbICO, and unligated (deoxy) M37F
HbI were collected with a R-AXIS IV detector system
(Rigaku Americas, The Woodlands, TX) and a RU200
rotating anode X-ray generator with Osmic mirrors (Rigaku)
as the X-ray source. The data sets of H69V-I114M with and
without bound CO were measured with a Mar 345 image
plate detector system (marUSA Inc., Evanston, IL) and an
R 2 rotating anode generator and Osmic mirrors (Rigaku).
The data of I25W were collected at 100 K whereas the other
data sets were collected at room temperature. Each data set
was processed and scaled with the HKL suite of programs
(51) and converted to structure factors with the program
TRUNCATE of the CCP4 package (52). The models of wild-
type HbI in the CO-ligated and deoxy forms (protein data
bank (PDB) accession codes 3SDH and 4SDH, respectively)
were used as search models. Each structure was refined with
the program CNS (53) with manual fitting with the program
O (54). The atomic coordinates of the CO-ligated forms of
I25W (2R4Z), M37F (2R4W), and H69V-I114M (2R4X) and
deoxy M37F (2Z85) and H69V-I114M (2R4Y) have been
deposited in the PDB; the accession codes are given in
parentheses.

Diffraction data on the xenon-exposed I25W crystals were
collected at the Argonne National Laboratory on beamline
BM 14C (BioCARS) at the Advanced Photon Source (APS)
using an ADSC CCD detector (Area Detector Systems
Corporation, Poway, CA). Data were processed with the
HKL2000 package and scaled with Scalepack (51). Xe atoms
were located in the FoI25W - FoI25W/Xe difference maps. The
model was refined with a combination of CNS (53) and Shelx
(55), with a round of manual intervention in between. The
structure of I25W/Xe HbICO has been deposited in the PDB
with accession code 2Z8A. The crystal structure of I114F
was previously deposited under the accession code 1JWN.
Figures 1-3 were prepared with the computer programs
Bobscript (56) and Raster3D (57). All crystal parameters and
data collection and refinement statistics are compiled in
Table 1.

Fourier Transform Infrared (FTIR) Spectroscopy. Lyoph-
ilized dimeric HbI from Scapharca inaequiValVis was
dissolved in cryosolvent (75%/25% (v/v) glycerol/phosphate
buffer) to a final concentration of∼20 mM, stirred under
CO for 1 h, and reduced with a 2-fold molar excess of an
anaerobically prepared sodium dithionite solution. FTIR
transmission spectra were collected between 1800 and 2400
cm-1 at a resolution of 2 cm-1 using a FTIR spectrometer
equipped with an InSb detector (IFS 66v/S, Bruker, Karlsru-
he, Germany). Sample loading and cryospectroscopy equip-
ment have been described previously (28-30, 58).

Temperature derivative spectroscopy (TDS) is a two-
dimensional spectroscopic method that employs temperature
as a second dimension for studying thermally activated rate
processes governed by enthalpy barrier distributions (59-
61). These distributions are universally observed in ligand
binding to heme and other proteins at cryogenic temperatures
and result from conformational heterogeneity (6, 62). Prior
to TDS data acquisition, a nonequilibrium state is prepared
at very low temperature (<10 K), and the relaxation of the
sample back to equilibrium is subsequently recorded while

Dimeric Hemoglobin ofScapharca inaequiValVis Biochemistry, Vol. 46, No. 49, 200714019



the temperature is increased linearly in time over a few hours.
In heme proteins, we generate the initial nonequilibrium state
by photolysis with visible light, and afterward, we raise the
temperature (typically 5 mK/s) in the dark and observe ligand
rebinding using FTIR spectroscopy. The bench is synchro-
nized with the temperature control so that an FTIR transmis-
sion spectrum,I(ν, T), is acquired every 200 s and thus every

Kelvin. As the temperature increases, rebinding occurs
sequentially with respect to the heights of the enthalpy
barriers that have to be surmounted in this process. In the
simplest form of the TDS data analysis, one assumes that a
change in the integrated absorbance (spectral area) is solely
due to recombination, and the absorbance change is set
proportional to the rebinding population,∆A(ν, T) ∝ ∆N(ν,

FIGURE 1: Structural models of wild-type and mutant I25W HbICO. Residues from the B, E, G, and H helices are numbered according to
their primary sequence position and are depicted in blue, gold, green, and brown, respectively. (A) Semitransparent surfaces represent
internal cavities; the locations of the B, Xe1, Xe2, and Xe4 sites are also labeled. (B) The model of I25W HbICO-derivatized with Xe is
superimposed on a FoI25W-Xe - FoI25W difference map. Xe atoms occupy the Xe1 and Xe2 sites but not Xe4 because it is already filled by
Trp-25.

Table 1: Crystal Parameters and Data Collection and Refinement Statistics

mutant-ligation state I25W-CO I25W-CO-XE H69V-I114M-CO H69V-I114M M37F-CO M37F

space group C2 C2 C2221 C2221 C2 C2221

A (Å) 93.0 92.7 92.2 92.1 93.3 91.8
B (Å) 43.4 43.4 44.4 44.4 44.0 44.5
C (Å) 82.4 82.3 143.8 143.8 83.6 144.0
â (deg) 122.4 122.0 90.0 90.0 121.7 90.0
resolution range (Å) 40.0-1.6 40.0-1.06 40.0-2.1 40.0-2.0 40.0-1.8 40.0-1.60
high-resolution bin (Å) 1.66-1.60 1.10-1.06 2.18-2.10 2.07-2.00 1.86-1.80 1.66-1.60
completenessa 93.4 (80.2) 95.3 (90.4) 88.7 (76.0) 92.9 (93.7) 94.0 (90.8) 92.4 (87.1)
I/σIa 15.6 (4.4) 24.1 (5.5) 9.9 (3.4) 11.3 (3.9) 12.6 (5.0) 22.1 (4.9)
Rmerge

a 0.060 (0.256) 0.072 (0.286) 0.098 (0.242) 0.095 (0.295) 0.080 (0.273) 0.051 (0.225)
multiplicity 3.4 4.4 2.5 3.4 3.4 4.7
total reflections (F > 1σ)a 34377 (2745) 118984 (10566) 15743 (1265) 17886 (1743) 25383 (2355) 36509 (2668)
reflections inRfree test seta 1716 (147) 5992 (555) 768 (59) 918 (106) 1225 (124) 1820 (150)
Rfactor

a 0.227 (0.454) 0.162 0.186 (0.222) 0.175 (0.232) 0.201 (0.268) 0.193 (0.401)
Rfree

a 0.240 (0.448) 0.143 0.210 (0.253) 0.211 (0.2807) 0.229 (0.293) 0.202 (0.385)
number of non-hydrogen atoms

