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Abstract: The concept of protein dynamic states is introduced. This concept is based on (i) protein dynamics
being organized hierarchically with respect to solvent slaving and (ii) which tier of dynamics is operative
over the time window of a given measurement. The protein dynamic state concept is used to analyze the
kinetic phases derived from the recombination of carbon monoxide to sol-gel-encapsulated human adult
hemoglobin (HbA) and select recombinant mutants. The temperature-dependent measurements are made
under very high viscosity conditions obtained by bathing the samples in an excess of glycerol. The results
are consistent with a given tier of solvent slaved dynamics becoming operative at a time delay (with respect
to the onset of the measurement) that is primarily solvent- and temperature-dependent. However, the
functional consequences of the dynamics are protein- and conformation-specific. The kinetic traces from
both equilibrium populations and trapped allosteric intermediates show a consistent progression that exposes
the role of both conformation and hydration in the control of reactivity. Iron-zinc symmetric hybrid forms
of HbA are used to show the dramatic difference between the kinetic patterns for T state R and â subunits.
The overall results support a model for allostery in HbA in which the ligand-binding-induced transition from
the deoxy T state to the high -affinity R state proceeds through a progression of T state intermediates.

Introduction

The relationship between protein dynamics and protein
function is an integral aspect of the ongoing pursuit of a detailed
mechanistic picture of how proteins work. Studies that address
the structural contributions to protein function are relatively
straightforward. There are agreed-upon protocols for both
generating and analyzing structural data. In contrast, studies
addressing the functional role of dynamics are problematic on
many levels. There is the experimental challenge of how to
couple measurements of function with those that probe dynam-
ics. On a very fundamental level, there is also the issue of how
to organize the complex array of protein dynamics into
groupings that are useful or appropriate for exposing functional
consequences. In the present treatment, we build upon several
recent advances to develop a strategy to address these challenges
with respect to analyzing how dynamics contribute to the
conformational dependence of ligand recombination in human
adult hemoglobin (HbA).

The evolving concept of solvent slaving1-4 is used as an
organizing principle that provides a framework for defining and
characterizing categories of protein dynamics on the basis of

the degree to which they are coupled, i.e., “slaved”, to specific
molecular motions within the surrounding solvent. This approach
gives rise to a hierarchy of dynamics that also implies a
hierarchy of time scales over which the specific tier of dynamics
is or is not operative with respect to some observed functional
process. This type of organizational structure has many benefits,
in that it facilitates (i) comparing different solvents with respect
to influence on the dynamics and functional properties of a given
protein, (ii) comparing effects of a specific solvent on the
dynamics and functional properties of different proteins, and
(iii) exposing correlations between temporal sequences of
changes in functional properties and temporal sequences for the
onset of the influence of the different solvent-dependent
dynamics.

Exploiting the inherent temporal hierarchy associated with
the solvent slaving-based hierarchy of dynamics in an experi-
mental modality is problematic. Ideally, one requires a functional
process that (i) can be triggered on a time scale that is fast
compared to the onset of the influence of the different tiers of
dynamics and (ii) persists long enough to be influenced by the
temporal progression of dynamics-driven processes. Ligand
recombination subsequent to photodissociation in heme proteins
is an ideal process for testing and probing these concepts. The
duration of the kinetic process can easily be tuned over a very
wide range of time scales (picoseconds to seconds) on the basis
of choice of protein, ligand, conformation, and mutational/
chemical modifications. The kinetic traces for ligand recombina-
tion display a temperature- and solvent-dependent progression
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of phases. Typically, as one increases the temperature starting
at very low cryogenic temperatures, one observes the appearance
of new slower phases that originate from the activation of
dynamics-mediated processes that cause the slowing. The
temperature dependence of the transition points where the
initially observed phase ends and a new slower phase starts is
thus directly related to the temperature-dependent onset of the
influence of the tier of dynamics that is now being thermally
activated.

