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Protein allostery provides mechanisms for regulation of biological
function at the molecular level. We present here an investigation
of global, ligand-induced allosteric transition in a protein by
time-resolved x-ray diffraction. The study provides a view of
structural changes in single crystals of Scapharca dimeric hemo-
globin as they proceed in real time, from 5 ns to 80 �s after ligand
photodissociation. A tertiary intermediate structure forms rapidly
(<5 ns) as the protein responds to the presence of an unliganded
heme within each R-state protein subunit, with key structural
changes observed in the heme groups, neighboring residues, and
interface water molecules. This intermediate lays a foundation for
the concerted tertiary and quaternary structural changes that occur
on a microsecond time scale and are associated with the transition
to a low-affinity T-state structure. Reversal of these changes shows
a considerable lag as a T-like structure persists well after ligand
rebinding, suggesting a slow T-to-R transition.

allosteric protein transitions � intersubunit communication � kinetics

A fundamental goal in biology is to understand how organ-
isms respond to environmental signals. Central to this

process are allosteric proteins that undergo structural transitions
between alternate states in response to stimuli such as ligand
binding. Although static structures of alternate states are avail-
able for a number of allosteric proteins, information about the
kinetic pathway between such functionally important states is
limited. Time-resolved crystallographic analysis (1–9) provides
the unique opportunity to obtain direct, time-dependent struc-
tural information at high resolution on the entire protein mol-
ecule as it undergoes structural change.

Much of our understanding of allosteric protein function has
come from investigations into mammalian hemoglobins. Evi-
dence of substantial structural changes accompanying ligand
binding dates back to the 1930s with the observation that
unliganded, high-salt, hemoglobin crystals exposed to oxygen
shatter (10), foreshadowing the discovery of large quaternary
changes that are linked to oxygen binding (11). Unliganded
crystals of human hemoglobin grown under certain low-salt
conditions can maintain their integrity upon oxygen binding;
however, oxygen binding in this case is noncooperative (12).
Although the ability to follow allosteric transitions in the crys-
talline state is limited when such large quaternary structural
changes accompany cooperative ligand binding, spectroscopic
investigations of hemoglobin solutions have revealed some as-
pects of the kinetic pathway of allosteric structural transitions
(13–15). Results to date suggest a multistep pathway, with key
tertiary structural transitions taking place within a few micro-
seconds and quaternary rearrangements occurring in the range
of tens of microseconds. In addition to providing structural
information on high-affinity R and low-affinity T quaternary
forms at the atomic level (16–18), crystallographic experiments
have also succeeded in illuminating ligand-linked structural
tertiary transitions within the constraints of R or T forms (19).

In contrast to mammalian hemoglobins, the dimeric hemo-
globin (HbI) found in the mollusk Scapharca inaequivalvis is
particularly well suited for the investigation of allosteric mech-
anism by time-resolved crystallography. Binding of oxygen to
crystals of HbI is fully cooperative (20), while associated struc-
tural transitions are relatively localized and compatible with a
well ordered crystal lattice (21). Despite limited structural
differences, the two allosteric states show dramatic functional
changes with an �300-fold difference in oxygen affinity between
the high-affinity R-state and the low-affinity T-state (22, 23).
Three important tertiary structural rearrangements contribute
to the differences in oxygen affinity between the two states:
movement of Phe-97 (F4) from the subunit interface into the
proximal heme pocket (23, 24), a redistribution of interfacial
water molecules (22), and movement of the heme groups toward
the subunit interface (25) (see Movie 1, which is published as
supporting information on the PNAS web site). In addition, a
small subunit rotation (�3.3°) is required to fully accommodate
the tertiary changes (21).

Solution studies of structural transitions in HbI have been
much more limited than those in mammalian hemoglobins. One
important investigation by nanosecond time-resolved resonance
Raman spectroscopy (26) revealed several significant changes
upon ligand release in the low-frequency vibrational modes. The
modes that undergo a change include those associated with
motions of peripheral substituents on the heme, such as the
propionates, and the 756-cm�1 mode, assigned as a pyrrole ring
deformation mode of the heme, sensitive to steric interaction
between the heme and amino acid residues within van der Waals
contact. Based on time evolution of these heme-associated
vibrational modes, it was proposed that tertiary structural
changes, such as relaxation of the heme propionate groups
toward their T-state and packing of F4 Phe in contact with the
heme, occur with a half-life of 1–2 �s.