protein atoms 2251 2251 2226 2226 2238 (2307) 2238
heme and ligand atoms 90 90 90 86 90 86
solvent molecules 380 371 98 135 159 209
number of alternate conformations 0 5 0 0 5 15

averageB-factors (Å2)
main chain atoms 14.1 11.2 22.5 18.1 17.7 17.9
side chain atoms 15.8 15.4 30.1 23.1 21.8 21.2
heme atoms 11.6 9.8 22.6 18.3 16.6 15.7
CO ligands 13.1 9.5 24.6 15.9
solvent atoms 25.8 27.5 36.7 32.4 33.7 34.7

rms deviations from ideal values
bond lengths (Å) 0.006 0.008 0.007 0.006 0.007 0.007
bond angles (deg) 1.19 1.42 1.08 1.38 1.07 1.25
dihedral angles (deg) 18.3 19.8 17.7 17.7 18.2 18.3
improper angles (deg) 1.09 1.33 1.06 1.11 1.00 1.14

Ramachandran plot
most favored regions (%) 95.8 95.8 94.7 94.7 94.7 94.3
allowed regions (%) 4.2 4.2 5.3 5.3 5.3 5.7

a Values in parentheses are calculated for reflections in the highest resolution shell.
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T). However, infrared spectra have an intrinsic temperature
dependence which can be accounted for by appropriate
scaling (31, 63, 64). The population changes between
successive temperature steps are obtained by calculating
absorbance difference spectra from transmission spectra at
successive temperatures,∆A(ν, T) ) log [I(ν, T - 1/2 K) -
I(ν, T + 1/2 K)], which approximates the (negative)
derivative of the population with respect to temperature,
-dN(T)/dT. For a simple two-state reaction controlled by
an enthalpy barrier, the distribution of barriers in the
ensemble,g(H), can be extracted from this quantity. TDS
data are conveniently represented as two-dimensional contour
plots of -dN(T)/dT versus wavenumber and temperature,
with black and red lines indicating an absorbance increase
and decrease, respectively. Usually, we take a logarithmic
spacing of the contour levels to emphasize small features.

Ligand Binding at Ambient Temperature. CO-ligated
samples were prepared in 3× 1 × 1 cm3 glass cuvettes
sealed with a rubber septum. Lyophilized protein was
dissolved at a final concentration of∼10 µM in 100 mM
sodium phosphate buffer, pH 8, and 75%/25% glycerol/
phosphate buffer, pH 8, equilibrated with 5% CO/95% N2,
followed by reduction with excess sodium dithionite solution.
CO association rate coefficients were measured with our flash
photolysis system which has been described elsewhere (28).
To avoid problems due to photoselection and rotational
tumbling (65), we ensured that the photolysis yield of the
nanosecond Nd:YAG laser was>98% in a single pulse. Up
to five hundred transients were averaged for each kinetic
trace. The absorption changes measured at 436 nm were
scaled according to the peak Soret absorbance of the CO-
ligated species. Because mutations are not expected to
significantly change the heme extinction properties, this
procedure thus compensates for slightly different protein
concentrations.

Oxygen association equilibria were studied by tonometry
as described by Knapp et al. (39). The oxygen affinity (in
Torr) denotes the partial pressure at which 50% of the
binding sites are occupied and the cooperativity (Hill
coefficient) is given by the slope of the binding curve in the
Hill plot.

RESULTS AND DISCUSSION

Crystal Structures of I25W HbICO with and without
Xenon. Crystals of CO-ligated I25W are isomorphous with
the corresponding wild-type crystals (Table 1). The R-state
conformation of I25W HbICO is practically identical to that
of R-state wild-type HbICO, including the relative location
of the heme groups within each subunit, the disposition of
Phe-97, and the organization of the interfacial water network.
Although tryptophan has a much larger side chain than
isoleucine, the exchange at position 25 has essentially no
effect on the structure near the active site because the indole
moiety fits perfectly into the pre-existing cavity between the
B, E, and G helices (Figure 1). The edge of the indole ring
with its positive partial charge forms a cation-π interaction
with the face of the Trp-135 side chain carrying a negative
partial charge. The Trp-25 indole ring is flipped between
the two subunits of the asymmetric unit, but the cation-π
interaction with Trp-135 is maintained. In both subunits, the
Trp-25 side chain resides in a very hydrophobic cavity

formed by the side chains of Trp-22, Met-73, Leu-77, Ile-
118, Val-121, and Leu-122.

In the structure of Xe-exposed I25W HbICO crystals, the
Xe atoms are found in two specific locations within each
subunit (Figure 1B). The highly (60-70%) occupied site
corresponds to the (second-most occupied) Xe2 site of Mb
(66). It is bounded by the hydrophobic side chains of Leu-
77, Phe-80, Phe-111, Trp-135, Leu-138, Val-139, and Val-
142. The second, weakly (10-12%) occupied site in I25W
corresponds to the (most-occupied) Xe1 site of Mb. The Xe
atom is located adjacent to pyrrole ring C on the proximal
side of the heme group, in a pocket defined by Phe-80, Phe-
97, His-101, Phe-111, and Val-142.

Crystal Structures of H69V-I114M. Crystals of H69V-
I114M in both the unligated and CO-ligated forms are
isomorphous to unligated wild-type HbI (Table 1). The
quaternary structure is essentially identical to the one of
T-state wild-type HbI, with the two quaternary states differing
from each other by 0.3° (the two quaternary states of wild-
type HbI differ from each other by 3.3° (48)). The arrange-
ment of Phe-97 and the water interface structure are in accord
with the R-state conformation of the wild-type counterpart.
However, the heme groups assume a position intermediate
between the typical R-state and T-state positions, even in
the absence of a ligand. Each heme plane is shifted slightly
toward the distal side so that the Met-37-ligand interspace
is only 3.2 Å as compared to 3.5 Å in wild-type HbICO.
Val-69 does not interact with the ligand; its side chain is
located 4 Å from the bound CO. In comparison to the wild-
type protein, the methionine residue at position 114 (G8)
narrows the channel bordered by the side chains of Leu-36
(B9), Leu-73 (E11), and residue G8, which separates the
distal pocket from the corner circumscribed by the B, E, and
G helices. The closest packing distance between residues G8
and E11, which is 5.6 Å in wild-type HbI, is reduced to 4.0
Å in the H69V-I114M mutant (Figure 2). Except for the
positioning of the heme groups (see above), the structures
of deoxy H69V-I114F and deoxy wild-type HbI are identical.