The recombination of CO to photodissociated COMb has been
the prototype process for studies relating reactivity to dynamics.5-9

CO recombination studies on myoglobin (Mb) at cryogenic
temperatures have resulted in many new concepts that now have
widespread significance and application. These concepts include
rough energy landscape, inverse temperature effect, hierarchical
organization for both structure and dynamics, and solvent
slaving. Similarly, the spectroscopic changes initiated by and
occurring subsequent to photodissociation of COMb have
exposed many new phenomena, such as kinetic hole burning,10-17

remote ligand docking sites,18,19 and conformational relaxa-
tion,20-23 that directly link dynamics with reactivity. Many of
these concepts have been further expanded through the com-
bined tuning of temperature and viscosity as a means of
modulating dynamics.24-28

The use of sol-gel encapsulation of proteins has proven to
be an additional tool for isolating the functional consequences
of relaxation processes and equilibrium fluctuations. Studies

show that sol-gel encapsulation of Mb29,30 and Hb31-35 can
greatly slow conformational changes initiated by ligand binding
or release. As a consequence, an initial global tertiary/quaternary
structure can, in effect, be “locked in” for time scales that often
greatly exceed the time scale for measuring functional processes.
This approach provides a direct method for comparing ligand
rebinding kinetics in equilibrium and nonequilibrium populations
of both Mb29 and HbA.34,36,37Additionally, sol-gel matrices
allow facile exchange of solvents, thus providing a convenient
method of bathing both equilibrium and nonequilibrium popula-
tions in high-viscosity solvents.26-28,34,38-41 This approach has
proven very effective in enhancing features in the recombination
traces that are signatures of specific dynamics-mediated transi-
tions or events. For example, the CO recombination kinetics
from sol-gel-encapsulated COHbA bathed in glycerol-contain-
ing buffer display features indicative of remote docking sites
similar to the Xe cavities observed in Mb.42 In the case of sol-
gel-encapsulated Mb’s, replacing the bathing buffer with an
excess of pure glycerol results in temperature-dependent kinetic
traces at ambient temperatures that manifest many of the features
seen at cryogenic temperatures.26,27

The results from the Mb studies utilizing both glycerol-bathed
sol-gels and trehalose glass matrices have led us to a new
framework for relating dynamics to functionality that introduces
a new nomenclature and model for the protein states based on
which tiers of dynamics are active during the measurement.43

This new model, referred to as the protein dynamic state model,
and the associated nomenclature avoid the ambiguity of basing
the assignment of kinetic phases on either location of the
dissociated ligand or specific relaxation events. Instead, it is
based on which tier of dynamics is operative during the
observation window. Since the different tiers of dynamics
become operational on time scales based on the solvent
dynamics to which they are or are not slaved, the transition
between these protein-dynamics-based states is overwhelmingly
determined by the particular temperature and solvent. In contrast,
the functional consequences of the onset of the influence of
specific tiers of dynamics are expected to be protein-specific.

The basic idea is that, from the instant of photodissociation,
there is a temporal progression for the onset of the influence,
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i.e., activation, of different tiers of dynamics. The tiers are
organized hierarchically on the basis of the degree of solvent
slaving. In the current analysis, we define three major tiers of
dynamics: the B, C, and D state tiers. The B state refers to the
state of the protein that exists during the temporal window when
only internal-vibrations-driven dynamics are operational, such
as occur at very low cryogenic conditions or for very short
intervals following photolysis at higher temperatures. The C
state refers to the state of the protein that exists when the protein
is experiencing the influence of those dynamics that are slaved
to the localized low-amplitude solvent motions (e.g., librations)
typically associated withâ fluctuations of the hydration shell
waters.1-4 The D state refers to the state of the protein that is
observed when the protein is under the influence of those
dynamics that are slaved to the large-amplitude motions of the
bulk solvent (e.g., those connected with dielectric relaxation),
such as those known asR fluctuations.1-4 The ordering based
on the degree of solvent slaving and the associated activation
energies for theR and â slaved dynamics gives rise to the
temporal progression. Over a given observational time window
starting at a given time point, the protein will sequentially reflect
behavior indicative of a progression from the B to C to D state.

In our earlier work on Mb and Mb mutants,26,27it was shown
that:

1. During the lifetime of the B state, the dissociated ligand
is typically confined to the distal heme pocket.

2. The C state tier of dynamics includes small-amplitude side-
chain fluctuations and relaxations that can both facilitate ligand
diffusion between accessible volumes within the protein matrix
(e.g., distal heme pocket and Xe cavities) and increase the barrier
for recombination.