We report here a time-resolved crystallographic study follow-
ing the allosteric transition of Scapharca HbI. The experiments
were designed to address several important questions. What is
the cascade of structural events upon ligand release that leads
from state R to state T? Do functionally important structural
transitions occur in a concerted or sequential fashion? Do
structural intermediates facilitate the R-to-T transition?

Results and Discussion
Experiments were conducted on crystals of an HbI mutant in which
the methionine at helix position B10 is substituted with a valine
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(M37V). This mutant has an enlarged distal pocket and shows lower
geminate rebinding of oxygen in solution but maintains cooperative
ligand binding and undergoes the same ligand-linked structural
transitions as wild-type HbI (unpublished work). We collected
Laue data in a pump-probe type diffraction experiment. A 7-ns
laser pulse was used to photodissociate the CO ligands, and an x-ray
pulse of appropriate duration was used to probe structural changes
initiated by the ligand release. Data were obtained at 16 time delays
between the laser and x-ray pulses, from 5 ns to 80 �s. Diffraction
data before laser exposure were also collected for direct compar-
ison with the data from photolyzed crystals. Difference electron
density (��) maps along with atomic models based on difference

refinement against data at various time delays were examined to
reveal structural changes. The analysis of structural changes in HbI
has the considerable advantage of two subunits per asymmetric unit
providing crystallographically independent views of the events.

Ligand Photodissociation. Strong negative density at 5 ns at the
position of the bound CO ligand (labeled CO in Fig. 1) results
from significant initial photolysis of the ligand, estimated at
�40% (see Supporting Materials and Methods, which is published
as supporting information on the PNAS web site). This density
decays to �10% by 1 �s (Fig. 2A) indicating a large amplitude
of the geminate ligand rebinding. Positive density in the distal
pocket adjacent to Val B10 (labeled CO* in Fig. 1) at 5 ns

Fig. 1. Difference Fourier map HbI* (photoproduct) minus HbI-CO at time delays of 5 ns and 60 �s is shown for the entire dimer (A); CD, E, F, and heme regions
of subunit A (B); and the Phe F4 of subunit A (C). Fig. 5, which is published as supporting information on the PNAS web site, provides equivalent views for subunit
B [the figure was produced with PYMOL (38)]. (A) A ribbon diagram of the HbI-CO dimer (gray) with side chains for His F8 (cyan), Phe F4 (yellow), and key interface
water molecules (small cyan spheres) are shown along with the difference Fourier map. The maps are contoured at �3.5� (blue and red, respectively) for both
A and B. Note the concentration of difference density mainly in the immediate heme region and along the F helix at 5 ns. The density distributes toward the
interface by 60 �s. Arrows (in cyan) point out the position of two key R-state water molecules in the 5-ns map that show clear negative density as they rapidly
respond to the loss of ligand. Removal of these two water molecules is required for the subsequent movement of the heme groups toward the subunit interface.
(B) An �-carbon trace (gray) for the CD region and E and F helices along with the heme group (salmon), side chains for CD1, CD3, E7, F7, and F8, (cyan) and F4
(yellow) are shown. The photolysis signal at the bound CO position (labeled CO) is highly significant at 5 ns: �14� and �17� for the A and B subunits, respectively.
The strong positive feature indicating the iron displacement (labeled Fe) is at �12� and �14�, for the A and B subunits, respectively. Note the extensive structural
rearrangement involving the heme group at 5 ns, along with that of the CD region and F helix. (C) Difference electron density is shown for the region around
F4 Phe at �2.5� in blue and red, respectively, along with the atomic model for the liganded (salmon) and unliganded (cyan) structures. Phe F4 undergoes the
largest ligand-linked side-chain rearrangement during the R-to-T transition. As the density maps show, this movement has not occurred at 5 ns but is completed
by 60 �s after the ligand release.
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corresponds to a large fraction of the photodissociated CO
molecules (�50%) that has docked in the enlarged distal pocket
and remains at this site for hundreds of nanoseconds. The decay
of the CO* density follows closely that of the CO density (Fig.
2A).