Structural Features of M37F HbI. Crystals of CO-ligated
M37F are isomorphous with those of wild-type HbICO
(Table 1). However, significant structural differences to wild-
type HbI emerge upon closer inspection on both the proximal
and distal sides of the heme group. In the A subunit (Figure
3A), the Phe-37 phenyl ring packs tightly against Leu-73
(closest packing distance 3.1 Å), which in turn pushes heme
pyrrole B toward the proximal pocket. In the B subunit
(Figure 3B), the Phe-37 side chain packs against Phe-51
(closest packing distance 3.1 Å). This interaction causes the
heme plane to tilt so that pyrrole ring D is pointed more
toward the proximal pocket, while pyrrole ring B is rotated
toward the distal pocket. Consequently, the cavity underneath
pyrrole B is enlarged, allowing Phe-97 in a fraction of protein
molecules to assume its T-state conformation, with the Phe-
97 side chain in the proximal pocket. In both subunits, Phe-
37 packs tightly against the bound CO, with the edge of the
phenyl ring located 2.8 Å away from the ligand. The distance
between the face of the Phe-37 phenyl ring and the edge of
the His-69 imidazole ring is 3.1 Å. In the A subunit, Phe-37
partially blocks access to the BEG channel. In the unligated
structure (Figure 3C), the Phe-37 side chain displays two
conformations in both subunits. In the dominant conforma-
tion, the Phe-37 phenyl ring packs against Phe-51, whereas
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in the minor conformation (occupancy 20-30%), the side
chain occludes the binding site.

The ActiVe Site of Wild-Type HbI. Previous studies on
Scapharca inaequiValVis HbI were mainly focused on
elucidating the structural determinants of the allosteric
behavior, whereas the molecular details of ligand association
itself have as yet received less attention. Studies of ligand
migration and binding in HbI are greatly aided by previous
results from IR spectroscopy experiments on MbCO, which
exploited the CO stretching vibration as a reporter of the
local electrostatic environment. Three CO bands can be
distinguished at 1966, 1945, and 1930 cm-1, and they are
denoted by A0, A1, and A3, respectively, and are associated
with three subconformations, in which the distal histidine
His-64 side chain is positioned in various ways so as to

produce different electrostatic interactions with the bound
CO ligand. In the A1 and A3 substates, the imidazole side
chain is neutral and resides inside the distal pocket, whereas
it is doubly protonated and pointed toward the solvent in
the A0 substate (67, 68). After photodissociation, the CO
ligand transiently occupies specific locations inside Mb, the
primary docking site B on top of heme pyrrole C (14-16)
and secondary sites C and D that coincide with two of four
hydrophobic cavities in the protein interior, labeled Xe4 and
Xe1 for their ability to bind Xe (17-19, 69). In each of these
sites, the CO ligand gives rise to specific photoproduct
spectra, with the stretching frequency fine-tuned by the
vibrational Stark effect, the interaction of the CO infrared
transition dipole with the electric field at the site (31, 63,
70, 71). Frequently, doublet bands are observed due to two
discrete orientations of the CO.

The immediate distal pocket environment of the heme-
bound ligand in HbI is shaped by Met-37 (B10) and His-69
(E7). The His-69-NεH is capable of forming a hydrogen bond
with a dioxygen ligand (48). Met-37 in position B10 is rather
uncommon. In vertebrate Hbs and Mbs, there is typically a
leucine in this position; in many nonvertebrate globins, the
B10 residue is either glutamine, phenylalanine, or tyrosine
(72). The CO stretching absorption as an extremely sensitive
internal probe allows us to examine the conformation of these
nearby residues. Therefore, the HbICO samples were cooled
to 4 K in thedark and illuminated for 1 s, which results in
complete photodissociation of the CO ligands from the heme
iron. FTIR absorbance difference spectra,A ) log(Idark/I light),
were calculated from transmission spectra,I(ν, T), taken
before and after photolysis. The peak frequencies and
fractional band areas (populations) of the CO stretching bands
in the heme-bound and photodissociated species were
determined from fits with multiple Gaussians; the best-fit
parameters are compiled in Table 2.

At 4 K, the spectrum of wild-type HbICO in cryosolvent
at pH 7.2 shows a predominant (97% population) A substate
band at 1948 cm-1 and a minor band at 1964 cm-1 (Figure
4A). Similar spectra are found for I25W, I114F, and F97Y
(Figure 4A), implying that a more distant point mutation does
not affect the active site structure. The A band at 1948 cm-1

can be associated with the conformation seen in the high-
resolution crystal structure of wild-type HbICO determined
at pH 7.5, in which the His-69 imidazole side chain resides
within the distal heme pocket (48). The frequency of this
band is similar to the one of the A1 substate at 1945 cm-1 in
MbCO, which suggests that a weak hydrogen bond exists
between His-69-NεH and the CO oxygen (68, 73, 74). For
the H69Q HbICO mutant, we find an asymmetric band at
1957 cm-1 with broad tails that can be modeled by additional
bands at 1945 cm-1 and 1971 cm-1, indicating that the
glutamine side chain adopts different conformations and is
also involved in hydrogen bonding interactions with the
bound CO.

Interestingly, the A1/A3 heterogeneity in MbCO, which
presumably arises from two slightly different positions of
the distal histidine (68, 75), is entirely absent in wild-type
HbICO. However, the M37F substitution causes a significant
shift of the dominant A state band to a more A3-like
frequency of 1939 cm-1; a second, smaller band is visible
at 1965 cm-1. The low wavenumber of the band at 1939
cm-1 has frequently been reported for mutant Mbs with an

FIGURE 2: Side-chain packing at the active sites of wild-type and
mutant HbICO. The bottleneck between the distal pocket and the
Xe4 cavity is formed by the side chains of residues B9 (blue), E11
(yellow), and G8 (magenta), represented by van der Waals spheres.
This narrow channel is open in (A) wild-type HbI but severely
obstructed when either a (B) phenylalanine or (C) methionine is
introduced at position 114 (G8).
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aromatic residue at position B10 and arises from the
interaction of the CO dipole with the positive partial charge
provided by the edge of the aromatic ring (58, 74).

Bands near 1965 cm-1 are typically observed when the
A1-type interaction of the bound CO with the distal histidine

is absent, for instance, after replacement by aliphatic residues
(68, 74). His-69 replacement by the aliphatic leucine or valine
in HbICO produces stretching frequencies of 1971 and 1977
cm-1, respectively (Table 2). These frequencies are even
higher than in the corresponding Mb mutants (73, 74). The
presence of a negative partial charge near the CO oxygen,
for example, from a lone pair of the Met-37 sulfur atom could
explain this blue shift.