3. The D state tier of dynamics contains the large volume
changing fluctuations that permit both the entering and exiting
of ligands and water into and out of the protein and the opening
of internal channels closed by the presence of aromatic side
chains (e.g., the E11(68)W side chain blocking access between
the distal heme pocket (DHP) and the adjacent Xe4 cavity in
Mb). Vitrification of the bulk solvent, as in the case of a
trehalose glass, results in the damping of these large protein
motions which require substantial translation of the bulk solvent.

In the present study, the validity and applicability of the new
framework43 is explored for different tertiary/quaternary con-
formations of sol-gel-encapsulated Hb’s bathed in an excess
of pure glycerol. Additionally, a novel tool is introduced for
analysis of the kinetics based on the detection and comparison
of the time points corresponding to the transition between
dynamic states. The premise behind this approach is that a given
recombination process (e.g., CfA) terminates at the point when
a new tier of dynamics becomes activated/operational. Under
the influence of this new tier of dynamics (e.g., D), the new
recombination process (e.g., DfA Vis-à-Vis the faster CfA)
will be noticeably slower than the preceding recombination
phase due to any of a number of new dynamics-mediated
relaxation processes that raise the enthalpic and entropic barriers
for recombination. The typical experimental manifestation of
the onset of the new tier of dynamics is the production of a
“break” in the kinetic trace that cuts off the existing process
and leads to a new, clearly distinct slower phase that is
discernible in the maximum entropy method (MEM) population
analysis as well as in the trace itself. (For details on the

procedure for determination of the dynamic states’ transition
points, see the Supporting Information.) HbA provides a rich
assortment of conformations that can be trapped within the sol-
gel matrix. Using previously established protocols,29,34 we are
able to generate the high-viscosity recombination kinetics for
both R state and low- and high-affinity T state forms of HbA.
Starting with a sol-gel-encapsulated deoxyHbA sample, the
initial species formed immediately after CO is added are
designated low-affinity T (LT), since they retain a low affinity
distribution and can be further trapped by replacing the buffer
with 100% glycerol. The LT samples can be allowed to evolve
for a time duration that can vary between hours to weeks,
depending on the gelation protocol, until spectroscopic signa-
tures of high-affinity T (HT) are observed.37,44 The high-
viscosity kinetic patterns from sol-gel-stabilized allosteric
intermediates such as the low-affinity and high-affinity liganded
T state species37,44,45are shown to also be obtainable from stable
equilibrium populations of mutant forms of HbA. To that end,
we used the Hb(âW37E) mutant that has been shown to undergo
the LT-to-HT state conformational change upon ligand bind-
ing,44,46-49 as well as double and triple mutant (HbD and HbT)
modifications of HbPresbyterian(âN108K),50-55 i.e., HbRV96W/
âN108K51and HbRL29F/RV96W/âN108K,56,57which are very
low affinity hemoglobins that display T state NMR signatures
even for the fully liganded derivatives.56,57 LargeR/â subunit
differences in the high-viscosity kinetic patterns from half-
liganded T state forms of HbA are exposed using encapsulated
FeCO/Zn hybrid derivatives.58-62 The new protein dynamics-
based model provides a coherent framework to explore the origin
of variations in kinetic patterns as a function of solvent,
conformation, and specific subunit.

Methods

All methods used in this work are described in previous publications
as well as in the Supporting Information. Sol-gel-encapsulated samples
were made using our well-established protocol that is especially
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effective in slowing conformational relaxations.29,34,44Samples of Hb
in trehalose-derived glassy matrices were prepared as previously
described.26,38,63Kinetics of CO rebinding to HbA were generated and
displayed on log-log plots as described previously.5,6,29,38The maximum
entropy method was used to extract kinetically distinct populations from
the kinetic data.26,39,44,64-68 Full details of the materials and experimental
techniques, including the method for identifying the transition points
on the kinetic traces, are contained in the Supporting Information.