Progression of Structural Transitions. The difference electron den-
sity maps reveal that photorelease of the ligand triggers a
two-phase process involving the key structural moieties that
mediate cooperative ligand binding in HbI: the early interme-
diate phase (5 ns to 1 �s) lays a foundation for the allosteric
phase (1 �s to 80 �s). These two phases are readily distinguished
by the positions of the heme iron atoms, as is evident from both
difference maps and difference refinement (Fig. 3; and see
Movies 2 and 3 and Fig. 4, which are published as supporting
information on the PNAS web site).

Early Intermediate. An early intermediate has formed by 5 ns after
ligand photorelease and persists until �1 �s. Rapid displace-
ments of the electron-dense heme iron atoms result in particu-
larly strong positive peaks in �� maps (labeled Fe in Fig. 1). The
irons are displaced toward the proximal histidine, in a direction
perpendicular to the heme plane, by �0.4 Å from their starting
positions in the R-state. They remain in the vicinity of this
intermediate position, with only a small change (�0.2 Å)
throughout the early intermediate time domain. The interme-

diate iron positions are 0.9–1.0 Å away from their T-state
positions (Fig. 3 and Movie 3). The early intermediate thus
remains highly populated during this time domain, with no
significant motion of the hemes toward their T-state location.

Heme buckling, simultaneous with the iron out-of-plane dis-
placement, results in strong negative and positive electron density
features observed below and above the hemes (Fig. 1). It involves
mainly B, C, and D pyrrole rings, while the A ring is least affected.
Shift of the B ring opens additional space on the proximal side that
facilitates the subsequent allosteric Phe F4 transition. The tilt of
ring D results in the shift of the heme D propionate toward the Arg
CD3, while positive and negative density features for Arg CD3
(�4�) indicate movement toward its T-state location (Fig. 1). In
response to changes at the heme, residues Phe CD1 and Leu E11
move deeper into the heme pocket, and His E7 moves toward the
space vacated by the released ligand.

Rapid structural changes along the F helix, particularly in the
main-chain region near F4, are evident by positive and negative
features along the helix observed at 5 ns (Fig. 1). We assessed the
magnitude of these changes as a function of time by integrating
���(t)� values along the helix. Similar integration for the CD-loop
region and helices E, G, and H (Fig. 2B) clearly singles out the
F helix and the CD loop as regions with the most structural
changes at early time delays. Notably, these regions also show the
largest differences between static R and T structures of HbI (27).
Rapid F-helix displacement has also been observed in time-

Fig. 2. Integrated difference electron density values, ��, as a function of time for several structural moieties. The values are averaged over subunits A and B
(see Supporting Materials and Methods for error estimates). (A) Integrated ��(t) values for the loss of bound CO (red circles) and the photodissociated CO at
the distal pocket docking site (CO*; blue circles). Both features exhibit similar biphasic behavior and are well described by either a sum of an exponential geminate
ligand rebinding phase and a bimolecular rebinding phase (solid lines) or a sum of two exponential geminate phases (dashed lines; see Materials and Methods).
(B) Integrated absolute values of difference electron densities, ���(t)�, for helices E–H and the CD-loop region (residues 51–63). The nanosecond signal in the
F-helix and CD regions corresponds to the early intermediate. Both helices E and F as well as the CD loop exhibit an increase in the signal in the microsecond time
domain, simultaneous with the signal associated with a rearrangement of Phe F4 (C) and allosteric water molecules (D). Simultaneous fits of data in B–D by a
common exponential function in the microsecond time region are shown as solid lines (see Materials and Methods). The fits take into account ligand rebinding
and assume rapid reversal of structural changes upon ligand rebinding. The deviation of the fit from the data in the 30- to 80-�s time region indicates that the
reversal of allosteric changes lags behind ligand rebinding. (C) Integrated ��(t) values for the Phe F4 ring at the R- and T-state atomic coordinates. Values for
the Phe GH3 ring (R-state) are shown for comparison (no signal is observed). (D) Integrated ��(t) values for three distinct classes of water molecules at the dimer
interface: 9 allosteric R-state, 12 allosteric T-state, and 5 core water molecules. An early (nanosecond) negative density at the allosteric R-state water molecules
results from the disruption of this network. The formation of the T-state network of water molecules occurs on the microsecond time scale.
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resolved studies of myoglobin (7) and appears to be a charac-
teristic response of this class of proteins to deligation and
subsequent heme iron movement.