The minority species of wild-type HbICO (3% population)
represented by the high-frequency band at 1964 cm-1

resembles the A0 substate of MbCO, associated with a CO
band at 1965 cm-1. This conformation grows in MbCO
toward low pH because of protonation of the imidazole ring
of the distal histidine with a pK of 4.5 (68), which is pointed
toward the solvent for better charge solvation (67). For
HbICO, we also observe an enhanced fraction (40%) of the
1964 cm-1 band (in cryosolvent, pH 4) at room temperature.
However, upon cooling to 4 K, both A bands merge into a
broad band at 1955 cm-1, with a weak shoulder at 1974 cm-1

(Figure 4B, Table 2). The frequency of 1955 cm-1 suggests
that the imidazole becomes trapped in a position in between
the A0 and A1 conformations. It is likely that steric hindrance
within the subunit interface prevents the side chain from fully
rotating into the A0 conformation. At pH 3.6, the A substate
band of wild-type HbICO is shifted to 1972 cm-1. This band
and its associated photoproduct bands are very broad,
indicating an enhanced heterogeneity, likely due to dena-
turation.

Small, pH-dependent shifts of the optical bands of globins
are known to be reliable indicators of distal histidine

FIGURE 3: Atomic models of M37F HbI superimposed on 2Fo- Fc simulated annealing omit maps in which the Phe-37 side chain is
omitted from the map calculations. In the CO-ligated species, Phe-37 is positioned (A) near Leu-73 in the A subunit and (B) near Phe-51
in the B subunit. (C) In deoxy M37F, Leu-73 and Phe-37 occupy both a major (black) and a minor (magenta) conformation in both
subunits. The minor Phe-37 conformation positions the side chain within the ligand binding site. In the major conformation, the side chain
points away from binding site, toward the back.

Table 2: IR Band Frequencies of Heme-Bound and Photodissociated CO of HbI Mutants at 4 K, Determined after 1 s Illumination at 4 Ka

sample pH υ (heme-bound CO (cm-1) υ (photodissociated CO (cm-1)

wild-type HbI 4.0 1955 (94), 1974 (6) 2121 (16), 2125 (42), 2128 (42)
wild-type HbI 7.2 1948 (97), 1964 (3) 2114 (14), 2133 (86)
I25W 7.6 1948 (95), 1964 (5) 2114 (15), 2134 (85)
M37F 8.0 1940 (72), 1965 (28) 2116 (26), 2129 (17), 2141 (44)
H69L 7.5 1971 (100) 2121 (23), 2126 (67)
H69Q 7.5 1945 (12), 1957 (82), 1971 (6) 2120 (26), 2126 (35), 2130 (26), 2139 (13)
H69V-I114M 7.6 1989 (9), 1967 (10), 1977 (81) 2123 (72), 2131 (28)
F97Y 7.8 1946 (92), 1952 (8) 2114 (12), 2135 (75), 2141 (13)
I114F 7.8 1944 (97), 1963 (3) 2115 (27), 2133 (73)

a Estimated experimental error:(0.5 cm-1. Values in parentheses denote fractional populations (in %).

FIGURE 4: FTIR photolysis difference spectra of HbICO samples
at 4 K. Spectra of heme-bound CO are plotted on the left, spectra
of photodissociated CO obtained after 1-s illumination at 4 K are
plotted in the top right, and those obtained after slow cooling from
160 to 4 K under continuous illumination are plotted in the lower
right in each panel. (A) Wild-type HbI, pH 7.2 (black), I25W (red),
M37F (green), I114F (blue) and F97Y (violet). (B) wild-type HbI,
pH 4.0 (black), wild-type HbI, pH 3.6 (black, dotted), H69L (blue),
H69Q (green), and H69V-I114M (red).
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protonation (76). Therefore, we have investigated the pH
dependence further with UV/visible spectroscopy on aqueous
HbICO solutions. We found a cooperative transition, char-
acterized by a pK of 3.7( 0.1 and a cooperativity parameter
n ) 4 (data not shown), which presumably signals denatur-
ation. This interpretation is supported by the presence of a
monomeric low-spin hemichrome at acidic pH in the optical
spectra of the oxidized (met) HbI species (77, 78). A simple
Henderson-Hasselbalch transition associated with a single-
site His-69 protonation as in MbCO was absent. Therefore,
we conclude that, in aqueous solution, the pK of His-69 in
HbICO is lower than in MbCO, and it is likely that the His-
69 imidazole is more constrained by the subunit interface
structure so that the (neutral) distal pocket conformation is
energetically preferred. The presence of a significant 1964-
cm-1 species at room temperature in cryosolvent (pH 4)
may be a sign of weakened subunit interactions that
facilitate a conformational change of the His-69 imidazolium
moiety.

The Primary Ligand Docking Site B. We have used two
different illumination protocols for photodissociation of our
samples, (i) 1-s illumination at 4 K and (ii) slow cooling
from 160 to 4 K under continuous illumination. For the
photoproduct spectra upon 1-s illumination at 4 K, the peak
positions and fractional band areas were determined from
fits with multiple Gaussians; the best-fit parameters are
included in Table 2. From comparison of the photoproduct
spectra in the upper and lower right of Figures 4A and 4B,
respectively, it is obvious that the two illumination protocols
yield very different photoproduct spectra. On the basis of
our prior experience with ligand migration in Mb and other
globins (60, 79-81), we anticipate that the CO ligands
remain close to the active site upon photolysis at very low
temperature, whereas they may become dispersed among a
few docking sites within the protein when photolyzed during
the slow cooling.

Photolysis of wild-type HbICO by 1-s laser illumination
at 4 K gives rise to a doublet of photoproduct bands at 2114
and 2133 cm-1 (Figure 4A). The high-frequency band was
already noticed in previous work (82). Similar doublets are
seen for I25W HbICO and I114F HbICO. In mutant F97Y,
the main photoproduct bands are shifted to 2113 and 2135
cm-1. A weak shoulder on the high-frequency side of the
2135-cm-1 band can be fitted with an additional band at 2141
cm-1. The introduction of a phenylalanine at position B10
in the M37F sample gives rise to a very different photo-
product spectrum, with an apparent triplet of peaks at 2116,
2129 and 2141 cm-1. In wild-type HbICO at pH 4, and also
upon exchange of the distal histidine by an aliphatic residue
in H69L HbICO and H69V-I114M HbICO, the splitting of
the photoproduct bands is smaller or even absent (Figure
4B). Mutant H69Q HbICO gives again rise to a multitude
of overlapping photoproduct bands.