Results and Discussion

Three Kinetic Phases Defined on the Basis of the Influence
of Solvent Slaved Dynamics.Figure 1 shows a representative
CO recombination trace from a glycerol-bathed sol-gel-
encapsulated HbA sample. The overall recombination trace from
the liganded T state at-15 °C is divided into three phases on
the basis of the earlier work on Mb.26,27,43The kinetic phases
are delineated and analyzed using the protein dynamic state
model43 that was successfully used to describe the relationship
between tiers of dynamics and the kinetic phases observed for
Mb.43

The BfA, CfA, and DfA transitions shown in Figure 1
refer to the CO recombination phases that occur under the
influence of the B, C, and D state tiers of dynamics, respectively,
with A being the corresponding state in which the ligand is
covalently bound to the heme iron. These three phases were
observed and characterized in a large series of Mb mutants.26,27

The similarity between the kinetic patterns seen for Mb and
HbA implies that similar processes occur for both proteins. As
a consequence, we utilize the Mb results as a basis for
description of the phases seen in HbA.

The BfA phase is a geminate phase, also named Process I
in earlier cryogenic literature. Two B state phases have been
identified in Mb, the BfA phase and the slower B′fA phase.
The latter is attributed to recombination of CO that has accessed
more remote sites within the DHP. For low-affinity species such
as the T state Hb sample whose kinetics are shown in Figure 1,
the two B state recombination phases are often merged, and
consequently we label the B state MEM population with a B/B′
designation. The CfA phase is also a geminate phase, but the
influence of the activated C state tier of side-chain fluctuations
usually results in the dissociated ligand accessing all of the
accessible cavities over the lifetime of the C state. As a
consequence, the CfA recombination can be both entropically
slowed due to the enhanced accessible volume and modulated
by introducing Xe gas to decrease the volume associated with
the Xe cavities. Additionally, there is a progression of relax-
ations that occur within the C state (e.g., CfC′, C′fC′′) that
cause the appearance of a progression of slower C′fA, C′′fA
recombination phases, as revealed in the MEM distributions,
that can be attributed to side-chain relaxations of distal heme

pocket residues.26,27 The D state recombination occurs during
the time window where ligands and water molecules from the
solvent can access the DHP and internal ligands can escape into
the solvent. It should be noted that, in the D state, under
conditions where the CO concentration is not rate-limiting, a
DfA recombination is essentially indistinguishable from the
bimolecular or solvent recombination phases. The three families
of kinetic phases are temporally separated from each other by
transitions between the different dynamic states (e.g., BfC,
CfD) as shown in Figure 1. These transitions are manifested
in the kinetic traces as breaks (i.e., a large, visibly discernible
decrease in the slope of a recombination phase) that herald the
onset of new slower phases (see Supporting Information for a
description of how these breaks can be analytically determined).
No such break in a recombination trace is observed under
conditions where the dynamics responsible for the onset of the
next phase are not activated (vide infra).

Temperature-Dependent Changes in the Kinetic Phases
of R State [COHbA] Bathed in Glycerol. Figure 2 shows the
temperature-dependent changes in the kinetic traces and associ-
ated MEM populations for the CO recombination in [COHbA]
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Figure 1. (i) Log-log CO recombination trace (normalized absorbance,
NA, versus time subsequent to excitation) at-15 °C for the low-affinity T
state form of HbA encapsulated in a porous sol-gel ([deoxyHbA]+CO),
bathed in an excess of pure glycerol (top). (ii) Maximum entropy method-
derived kinetic populations displayed as normalized population (N) versus
1/k (s), the rate constant for each population (middle). (iii) Schematic
showing the proposed time-dependent onset of different tiers of dynamics
starting at time) 0 (the instant of photodissociation or the start of a
measurement) that define the dynamic states of the protein (bottom). The
BfA, CfA, and DfA transitions refer to the rebinding processes occurring
within the B, C, and D states, respectively. The BfC and CfD designations
indicate the dynamics-mediated transitions between states. The MEM
distributions in this and subsequent figures show that there are multiple
substates with distinct recombination rates within the B, C, and D states.
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bathed in glycerol. At-15 °C, only the BfA and CfA kinetic
phases are seen. As will be discussed in later sections, the CfD
transition at this temperature under these conditions occurs at
∼1 ms, where for [COHbA] there is very little photoproduct
population remaining. As the temperature is raised, the CfD
transition occurs at progressively earlier time points, where
eventually there is still an observable photoproduct population.
As a consequence, one can now observe the appearance of the
DfA recombination phase(s). It can also be seen both in the
traces and in the MEM that the CfD transition eliminates those
CfA phases that occur on a time scale the same as or slower
than that of the transition. Thus, as the CfD transition occurs
earlier (with respect to the dissociation event), one sees a
progressive loss in the slower C state family of recombination
phases (e.g., C′′fA). Although not readily appreciated from
this particular set of data, the increase in temperature also
accelerates the onset of the BfC transition, such that the B′fA
phase seen in the MEM for the-15 °C recombination is
eliminated at the higher temperatures and is replaced by the
thermally accelerated CfA phase. It can also be seen in the
MEM that, with increasing temperature, there is a speeding up
of many of the different kinetic phases but not the BfA phase,
which appears to actually undergo a slight slowing on going