The observed early movement of the F helix is in the direction
of the subunit interface. It results in disruption of water mole-
cules unique to the R-state, as evident by immediate negative
density in difference maps at locations of these molecules (Fig.
2D) and by no difference density around those water molecules
common to both R and T states. Most significantly affected are
two R-state waters near the center of the dimer interface, with
negative density evident at 5 ns (Fig. 1). These molecules are
located near F4 and F7 side chains and are therefore susceptible
to disruption by the observed F-helix shift. They are also
hydrogen-bonded to the heme A propionates; their disordering
is likely to facilitate a subsequent rearrangement of these
propionates, which is in turn required for the shift of the hemes
toward the interface.

The observed early intermediate does not lie on a direct
trajectory between the R and T states, as is evident both in the
heme position (Fig. 3) and in the quaternary structural arrange-
ment. Difference refinement indicates that the subunits are
rotated slightly (0.3°) and consistently away from the T-state
arrangement during the early intermediate, before rotating
toward the T-state quaternary arrangement during the allosteric
phase.

Allosteric Phase. During the second, allosteric phase (1–80 �s),
unliganded HbI commences its approach toward the T-state. The
tertiary T-state (i.e., unliganded T-state subunits in an R qua-
ternary subunit arrangement) forms and reaches the maximum
population by �10 �s (Fig. 2). Our results suggest a somewhat
slower (�5-fold) transition to the tertiary T-state conformation
than is proposed based on resonance Raman solution studies
(26), although the progression of concerted changes, involving
heme propionates and Phe F4 as well as other groups identified
here, is in full agreement with the solution results. Because none
of the residues involved in the allosteric transition participate in
lattice contacts, the different time constants probably reflect an

overall effect of the crystal lattice. Formation of the tertiary
T-state is followed by a slower subunit rotation in the final
approach to the quaternary T-state, as is indicated by rigid body
refinement of subunit orientations. A rotation of 0.6° from the
R-state is observed by 80 �s, forming a ‘‘T-like’’ state, as
compared with the expected rotation of 3.3° based on static R
and T structures. Because the entire R-to-T rearrangement can
be accommodated in this crystal lattice (21), we conclude that
the full R-to-T subunit rotation has not been completed by 80 �s.

Transition to the tertiary T-state proceeds via rearrangements
of several key local and global structural moieties (Fig. 2 B–D).
The integrated ��(t) or ���(t)� values associated with these
moieties display remarkably similar time courses during the
allosteric phase that can be described by an exponential function,
with a common rate coefficient of 6.5 � 104 s�1. Electron density
at the T-state position for Phe F4 begins to accumulate at �1 �s
(Fig. 2C). Simultaneously, an increase in difference electron
densities is observed for the E and F helices and the CD region,
as well as for both R- and T-allosteric water molecules (Fig. 2 B
and D). Populations of T-state Phe F4 reach a maximum at
�10–30 �s. Based on the integrated �� for the T-state Phe F4
ring, we estimate �8% peak population of the T-state F4,
consistent with the deligated fraction of hemes in this time
region (Fig. 2 A). This finding suggests that Phe F4 has switched
from its R-to-T conformation in all deliganded subunits.

The kinetics of the T-state water molecules indicates a close
coupling between their movements to T-state locations with that
of Phe F4. This is expected because several T-state waters fill the
volume vacated at the R-state Phe F4 position. An increase in the
negative integrated �� values for the R-state waters is also
observed, indicating their further displacement. The absence of
difference density for the core of five ordered interface water
molecules, present in both R and T states, confirms their stable
conformation during both the early intermediate and the allo-
steric transition.