The IR spectrum of MbCO also displays two photoproduct
bands associated with the dominant A1 substate at 2119 and
2131 cm-1. This doublet has been assigned to photolyzed
ligands in the primary docking site B on top of pyrrole C in
two opposing orientations (70, 83, 84). Comparison of active-
site mutants of MbCO has revealed that the distal histidine
is mainly responsible for the splitting (70). Here we propose
a similar scenario for wild-type HbICO. Time-resolved X-ray
crystallography experiments on M37V HbICO yielded a

positive electron density in the distal pocket adjacent to the
Val-37 (B10) side chain 5 ns after photolysis due to
photolyzed CO (85). This position is similar to the photo-
product site B of Mb. In M37V HbICO, the distance between
the His-69-Nε and the ligand is only 3.05 Å, whereas the
corresponding distance is 3.9 Å in Mb. In agreement with
this observation, HbICO features a significantly larger Stark
splitting of the B photoproduct doublet (70). This line of
evidence is further supported by the photoproduct spectra
of H69L and H69V-I114M HbICO, which, in analogy to
H64L and H64V MbCO, essentially lack the splitting. In
mutant M37F, the electric field at the B site is apparently
governed by the phenyl side chain located 3 Å away from
the CO. As a consequence, the photoproduct spectrum is
considerably altered (Figure 4A) and shows an even
further enhanced splitting of the bands (Table 2). This
behavior has been observed repeatedly in Mb upon introduc-
tion of aromatic moieties near the photolyzed ligand (30,
58, 79).

Concerning the assignment of the two CO orientations to
the B substates, we have proposed that the high-frequency
photoproduct species absorbing at 2131 cm-1 in MbCO
points its carbon atom toward the heme iron (70), which was
independently supported by combining MD and QM/MM
calculations (84). (Interestingly, Anselmi et al. (86) recently
arrived at the opposite assignment based on their computa-
tional data for unknown reasons.) The similar primary
photoproduct spectrum of HbICO suggests an identical
assignment as for MbCO. An interesting effect can by noticed
in Figure 4A when comparing the photoproduct spectra
measured after brief and extended illumination. In the latter
case, the fractional population in the 2114-cm-1 photoproduct
state is significantly enhanced in wild-type HbICO, I25W
HbICO and especially I114F HbICO. This effect appears to
arise from the long exposure to light below∼20 K because
the two CO orientations are seen to equilibrate at higher
temperature (Vide infra). Considering that the HbI distal
histidine is closer to the photolyzed ligands (3.1 Å (85) versus
3.9 Å (14)), as also inferred from the Stark splitting of the
HbI and Mb B bands, one may conjecture that the His-69-
NεH-OC orientation is preferentially stabilized due to
formation of a weak hydrogen bond.

FIGURE 5: TDS contour maps of wild-type HbICO. Data were taken
(A, B) after 1-s illumination at 4 K and (C, D) after slow-cooling
from 160 to 4 K under continuous illumination. (A, C) Absorption
changes in the bands of heme-bound CO. (B, D) Absorption changes
in the photoproduct bands. Contours are spaced logarithmically,
black and red lines represent increasing and decreasing absorption,
respectively.
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To probe rebinding from site B, a TDS measurement was
started immediately after 1-s illumination of the wild-type
HbICO sample (pH 7.2) at 4 K. Contour plots of the
absorbance changes in the bands of heme-bound and pho-
todissociated CO are presented in Figure 5A and B,
respectively. In Figure 5A, the dominant population near
1948 cm-1 is seen to rebind between 3 and 130 K; the
maximum is located at 45 K, which is also shown in the
plot of the absorption change integrated along the wave-
number axis in Figure 6. A pronounced tilt of the contour
lines in the TDS map indicates a correlation between the
rebinding enthalpy barriers and the CO stretching frequencies
in such a way that a low barrier is associated with a high
frequency. This phenomenon is known as kinetic holeburning
(KHB); it reveals that a common structural coordinate
governs both kinetic and spectroscopic properties (87). The
minor substate (ν ) 1966 cm-1) shows contours up to 40 K
and maximal rebinding at 20 K.

The photoproduct map also displays KHB and a maximal
loss in the photoproduct band at 2133 cm-1 at 45 K due to
rebinding (Figure 5B). The concomitant occurrence of red
and black contours at 2114 cm-1 and 2133 cm-1 at 20 K
suggests a redistribution of the CO ligand between discrete
orientations within one docking site (here site B), so that a
loss of area in one band is associated with a gain of area in
another band at the same temperature. This spectral signature
is frequently observed in TDS maps of globins (28, 30, 58,
88, 89). The weak contours in the range 80-100 K are
spectrally displaced from the ones at lower temperature,
which suggests that they are associated with rebinding from
an alternative ligand docking site.

Experimental data as shown in Figure 5 for wild-type
HbICO were collected on all mutant samples and are
provided as Supporting Information. Here, we merely present
the integrated absorption changes as solid lines in Figure 6,
which allow for convenient comparison of ligand rebinding
between the different samples. For most samples, the

population with the lowest rebinding temperatures (site B)
is found to peak in the range 30-50 K. Replacement of His-
69 by aliphatic amino acids clearly shifts the rebinding
maximum to<20 K, which indicates that His-69 contributes
significantly to the overall rebinding barrier, as is also the
case for MbCO (23, 24, 73). For H69Q, there is a tail
extending up to 75 K in addition to the peak at 20 K. This
observation suggests that the glutamine side chain assumes
multiple conformations, as was also observed for the
corresponding mutant Mb H64Q (26, 90-92). Depending
on its particular conformation, Gln-69 may pose more or
less steric hindrance to ligand binding.

Secondary Docking Sites. The photoproduct spectra ob-
tained upon slow-cool illumination most likely yield a
mixture of multiple IR spectra from CO ligands in different
locations, which cannot be disentangled on the basis of 4-K
difference spectra alone. Separation of these components is
accomplished by using the TDS method. The contour map
of wild-type HbICO after slow-cool illumination (Figure 5C)
displays a strongly modified temperature dependence of CO
rebinding in the A substate at 1948 cm-1. Three discrete
populations can be distinguished, peaking at 45, 80, and 135
K. They are associated with rebinding from three different
photoproduct states, which we shall denote by B, C, and D
in the order of increasing temperature. A fit of the integrated
absorption change (dotted line in Figure 6) with three
Gaussian distributions yields the fractional populations of
B (60%), C (37%) and D (3%).