from -15 to 3.5 °C. (A future publication will address the
temperature dependence and activation energies of the individual
MEM-based recombination processes.) The same progression
seen with increasing temperature is also seen for sol-gel-
encapsulated COHbA at a given temperature as a function of
decreasing concentration of glycerol in the bathing buffer (see
Supporting Information). The pattern seen in Figure 2 illustrates
that the recombination trace for a given heme protein and ligand
in a specific solvent at a given temperature is determined by
the combination of BfC and CfD transition points and the
nature of the recombination phases occurring within each of
the three dynamic states.

Temperature-Dependent Changes in the Kinetic Phases
of T State [deoxyHbA] +CO Bathed in Glycerol. Figure 3
shows the temperature dependence of the recombination traces
and MEM populations for a [deoxyHbA]+CO sample that has
evolved over a period of many days from the starting LT state
conformation to an HT state population.37 HT state refers to T
state populations of liganded HbA that have undergone a ligand-
binding-induced conformational evolution that includes a loos-
ening the T stateR1â2 interface and a reduction in the proximal
strain.37,44,49,62Functionally, the HT state relative to the LT state
shows a higher geminate yield and faster bimolecular recom-
bination but still not at the level of the R state.37,44,62The key
feature in Figure 3 is that the same pattern as seen for the
equilibrium distribution of liganded R state species (as seen in
Figure 2) is seen for the T state species, but the C and D state
kinetic phases are slower compared to the corresponding phase
for the R state. The traces and the MEM show that the CfA
and DfA phases for R and T start at the same time point in

Figure 2. CO recombination traces and associated MEM distributions for
a glycerol-bathed sample of sol-gel-encapsulated [COHbA] as a function
of temperature. The light blue dashed line that cuts diagonally across the
MEM populations shows the temperature-dependent change in the onset
of the CfD transition. It can be seen that with earlier transition times there
is a loss of those CfA phases that would occur to the right of the CfD
dividing line. Additionally as the less distinct BfC transition gets faster,
the B′fA phase is replaced by the fastest member of the CfA distribution.
Thus, with increasing temperature there is an increasing fraction of the
geminate recombination that is originating from the C stateVis-à-Vis the B
state.

Figure 3. CO recombination traces and associated MEM distributions for
a glycerol-bathed high-affinity T state sample (HT) of a [deoxyHbA]+CO
as a function of temperature. (See Methods in the Supporting Information
for a description.)
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both cases, but for the T state samples there are additional
subphases within C and D (see also Figure 1) that have the
effect of slowing the overall composite phases. For example,
at -15 °C, the overall CfA phase for [COHbA] is essentially
over by 10µs, whereas for the HT it extends another decade in
time. The contribution of these several different C and D state
subpopulations has the effect of making the trace for the
composite C or D state recombination highly nonexponential.
It can be seen how the extended T state CfA phase seen at
-15 °C becomes progressively shortened with increasing
temperature as the progressively earlier onset of the CfD
transition successively terminates the CfA subphases, starting
with the slowest and working its way toward the fastest phase.
The progressive loss of the CfA phase with increasing
temperature is not attributable to the temperature dependence
of that phase. In a glassy matrix (not shown), where theR
fluctuations are more strongly damped over this same temper-
ature range, only minor temperature-dependent line shape
changes are seen for the CfA recombination phase, as seen
for Mb in a trehalose glass.38,43 The changes seen in Figure 3
are fully consistent with a large temperature-dependent enhance-
ment in the onset time for the CfD transition that progressively
cuts into the time regime over which the CfA recombination
would occur if D state dynamics were not activated.