Is there a leading, trigger event that initiates the transition to
the tertiary-T state after very rapid events associated with the
early intermediate? To address this question we examined more
closely the locations of heme irons, and thus the heme groups,
by difference refinement. The observed heme shift toward the
dimeric interface, itself facilitated by the early disruption of
R-state water molecules at the interface and coupled with the
F-helix displacement via the His F8 linkage, might reasonably be
expected to precede the Phe F4 motion. It enlarges the proximal
heme cavity, and structural changes in the pyrrole A ring and the
A propionate are likely to reduce a steric barrier for transition
of the Phe F4 to the T-state. In fact, the heme shift from the early
intermediate toward the dimeric interface starts at the same time
as accumulation of the positive density at the Phe F4 T-state
location, at �1 �s (Figs. 3 and 2C). Populating the heme tertiary
T-state therefore coincides with populating the Phe F4 T-state.
Because the two events clearly follow each other very closely,
either they cannot be resolved given the present data or the
second event occurs essentially instantaneously (submicrosec-
ond) after the first, rate-limiting step.

Lag in Reversal of Structural Transitions. Finally, our results provide
important information on how fast structural changes occurring
during the allosteric phase reverse upon ligand rebinding. As
mentioned above, at 10–30 �s Phe F4 in all unliganded subunits
has switched from the R-state to the T-state conformation. By
80 �s, significant further ligand rebinding has occurred (Fig.
2A). However, the signal related to Phe F4, the E and F helices,
CD region, and allosteric water molecules (Fig. 2 B–D) has
actually leveled off rather than significantly decayed during the
30- to 80-�s time period. Solid lines in Fig. 2 B–D indicate the
trend that is expected in this time period if reversal of structural
changes is fast compared with ligand rebinding. Because the data

Fig. 3. Time-dependent change in the heme iron position. This shift is broken
down into components that are perpendicular to the heme plane (blue
symbols) and components that are parallel to the heme plane (red symbols).
The change is measured as the difference in position relative to the starting
R-state position (open diamonds) and ending T-state position (filled dia-
monds). Flash photolysis causes the heme iron to move 0.4 Å perpendicular to
the heme plane while shifting by only 0.15 Å parallel to the plane, away from
its starting R-state position and toward the T-state position. The heme iron
stays in this vicinity during the nanosecond time domain and moves toward its
ending T-state position in the microsecond time domain, synchronously with
other structural changes involved in the allosteric transition shown in Fig. 2.
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do not follow such a trend, we conclude that the reversal of the
allosteric structural changes is slow and extends beyond 80 �s.
This conclusion is also supported by the refined iron positions
(Fig. 3) and from Fig. 1, where a prominent iron-related density
is present well above 3.5� at 60 �s while very little density
associated with the CO photo dissociation is present. Data at
time delays longer than presented here are clearly needed to
follow the evidently slower-than-expected reversal of allosteric
changes from the liganded T-state to the R-state.

This application of nanosecond time-resolved crystallography
to examine a full allosteric protein transition has elucidated a
sequence of structural events that mediate cooperativity after
the release of bound ligands. An intermediate structure is
formed rapidly, within 5 ns, and it is characterized by buckling
of the heme and resulting initial rearrangements of the neigh-
boring side chains and the F-helix and CD-loop region. Disrup-
tion of the R-state-specific network of water molecules also
occurs rapidly, suggesting an important role for water molecules
in facilitating the shift between alternate states. These changes
lay the foundation for a concerted transition that commences at
�1 �s. An intriguing aspect of our results is the substantial lag
in transition back to the R-state after ligand rebinding. Evi-
dently, the T-to-R transition is much slower than that from R to
T, a result that implies substantial stability of the T-state, even
for the singly liganded species, which is consistent with earlier
equilibrium and kinetic studies (22, 25, 28).

Materials and Methods
Sample Preparation. The M37V mutant protein was cloned,
expressed, purified, and crystallized as described for recombi-
nant HbI (25, 29). Crystals were mounted in a glass capillary
under a poly(vinyl) film (30) to prevent laser-induced movement
of the crystal (31). The capillaries were purged under a stream
of carbon monoxide before a drop of stabilizing solution with
saturated sodium dithionite was added to remove any residual
oxygen before sealing.