The corresponding photoproduct map is plotted in Figure
5D. By calculating difference spectra for two temperatures
between which a particular population rebinds, we can isolate
the photoproduct spectra associated with this species. The
resulting spectra (Figure 7) are associated with CO ligands
trapped in the primary docking site B (40-50 K) and in
secondary sites C (80-90 K) and D (130-140 K). In Figure
7A, we have also included the difference spectrum calculated
from the photoproduct map in Figure 5B (20-30 K) to
display the second band of the B-site doublet. The contours
in Figure 5D indicate that compared with 1-s illumination,
the peak at 2114 cm-1 is enhanced; a transfer of photoproduct
population from this peak to multiple distinct peaks is
observed below∼30 K. In addition to the exchange with
the peak at 2133 cm-1 already visible after 1-s illumination
(Figure 5B), population also appears at those wavenumbers

FIGURE 6: Temperature dependence of integrated absorption
changes calculated from TDS data of wild-type HbICO and mutant
HbICO samples. The data were integrated over the entire spectral
region of the A substate bands; solid lines: 1-s illumination at 4
K; dotted lines: extended illumination during slow cooling (5 mK/
s) from 160 to 4 K.

FIGURE 7: Photoproduct spectra of CO molecules trapped at (A)
the primary docking site B (2114/2133 cm-1) and in secondary
sites (B) C (2126/2132 cm-1) and (C) D (2131/2134 cm-1) of wild-
type HbI. Dotted lines mark the individual bands obtained from
Gaussian fits, and solid lines give the sum.
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where the two bands of photoproduct C are seen to rebind
at 80 K, which is the spectral signature for migration of CO
molecules into this site.

The integrated absorption changes (Figure 6, dotted lines)
calculated from the slow-cool TDS maps (see Supporting
Information) of the mutant samples indicate that the rebinding
process at∼80 K associated with ligands returning from
secondary site C is present in wild-type HbI, H69L, H69Q,
M37F, and F97Y but absent in I25W, I114F, and H69V-
I114M. This result implies that bulky residues introduced at
positions 25 and 114 either fill this cavity directly or prohibit
access to it. In the X-ray structure of I25W HbICO, the Trp-
25 side chain packs into a cavity which corresponds
approximately to the Mb Xe4 site (Figure 1B), formed from
the B, E, and G helices and lined by Trp-22 (A12), Ile-25
(A15), Ile-118 (G12), Val-121 (G15), Leu-122 (G16), and
Trp-135 (H4). Ligand trapping in this site is especially
efficient in HbI mutant M37F (Figure 6) although Phe-37
partially constricts the pathway to the cavity in the A subunit
(but not in the B subunit). The same effect has been observed
in Mb mutants with aromatic amino acids at position B10,
including L29F (93), triple mutant YQR (L29F-H64Q-T67R)
(58, 80), and especially L29W, for which the Xe4 cavity is
a highly efficient ligand trap at cryogenic temperatures (18,
29). The Xe4 site is separated from the distal pocket by a
narrow channel bordered by Leu-36 (B9), Leu-73 (E11), and
Ile-114 (G8), which in wild-type HbI is relatively free from
obstruction. The closest packing distance between the
residues at positions G8 and E11 is 5.6 Å. However, the
channel is largely blocked in mutant I114F, as inferred from
the distance of 3.9 Å between the bulky Phe-114 (G8) side
chain and Leu-73 (E11) (39). The methionine in mutant
H69V-I114M also restricts ligand access to the BEG corner
(Figure 2). On the basis of these findings, the process visible
at ∼80 K in the TDS maps is assigned to rebinding from
the Xe4 pocket. This conclusion is further supported by
molecular dynamics simulations after ligand dissociation in
HbI, in which the ligand moves 12 Å away from the heme
and docks in a space defined by Ile-114, Pro-117, Ile-118,
and Trp-135 (94).

A third, minor fraction of photolyzed ligands rebinds at
∼125 K in wild-type HbI after extended illumination (Figure
5C). A process in the same temperature range is also present
in H69L, H69Q, I25W, F97Y, I114F, and M37F (Figure 6).
In Mb, this process was identified with CO rebinding from
the Xe1 site on the proximal side of the heme. However,
there are structural differences between the two proteins that
suggest a different assignment for HbI. The Xe1 site of HbI
is bordered by Phe-80 (E18), Phe-111 (G5), Val-142 (H11),
the main chain of Phe-97 (F4), and the heme group. The
Phe-111 (G5) phenyl ring protrudes into this space and blocks
it significantly (48), as demonstrated by less than 10% Xe
occupancy in Xe-exposed I25W HbICO crystals (Figure 1).
In contrast, the Xe1 site in Mb can be filled with Xe to 97%
under similar conditions (66). However, a bulky indole
moiety at position G5 in L104W MbCO completely occludes
this cavity (28). Moreover, in HbI, the accessibility of the
HbI Xe1 site depends on the ligation state of the protein. In
the R-state, the Phe-97 side chain is located in the subunit
interface, whereas it packs in the proximal pocket and also
occupies the Xe1 site in the T-state conformation. In mutant
M37F, the Xe1 site of subunit B is partially occupied by the

Phe-97 side chain even in the ligand-bound state. Therefore,
one may expect this photoproduct to be less populated than
in wild-type HbI. However, ligand trapping is much more
efficient in this mutant (Figure 6). In both I114F and H69Q,
the Phe-97 side chains remain in the Xe1 pocket also in the
CO-bound conformation and should thus completely inhibit
any trapping of CO, which is not observed.

Consequently, it appears unlikely that rebinding at∼125
K is associated with ligands returning from the Xe1 cavity.
We instead propose that the secondary docking site D in
HbI corresponds to the open volume defined by Leu-77
(E15), Trp-135 (H3), Phe-80 (E18), Phe-111 (G5), Leu-138
(H7), Val-139 (H8), and Val-142 (H11), which corresponds
to the Xe2 site of Mb. This site can be filled efficiently with
xenon atoms (70% occupancy) in I25W HbICO crystals
(Figure 1B). The occupancy with CO is smaller, however,
due to its different properties and the procedures employed
to populate the site, as has been observed earlier for MbCO
crystals (95).

The Role of Transient Docking Sites in Physiological
Ligand Binding. Internal cavities of different volume and
shape have been identified in a number of heme proteins (2,
66, 96, 97). They are not mere packing defects but play
crucial roles in ligand binding in various ways. For example,
an exceptionally large internal volume of∼300 Å3 exists in
neuroglobin, which allows the entire heme prosthetic group
to slide deeper into the protein so as to resolve steric conflicts

FIGURE 8: Flash photolysis kinetics of wild-type and mutant HbICO
samples dissolved in buffer, pH 8 (closed symbols), and 75%/25%
(vol/vol) glycerol/buffer (open symbols), equilibrated with 0.05 bar
CO. The absorption changes were monitored at 436 nm and 290
K. (A) Wild-type and mutants M37F, F97Y, (B) wild-type and
mutants I25W, I114F, and (C) wild-type and mutants H69V-I114M,
H69L, H69Q.
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between the exogenous ligand and the distal histidine (97).
In the minihemoglobin ofCerebratulus lacteus, a channel
in the protein matrix provides a ligand migration pathway
(81). In Mb, the Xe4 and Xe1 cavities serve as transient
ligand storage sites (18, 20, 28, 30, 69, 93, 98). Covalent
bond formation to the heme iron can only occur from the
primary docking site, and these additional docking sites lower
the rebinding probability until the dissociated ligand can
finally leave the protein with the aid of a rare protein
fluctuation that opens an escape pathway. Consequently, the
efficiency of ligand escape is enhanced by the availability
of secondary sites.