T State Kinetic Traces as a Function of Tertiary State
Conformation. Figure 4 compares the-15 °C kinetic traces
and MEM populations from [COHbA] and two T state samples
prepared as [deoxyHbA]+CO. The kinetic and spectroscopic
properties of the sample in the green trace are indicative of the
low-affinity T state distribution of conformations (designated

as LT in the figure).37,44 In contrast, the second such [deoxy-
HbA] +CO sample (red trace) displayed kinetic and spectro-
scopic properties of the high-affinity T state population (des-
ignated as HT in the figure). (See Methods section in the
Supporting Information for details.)

In all three cases, the BfA and CfA phases dominate the
overall kinetics, with only the LT sample showing a DfA
phase. The MEM peaks are displayed with the amplitudes for
the populations normalized with respect to the first BfA
population. The MEM shows two clear-cut trends with respect
to the BfA and CfA phases. The first trend evident from both
the MEM and the kinetic traces is that, for the R state sample,
a substantially larger fraction of the recombination occurs in
the earlier phases compared to the T state samples. Similarly,
a comparison of the traces and MEM for the LT and HT samples
shows how the populations for the former are distributed among
the slower phases to a much greater degree than for the latter
sample (HT). In particular, it can be seen that, at the points of
the BfC and CfD transitions, the geminate yield for both B
and C state geminate phases follows the progression of R>
HT > LT.

The second trend evident from the MEM populations shown
in Figure 4 is that the B and C state recombination phases of
the R state sample are faster than the corresponding phases of
both T state samples. Most dramatic is the progression seen for
the BfA MEM populations, with rates decreasing on going
from R to HT to LT. The consequence is that, at the point of
the BfC transition, more of the total recombination has
occurred within the B state for R compared to HT compared to
LT. At the time point of the CfD transition, there is no
measurable remaining photoproduct for the R state left to
undergo DfA recombination, whereas for the HT sample there
is a trace of a D state recombination phase and for the LT sample
there is a readily detectable D state population undergoing
recombination. As noted earlier, the slowing of the different C
state populations for both of the T state samples has the effect
of stretching the overall CfA recombination over a longer time
window due to the increased contribution from the slower CfA
phases. In contrast, the R state sample has the C state population
concentrated in the faster C substate populations, resulting in a
kinetic trace for the overall C state recombination that is closer
to being exponential, as would occur in the limit of just one
MEM population for the C state. Indeed, for COHbA in a
moderately dry trehalose-derived glassy matrix under these
conditions (not shown), the MEM shows only a single C state
population, and the C state recombination is even closer to
having an exponential appearance, as reflected in a more
vertical/less slanted slope.

In earlier studies in which the sol-gel samples were not
bathed in pure glycerol, there is a progression of many kinetic
traces as a [deoxyHbA]+CO sample evolved from the LT to
the HT state.37,44 The progression of traces and corresponding
MEM distributions are consistent with a large number of
intermediate states, but under the lower viscosity conditions
employed in those studies, it was not completely clear whether
these intermediate traces were the result of heterogeneous
mixtures of LT, HT, and R states trapped in the sol-gel. The
MEM populations shown in Figure 4 are not indicative of a
mix of populations. Instead, they strongly support the conclusion
that there are well-defined intermediates with a characteristic

Figure 4. Comparison of the CO recombination traces and MEM
populations at-15 °C for low-affinity T (LT, green), high-affinity T (HT,
red), and R (blue) state [COHbA] samples encapsulated in a thin porous
sol-gel matrix bathed in glycerol.
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distribution of rates and amplitudes for the MEM populations
associated with the intermediates. It appears that each intermedi-
ate has a characteristic set of kinetic rates reflected in the values
for B, C, and D state MEM peaks associated with the inter-
mediate. The resulting kinetic trace for the HT sample cannot
be fit using a linear combination of R state and LT values (see
Supporting Information).