Time-Resolved Data Collection. Time-resolved x-ray diffraction
experiments were conducted at BioCARS beamline 14-ID at the
Advanced Photon Source, Argonne National Laboratory. In
pump-probe-type diffraction experiments, HbI-CO crystals at
5°C were illuminated from two opposite sides by laser pulses
from a Nd:YAG pumped dye laser (Continuum). The laser
provided 7-ns (full width at half maximum) pulses at 615 nm
(rhodamine 610�640 dye) with a total laser pulse energy of �2.2
mJ and beam diameters at the sample of 0.6 and 0.8 mm for the
two laser beams. We estimated that the number of absorbed
photons per laser pulse was approximately equal to the number
of molecules in the crystals. A single 100-ps x-ray pulse during
the hybrid mode of the Advanced Photon Source storage ring
was used as the probe pulse for short time delays (5 ns to 3 �s).
For longer time delays (3 �s to 80 �s) the probe pulse was either
a 500-ns superpulse during the hybrid mode or a 2-�s pulse train
during the standard operating mode of the storage ring. The 2-�s
length of the pulse train was defined by the minimum opening
of the BioCARS fast x-ray chopper. Experimental details of the
time-resolved set-up at the 14-ID beamline are described in ref.
32. The time delays referred to in this work are measured from
center to center between x-ray and laser pulses.

Time-resolved data were collected by using the Laue diffrac-
tion technique in the following way. At a fixed angular setting of
the crystal, x-ray diffraction images were recorded without laser
illumination (dark state) and at a series of time delays after the
laser pulse. For the first time series, images were collected at 5
ns, 25 ns, 75 ns, 200 ns, 700 ns, and 3 �s. The procedure was
repeated for 21 crystal orientations, with a 9° increment between
angular settings of the crystal. The same measurement was
repeated on four crystals, and the data were merged to obtain

complete difference data sets for each time delay (see below).
This method of data collection minimizes systematic errors in the
time domain due to crystal-to-crystal variation in reaction
photoinitiation as compared with data collection where a com-
plete data set is collected for each time delay on a different
crystal. Two additional time series of data sets were collected in
a similar manner: dark, 3 �s, 6 �s, 15 �s, 30 �s, and 60 �s (four
crystals); and dark, 2 �s, 4.5 �s, 9 �s, 20 �s, 40 �s, and 80 �s
(three crystals).

Laue data were processed by using the programs PRECOGNITION
(indexing and integration) and EPINORM (scaling) (Zhong Ren;
www.renzresearch.com). All data sets were integrated to 1.6 Å.
Data reduction statistics are presented in Tables 1 and 2, which are
published as supporting information on the PNAS web site. From
the dark-state structure factor (SF) amplitudes �FD(hkl)� and cor-
responding time-dependent SF amplitudes �F(hkl, t)�, time-
dependent difference SF amplitudes �F(hkl, t) � �F(hkl, t)� �
�FD(hkl)� were calculated for each time point t and each crystal.
Difference SF amplitudes �F(hkl, t) from multiple crystals were
merged by using weighted averaging, where weights used for
�F(hkl, t) for each crystal were calculated as described in Ren et al.
(9). When averaging over multiple crystals, the weight for the mean
value 	�F(hkl, t)
 was calculated as the sum of the weights of �F(hkl,
t) that were averaged. Weighted difference electron density maps
(��) were then calculated for each time point by using merged
difference SF amplitudes 	�F(hkl, t)
 and phases �hkl

D obtained from
the known M37V HbI-CO structural model (unpublished work).

Difference Electron Density Integration. Integration of difference
electron densities in selected regions of ��(t) maps (Fig. 2) was
performed by using the program PROMSK (2). The ��(t) or ���(t)�
values were summed within a specified mask and multiplied by
a factor of two to account for the fact that the �� maps calculated
as described above are on approximately half of the absolute
scale (32). The integration mask was generated by supplying
atomic coordinates of the structural region of interest of the R-
or T-state and specifying a radius of integration around given
coordinates (1.2 Å was used in all cases, except for helices where
2 Å was used for integration around R-state coordinates).