To probe the effect of the cavities on physiological ligand
binding in HbI, flash photolysis experiments were performed
at 20 °C. In all kinetic traces, both microsecond and
millisecond-to-second kinetic processes are observed (Figure
8). The fast processes produce either a net absorption
decrease or increase at the monitoring wavelength of 436
nm (Figure 8). The decrease is associated with geminate
rebinding, i.e., rebinding of CO molecules that failed to
escape from the protein after photodissociation. The absorp-
tion increase has recently been shown to be related to a
spectral change caused by the R-T transition of the deligated
protein (99). It is not present, however, in samples prepared
in the glycerol/buffer mixture. There, the geminate process
is enhanced.

The slow phase represents bimolecular rebinding from the
solvent, as is proven by its CO concentration dependence.
We have fitted this process with an exponential to obtain (i)
the (pseudo-first order) apparent rate coefficient,λS, for
bimolecular CO binding from the solvent and (ii) the
amplitude of the solvent process, which allows the fraction
of ligands that escape into the solvent after photodissociation,
NS, to be estimated. The kinetic parameters are compiled in
Table 3. There, theNS values were scaled to the value of
0.95 reported for wild-type HbICO in buffer solution (94).
The λS values scatter around the one of wild-type HbICO;
the largest increase was observed for H69L (∼100-fold) and
the largest decrease for I114F (∼2-fold). For the M37F
mutant, it was necessary to use a sum of two exponentials
in order to fit the bimolecular phase, withλS values of the
two phases differing by a factor of 40. This observation,
which implies that there are two distinct conformations
present in the sample that interconvert on time scales slower
than the rebinding itself, fits nicely with the presence of two
conformations in the X-ray structure of deoxy M37F. For
the data taken in buffer, we have converted theλS values to
second-order rate coefficients,kon, by using [CO]) 50 µM.
Also included in Table 3 are the ratios of apparent rate
coefficients for the two solvents used.

Ligand escape is highly efficient in wild-type HbI at
physiological temperatures. Blocking access to the Xe4 cavity
greatly increases the geminate fractions in I25W and I114F
HbICO, and only∼40% of the ligands escape into the solvent
(Figure 8B). This effect, which has also been observed for
MbCO mutants, highlights the crucial role of protein and
ligand dynamics in ligand binding: within a few picoseconds
after dissociation, ligands settle in docking site B in the distal
heme pocket. This site plays a key role in iron-ligand bond
formation because it is engineered such that ligands can
reside in B for comparatively long times (i.e., nanoseconds)
without rebinding. Ligands may shuttle back and forth
between primary docking site B and the secondary sites,
which further reduces their probability of rebinding while
they are trapped within the protein until large-scale protein
fluctuations on nanosecond to microsecond timescales open
the channel(s) through which they escape from the protein.
Thus, our work on HbI gives further support of the proposed
role of the internal cavities in enhancing ligand escape (29).

The R-T Transition and Ligand Binding. Conformational
motions associated with the R-T transition are known to
strongly modulate the ligand binding properties of HbI under
physiological conditions (36, 100). They involve reposition-
ing of the Phe-97 side chain and the heme plane, and,
moreover, the interfacial water cluster between the two
protomers is also reorganized (40). In the T-state, steric
interference between the His-69 side chain and the approach-
ing ligand is increased. Consequently, the enthalpy barrier
at the binding site is increased (39), which tends to suppress
geminate rebinding and to lower the association rate. The
latter finding is corroborated by the CO association kinetics
obtained after flash photolysis of HbICO dissolved in buffer
and glycerol/buffer (Figure 8, Table 3). In aqueous solution,
wild-type HbICO, the cavity mutants I25W and I114F (and
also H69Q to a lesser extent) show a small absorbance
increase at 436 nm after photodissociation on the microsec-
ond time scale, signaling a transition from the high-affinity
R-state to the low-affinity T-state. In glycerol/buffer solvent,
there is a net decrease due to enhanced geminate rebinding.
This process could possibly overcompensate the increase due
to the R-T transition. However, bimolecular rebinding is
faster in these mutants (Table 3), which suggests that the
proteins stay in the more reactive R-state structure in
glycerol/buffer. For mutant I114F, a weak decay is visible
below 1 µs in aqueous buffer, but the∼5-fold higher
bimolecular association rate coefficient in glycerol implies
that the R-T-type transition is present in buffer but obscured
by geminate rebinding (Figure 8B). These observations
suggest that the allosteric transition no longer occurs in the
glycerol/buffer solvent. Glycerol raises the osmotic pressure

Table 3: Fit Parameters of Bimolecular CO Binding to Wild-Type and Mutant HbI Samples

sample NS (buffer) λS (s-1) kon (µM-1s-1) (buffer)a NS (glycerol/buffer) λS (s-1) λS (buffer)/λS (glyc./buffer)

wild-type HbI 0.95 10 0.21 0.80 70 0.14
I25W 0.60 12 0.24 0.52 49 0.24
I114F 0.56 8 0.16 0.36 45 0.17
H69Q 0.80 83 1.66 0.32 441 0.19
H69V-I114M 0.09 900 18.0 0.03 460 1.96
H69L 0.32 1343 26.8 0.12 643 2.09
F97Y 0.66 221 4.40 0.48 250 0.88
M37F 1 218 4.4 (∼25%) 0.63 218 -

6 0.11 (∼75%) -
a Estimated experimental error:( 0.02 µM-1 s-1.
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and apparently destabilizes the more hydrated T-state subunit
interface relative to the one of the R-state interface (100).
The distal mutants H69L and H69V-I114M exhibit a
pronounced nonexponential geminate phase (Figure 8C).
They appear to lack the allosteric transition as bimolecular
rebinding in glycerol/buffer is slower than in pure buffer.
The structure of mutant F97Y remains locked in an R-like
conformation even after photolysis, and consequently, its
overall association rate is essentially identical in the two
solvents (Table 3). In cryosolvent, the geminate yield of
F97Y is increased as for all other mutants, because ligand
escape is hindered by the effect of solvent viscosity on
protein dynamics (12).