The Multiple Kinetic Phases Seen for Transient Liganded
T State Species Can Be Duplicated in Equilibrium Liganded
Hb’s. Figure 4 displayed two kinetic traces originating from
[deoxyHbA]+CO samples that have evolved for different time
periods subsequent to the addition of the CO. The top panel of
Figure 5 shows more of the intermediate traces occurring during
this progression. As in Figure 4, these traces are generated by
adding the glycerol subsequent to a period of evolution
subsequent to the addition of CO to the [deoxyHbA] sample.
A more detailed account of these intermediates and their time
evolution will be presented in a future paper. It appears that
there is a clear progression with respect to the overall appearance
of the traces as the sample evolves with time.

An obvious question is whether these kinetic patterns are
derived from conformations that can be accessed under equi-
librium conditions by suitable additions of effectors or mutagenic
manipulations to HbA. The bottom panel of Figure 5 shows an
arrangement of one such set of kinetic traces from a number of
COHb’s that indicates that the kinetic patterns derived from
the LTfHTfR intermediates can be generated under equilib-
rium conditions. COHb T is a triple mutant of HbA (HbRL29F/
RV96W/âN108K) that has been shown to remain in the T state
when fully liganded in the presence of inositol hexaphosphate
(IHP).56,57 The liganded Hb(Wâ37E)+IHP remains stabilized
in an HT conformation, as does the Hb D mutant (HbRV96W/
âN108K, unpublished results). The most straightforward and
consistent assessment of these findings is that the sol-gel does
provide a means of trapping and tracking allosteric intermediates
and that these intermediates can also be stabilized by mutagenic
manipulation of HbA. The traces also show that the large range
of kinetic patterns can be systematically analyzed from the
perspective of the dynamic state model. The transition points
for the dynamic state transitions are consistently at the same
time points for a given set of solution/sol-gel conditions (see
Supporting Information). The variations in the patterns observed
under a given set of conditions are readily attributed to the
different MEM-revealed kinetic populations within B, C, and
D states. The results for the intermediates and modified forms
of HbA show that there is systematic progression in these kinetic
populations on going from low-affinity T to high-affinity T to
R state. This plasticity in the tertiary state properties of HbA is
consistent with the pattern of reactivity reported for HbA as a
function of added allosteric effectors.69-71

Subunit Specificity in the Kinetic Patterns for T State Hb
under High-Viscosity Conditions.Figure 6 shows the kinetic
traces and MEM populations for three glycerol-bathed sol-
gel-encapsulated T state samples: [deoxyHbA]+CO, [Hb-
(RCOFe/âZn)+L35/IHP], and [Hb(RZn/âCOFe)+L35/IHP]
(where L35 is 2-[4-([3,5-dichlorophenyl)amino]carbonylamino)-
phenoxy]-2-methylpropanoic acid). The kinetic trace and MEM
populations are dramatically different for the two COFe/Zn
hybrid Hb’s. The [deoxyHbA]+CO sample appears to manifest
a composite pattern. Whereas theâ subunit displays a pattern
that has noticeable contributions from the B, C, and D states,
the R subunit, relative to theâ subunit, shows an enhanced
contribution from the B state, little or no C state contribution,
and a slightly reduced D state contribution. Preliminary results
on the temperature dependence of the kinetic pattern from the
T stateR subunit show a decrease in the B state contribution
with increasing temperature, ultimately resulting in essentially
a near-zero geminate yield, as seen in solution for this hybrid.62

The pattern seen for the T stateâ subunit is very reminiscent
of the pattern seen for wild-type Mb (horse and sperm
whale),26,27,43where the CfA phase is attributed to geminate
recombination under conditions where the dissociated ligand is
accessing the Xe cavities and the recombination is being
modulated by fluctuations and relaxations involving side chains
of residues within the distal heme pocket, such as ValE11 and
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Chem.2002, 277, 34508-34520.