Ligand Rebinding and Kinetics of Structural Changes. Decay of the
CO* density follows closely that of the CO density (Fig. 2 A)
because both time courses exhibit two major phases with similar
rates. A detailed description of the ligand migration pathways is
not possible given that other docking sites were not detected but
are required to account for all photodissociated CO molecules
at early times. We therefore cannot determine unambiguously
whether the second phase of the CO and CO* time courses is
geminate or bimolecular. Fig. 2 shows two possible options that
both describe data well. The CO and CO* decays are fit jointly
by a sum of an exponential function, C1 � exp[�k1t], describing
geminate ligand-rebinding and a bimolecular-rebinding func-
tion, C2�[1 � k�2 t] (solid lines). The common rate coefficients are
k1 � 1.0 � 107 s�1 and k�2 � 3.2 � 104 s�1, and the amplitude of
the geminate phase is 0.7 for CO and 0.8 for CO*. An alternative
fit by two exponential functions describing two geminate phases
(dashed lines) results in similar rates (k1 � 9.6 � 106 s�1 and k2 �
1.7 � 104 s�1) and identical amplitudes.

Possible causes for the unexpectedly large amplitude of the
fast geminate phase in the crystal are the alteration of the ligand
escape rates by the crystal lattice and the migration of dichlo-
roethane used for crystal immobilization (31) into a cavity near
the heme pocket, occupying a site suggested (25, 33) to be on the
entry and exit pathway of the ligand (unpublished work).

Time courses shown in Fig. 2 B–D correspond to structural
changes that involve two key players in the allosteric mechanism
of HbI: Phe F4 and allosteric water molecules, as well as several
larger structural moieties such as E and F helices and the
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CD-loop region. Whereas some time courses exhibit significant
integrated ��(t) values in the nanosecond time domain (most
notably those corresponding to allosteric R-state water mole-
cules, F helix and CD loop region), they all exhibit an increase
in the integrated ��(t) values in the microsecond time domain,
with an apparently similar rate. They were therefore fitted jointly
by a single exponential function corresponding to the R-to-T
transition, C3 � C4[1 � exp(�k3t)], with a rate coefficient k3 �
6.5 � 104 s�1 (solid lines in Fig. 2 B–D). Constant C3 accounts
for subnanosecond structural changes in some structural moi-
eties. The difference electron density signal is expected to
diminish as ligands rebind because it represents structural
changes in a decaying number of unligated molecules. This is,
however, true only if the reversal of structural changes upon
ligand rebinding is fast compared with ligand rebinding. To
assess whether the reversal is indeed fast, the above fit function
describing the time courses was multiplied by a normalization
term corresponding to the ligand rebinding, with parameters
fixed to those derived from data in Fig. 2 A (using the first fit
discussed above). The deviation of the data from the fit observed
in the 20- to 80-�s time period in Fig. 2 B–D, where data level
off rather than decay in accordance with the ligand rebinding
trend, suggests that the reversal of the allosteric structural
changes is slow and not complete by 80 �s. The resetting of the
structure to the R-state in the liganded tertiary T-state is lagging
behind the ligand rebinding.

Difference Refinement. To assess the structural changes as a
function of time, a model of the photoproduct was obtained for
each time delay according to the difference refinement approach
of Terwilliger and Berendzen (34, 35). Refined structures,
obtained as described in Supporting Materials and Methods, help
assess the direction of motion for structural moieties and pop-
ulations of the underlying intermediates. We emphasize that by
this approach we are not suggesting that each time delay
represents a single intermediate state and that an overall struc-
tural change proceeds via a large number of intermediate states.

Quite to the contrary, our data (Fig. 2) suggest only one early
intermediate that forms in the subnanosecond time domain and
a concerted R-to-T transition of several structural moieties in the
microsecond time domain to the tertiary T-state. In general,
when the simple chemical kinetics mechanism holds, as seems to
be the case here given that the microsecond allosteric transition
from the early intermediate to the tertiary T-state is well
described by an exponential function (32, 36, 37), well defined
time-independent intermediate states exist and only their pop-
ulations vary with time. At any time, a mixture of intermediate
structures is likely to be present (32). The refinement of a single
structural model at any individual time delay is therefore clearly
inappropriate for extracting the structures of intermediate states
when a mixture of states is present. At short time delays, before
the microsecond transition, and at longer time delays, after the
microsecond transition, the refined models provide estimates for
the structures of the early intermediate and the tertiary T state.
A full structural characterization of all intermediates involved in
the R-to-T transition will require data more finely sampled in
time and a global data analysis by the singular value decompo-
sition method (32).
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