Consistent with the conclusions drawn from CO rebinding,
the oxygen equilibrium binding studies reveal that I25W and
M37F retain highly cooperative oxygen binding, with Hill
coefficients of 1.6, while H69Q shows lower levels of
cooperativity (Table 4). Compared with the wild-type protein,
the oxygen affinities of mutants I25W and M37F are
increased∼2- and 9-fold, respectively, whereas the affinity
of mutant H69Q is∼7-fold lower. Rapid autoxidation of
the heme iron in H69L and H69V-I114M prevented us from
making accurate measurements of their oxygen affinities.

Ligand Entry and Exit Routes. Hard evidence of ligand
entry and exit routes in globins has been notoriously difficult
to obtain. Early molecular mechanics studies by Case and
Karplus (101) suggested that a ligand exit channel can form
in Mb by a concerted motion of the side chains of His-64
(E7), Thr-67 (E9), and Val-68 (E10). Moreover, bulky phenyl
(102) and isocyanide (33) ligands have been employed as
‘molecular doorstops’ to induce a conformational change of
the distal histidine that opens a ligand entry and exit channel.
This so-called histidine gate mechanism has recently been
supported by a time-resolved crystallography study on Mb
mutant L29W (20). The bulky Trp-29 indole side chain in
L29W MbCO acts as an internal gate separating the distal
cavity from the Xe4 and Xe1 sites after the CO dissociation
(20, 103). The extremely long residence time of CO ligands
in the L29W Xe1 cavity (t1/2 ∼ 1.5 ms) as compared to wild-
type MbCO (t1/2 ∼ 10 µs, (104)) indicates that alternative
exit routes from Xe1 are by at least 2 orders of magnitude
less efficient than the predominant one in the wild-type
protein. Because Trp-29 blocks this key pathway by sup-
pressing ligand migration back to the front distal pocket, this
latter volume of the protein must contain the ‘main entrance’.

The distal histidine plays a key role in fine-tuning the
ligand affinities of globins both sterically and electrostati-
cally. In the Mb deoxy conformation, the side chain
constitutes a direct steric barrier against ligand binding at
the heme iron. Once a ligand is bound, it can be stabilized
by a hydrogen bond to the imidazole Nε-H (23, 24, 105).
The dual role of this residue in controlling both ligand entry/

exit and active-site reactivity makes it difficult to disentangle
the two functions. Therefore, an apolar substitution at
position E7 has multiple effects: (i) it opens a short channel
between the heme pocket and the solvent; (ii) it relieves steric
hindrance at the binding site and thereby reduces the enthalpy
barrier against rebinding at the heme iron, thereby causing
an enhanced geminate and faster bimolecular binding; (iii)
the O2 affinity is reduced because of the missing additional
hydrogen bond. These implications are clearly evident for
HbI mutants H69L and H69V-I114M. Bimolecular CO
association is very fast as compared to wild-type HbICO
(Table 3), and the fraction of ligands that rebind geminately
is significantly enhanced. The latter effect is further amplified
by the additional I114M mutation, which reduces the number
of available ligand docking sites by narrowing the channel
toward the Xe4 cavity. In the H69Q mutant, the changes in
the CO association rate are only minor because the Gln-69
side chain is similar to the His-69 imidazole in size.
However, Gln-69 apparently cannot stabilize a bound O2

molecule efficiently, which leads to a 7-fold decrease in the
O2 affinity (Table 4). Likewise, Mb mutant H64Q also shows
a 7-fold reduced O2 affinity (23).

So how do ligands manage to enter and exit HbI? If ligands
were to migrate via the Xe4 site, this route should be
completely blocked in mutant I25W, resulting in a high
geminate yield and very slow bimolecular rebinding. Both
effects are not observed, however. Another possibility would
be a ligand migration pathway involving the Xe2 site. If this
were the case, bimolecular ligand binding in I114F should
be remarkably slow, as the channel between the distal pocket
and the Xe2 cavity is severely constricted in this mutant.
However, the data in Table 3 refute this hypothesis because
the rate coefficient describing bimolecular CO binding is only
slightly lower than its wild-type counterpart. A pathway
involving the Xe1 cavity seems particularly unlikely as this
site is already partially blocked in HbI and further occupied
by the Phe-97 side chain in the deoxy conformation of the
protein. Moreover, mutant M37F showed the most efficient
CO trapping in secondary sites upon extended illumination
at low temperatures, but ligand association is slower than in
the wild-type protein at ambient temperature, which further
supports the notion that the secondary docking sites identified
in this work are off-pathway intermediates.

The preceding discussion raises the question as to whether
ligands enter and exit also via the distal histidine gate in
HbI, as in Mb and Hb. The fact that the dimer interface of
HbI is formed via the E and F helices may give the
impression that the ligands are forced to take a different route.
On the other hand, the observed reversible incorporation of
6-8 water molecules into the dimer interface during the R-T
transition indicates a high degree of structural fluidity that
may also allow CO molecules to migrate within the interface.
Therefore, it is quite plausible that ligand entry and exit
occurs via the histidine gate in HbI.

CONCLUSIONS

We have explored the rebinding of CO molecules from
different photoproduct states in HbI using FTIR-TDS at
cryogenic temperatures. By studying a set of well-chosen
HbI mutants and combining spectroscopy with X-ray struc-
ture analysis, three ligand docking sites within the protein

Table 4: Hill Parameters of the Oxygen Affinity of HbI Mutants

sample P50 (Torr) Hill coefficient

wild-type HbIa 10.4 1.45
I25W 5.0 1.6
M37F 1.2 1.6
H69Q 70 1.3
I114Fa 21 1.08

a Values taken from (39).
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matrix were identified, the primary docking site B in the
vicinity of the active site and two secondary sites C and D,
which were assigned to the Xe4 and Xe2 cavities. To
understand the involvement of these internal sites in physi-
ological ligand binding, the experiments at cryogenic were
complemented by flash photolysis experiments on HbICO
and equilibrium binding studies on HbIO2 carried out at
ambient temperature. Clear evidence has been provided that
the secondary sites are not located on the ligand migration
pathway. They rather serve as alternative docking sites so
that geminate rebinding, which occurs from site B, is
suppressed and, consequently, ligand escape from the protein
is highly efficient. The distal histidine, His-69, was shown
to play a key role in controlling the enthalpy barrier against
covalent bond formation with the heme iron and is most
likely also involved in opening a channel in the protein
matrix for ligand entry and exit.

SUPPORTING INFORMATION AVAILABLE

The FTIR-TDS contour maps for all mutant samples
obtained after 1-s illumination have been compiled in
Supporting Figures 1 and 3. The data obtained after slow
cooling from 160 to 4 K under steady illumination are shown
in Supporting Figures 2 and 4. This material is available free
of charge via the Internet at http://pubs.acs.org.
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