Figure 5. Comparison of CO recombination traces at-15 °C derived from
glycerol-bathed sol-gel-encapsulated samples of both allosteric intermedi-
ates and stable endpoint species. The top series of traces shows the
progression of kinetic patterns as an initial [deoxyHbA]+CO T state sample
evolves toward the endpoint pattern associated with [COHbA]. The
progression of traces from the [deoxyHbA]+CO samples are from samples
that were allowed to evolve for progressively longer time periods (hours to
weeks) prior to the addition of glycerol, which essentially stops the evolution.
The bottom series of traces are derived from stable [COHb] samples,
including both HbA and recombinant mutant Hb’s in the presence and in
the absence of allosteric effectors. (See the text for a description of the
HbT, HbD, and Hb(Wâ37E) mutants.)
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HisE7. The absence of C state recombination phases for the T
stateR subunit may reflect fundamental differences between
the two subunits with respect to accessible Xe cavities. The
abrupt termination of the BfA phase in the kinetic trace from
the T stateR subunit kinetic is tentatively attributed to a fast,
viscosity-dependent relaxation involving proximal heme-his-
tidine interactions that increase proximal strain and thus sub-
stantially raise the barrier for recombination within the C state.
Support for this relaxation-based hypothesis comes from pre-
liminary time-resolved resonance Raman results that indicate
the existence of a very fast and substantial viscosity-dependent
relaxation involving the iron-proximal histidine stretching
frequency. If indeed the absence of C state recombination phases
of the T stateR subunit has its origins at least in part due to
enhanced proximal strain, then the rebinding within the D
state of the T stateR subunit likely occurs due to fluctuations
of sufficient amplitude to increase the transient population of
transition state heme configurations that have the iron in a more
in-plane configuration. It has been argued that the transition

state for the binding of CO to deoxy heme requires accessing
a product-like transition state that has the iron in the heme plane
configuration.72,73

Conclusions

The kinetic traces from both R and T state Hb’s show the
same trend observed in Mb’s in that there is a temporal
progression subsequent to photodissociation over which slower
kinetic phases emerge. We have associated these emerging
slower phases with dynamics-mediated processes that cause the
slow-down in recombination rate. The presented results support
both the concept of a solvent slaving-based hierarchy of
dynamics that impact functional processes in a sequential fashion
and the validity of using the new protein dynamic states model
to dissect complex recombination traces from heme protiens.
The sequential ordering of onset of dynamics-driven phenomena
has a direct and compelling consequence for Hb (and Mb)
reactivity, as reflected in the kinetic processes that contribute
to such basic functionalities as ligand off rates, which help
determine ligand delivery by heme proteins.

It appears that, for a given set of solution conditions, the
transition point between kinetic phases is similar for both R
and T state forms of Hb; however, each of the three observed
kinetic phases is faster for the R state species. This pattern is
consistent with an R-T-dependent barrier at the heme binding
site, since that is the only obvious means of impacting kinetic
phases originating both from highly localized sites within the
distal heme pocket and from remote sites. A likely origin for
this effect is that in the T state there is enhanced proximal strain
and enhanced ValE11-derived steric effect in theR and theâ
subunits, respectively.29,37,44,62,74,75The kinetic patterns for the
R and T state species show dramatic differences in terms of
fractional composition of the different phases. This effect is
readily explained in terms of competition between the confor-
mation-dependent rates of the different kinetic phases for
recombination and the solvent/temperature-dependent transition
between protein dynamic states.

The systematic progression of kinetic traces having distinct
MEM populations observed for both equilibrium and nonequi-
librium samples is consistent with there being multiple function-
ally distinct intermediates associated with the transition from
deoxy T to liganded R. Under high-viscosity conditions, the
distinct MEM populations clearly show that these intermediates
are not a simple two-state superposition of the initial T state
and final R state populations. Furthermore, results are presented
that show that these intermediates can be stabilized through
mutagenic alterations of HbA as well as further manipulation
through the addition of effectors. The array of recombination
patterns associated with these different species fall into a
systematic pattern that can be easily dissected using the dynamic
state model. The results are consistent with the emerging models
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Figure 6. CO recombination traces and MEM populations at-15 °C for
glycerol-bathed samples of encapsulated T state derivatives of HbA,
including a fully liganded low-affinity T state derivative ([deoxyHbA]+CO)
and half-liganded derivatives derived from the [R2FeCO/â2Zn] and [R2Zn
/â2FeCO] iron-zinx symmetric hybrids of HbA. The half-liganded de-
rivatives were encapsulated in the presence of a several-fold excess of
IHP and L35 to ensure the stabilization of the low-affinity T state popu-
lation.
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based on there being multiple functionally distinct tertiary/
quaternary conformations contained within both the R and T
state family of structures44,76-80 that can be accessed under both
equilibrium and nonequilibrium conditions.
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