Biochemistry 1988, 27, 1659-1664

T-State Hemoglobin with Four Ligands Bound
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ABSTRACT: Flash photolysis kinetics have been measured for ligand recombination to hemoglobin (Hb) in
the presence of two effectors: bezafibrate (Bzf) and inositol hexakisphosphate (IHP). The combined influence
of the two independent effectors leads to predominantly T-state behavior. Samples equilibrated with 0.1
atm of CO are fully saturated, yet after photodissociation they show only T-state bimolecular recombination
rates at all photolysis levels; this indicates that the allosteric transition from R to T occurs before CO rebinding
and that the allosteric equilibrium favors the T-state tetramer with up to three ligands bound. Since all
four ligands bind at the rate characteristic for the T-state, the return transition from T to R must occur
after the fourth ligand was bound. At 1 atm of CO, rebinding to the initial R state competes with the allosteric
transition resulting in a certain fraction of CO bound at the rate characteristic for the R state; this fraction
is greater the smaller the percentage dissociation. Under 1 atm of oxygen, samples are not more than 93%
saturated and show mainly T-state kinetics. The results show that all four hemes can bind oxygen or CO
ligands in the T structure. The fraction of the kinetics occurring as geminate is less for partially liganded
(T-state) samples than for fully liganded (R-state) Hb.
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A unique feature of the hemoglobin (Hb)! tetramer is the
equilibrium between high ligand affinity (R) and low ligand
affinity (T) forms. Reference to R and T states assumes a
two-state framework (Monod et al., 1965); in reality, several
states are observed when effectors or a range of pH is con-
sidered (Minton & Imai, 1974; Shulman et al., 1975; Kwi-
atkowski & Noble, 1982; Lee et al., 1988). The total number
of thermodynamic states and their properties are not yet well
defined. The present study indicates an additional set of
properties for Hb when two effectors are present.

Since T state is generally the deoxy form, it is difficult to
measure its ligand binding properties, especially with a tech-
nique such as flash photolysis which probes only hemes with
ligands. Stripped hemoglobin is mainly in the R state with
two or more ligands bound. The natural effector 2,3-di-
phosphoglycerate (DPG) shifts the equilibrium toward the T
state; inositol hexakisphosphate (IHP) is an even stronger
effector which competes with DPG for the same site. Recently
a new effector, bezafibrate (Bzf), has been shown to favor the
T state and to bind at a different site involving contacts mainly
with the a chains (Perutz & Poyart, 1983; Perutz et al., 1986).
The combined use of these effectors shifts the equilibrium
toward the T state, beyond that observed with either effector
alone.

A recent claim based on oxygen equilibrium measurements
(Di Cera et al., 1987) maintains that the T state cannot accept
more than two ligands. The authors supported their claim with
data of X-ray analysis of oxygenated Hb crystals showing only
two (« chain) ligands bound (Brzozowski et al., 1984). This
implies that a T to R transition must occur with at most two
ligands bound and triply liganded Hb exists only in the R state.
The present kinetic results using two effectors show evidence
of T-state Hb with three and four ligands and are therefore
a counterexample to this restriction. Fully ligated T state has
also been reported for Hb Kansas with THP and for HbA with
THP when NO is the ligand (Shulman et al., 1975). The

! Abbreviations: Hb, hemoglobin; HEPES, N-(2-hydroxyethyl)-
piperazine-N’2-ethanesulfonic acid; Bzf, bezafibrate, 2-[4-[2-[(4-
chlorobenzoyl)amino]ethyl]phenoxy]-2-methylpropionic acid.

different experimental results may indicate that binding three
or four ligands to the T state is permitted in solution but not
observed in the crystalline environment (Shibayama et al.,
1986; Perutz et al., 1987).

Addition of both THP and bezafibrate (Bzf) to hemoglobin
independently favors low-affinity allosteric states of hemo-
globin. The oxygen equilibrium curves at pH <7 indicate that
the combination of these two effectors results in a shift toward
lower affinity of both asymptotes of the binding curve resulting
in an incomplete saturation, even under 1 atm of oxygen
(unpublished results).

We report here flash photolysis studies of Hb with the
ligands oxygen and CO. The additional amount of T-state
material is evident, confirming the equilibrium measurements.
Kinetic results show that both the bimolecular association
(ON) rates and the allosteric equilibrium are changed when
either IHP or Bzf is present. The data indicate that even with
three CO ligands bound equilibrium favors the T-state Hb
tetramer. This condition makes it possible to study T-state
ligand binding and dissociation processes that were previously
difficult to observe.

MATERIALS AND METHODS

Hb A was prepared from fresh red blood cell hemolysate
by chromatography on a DEAE-Sephadex column. The purity
of the solute was verified by isoelectric focusing, showing a
single band migrating at p/ = 6.95. The Hb was further
stripped of remaining contaminants on an ion-exchange column
consisting of ion retardation resin AG11A8 and mixed-bed
resin AG501X8-D (Bio-Rad). Hb was concentrated under
vacuum and stored in the oxy form in liquid nitrogen.

For the flash photolysis experiments, the heme concentration
was 30-100 uM in 10 mM HEPES buffer. Bezafibrate (Bzf),
M, 361.5, was a gift of Laboratoire LIPHA (Lyon, France).
Stock solutions of Bzf and ITHP (Sigma) were prepared in the
same buffer. Final concentrations were 1-3 mM Bzf and 1
mM THP. For Hb-CO, the Hb solutions were first deoxy-
genated under a stream of humidified argon and then equil-
ibrated with CO. No difference in absorption spectrum was
observed for 1 or 0.1 atm of CO, indicating that the Hb is still
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FIGURE 1: Bimolecular recombination kinetics of CO to hemoglobin
(Hb, lowest curve), Hb + bezafibrate (Bzf), Hb + IHP, and Hb +
Bzf + IHP. All samples are at pH 7, 10 mM HEPES buffer, 20 °C,
0.1 atm of CO. The increase in slow phase upon addition of effectors
implies an increase in T-state tetramer.

fully saturated at 0.1 atm of CO. No sodium dithionite was
added, since the fraction of met-Hb was determined to be less
than 1% (CARY 219 spectrophotometer) and dithionite may
increase the fraction dimer (Sawicki & Gibson, 1981).

Photodissociation was performed with a 10-ns laser (Quante]
YG 585) delivering 160 mJ at 532 nm. The laser energy was
varied to study the kinetics at partial dissociation.

Samples were studied in cuvettes of 1- or 2-mm optical path
length. The detection beam at 436 nm was nearly collinear
with the photolysis beam. The transmitted light intensity was
detected with a photomultiplier (1P28, Hamamatsu, Japan)
and recorded on a digital oscilloscope (LeCroy 9400). Data
were transferred to an IBM microcomputer for calculation of
absorbance changes and further data analysis. The entire 32K
memory of the Lecroy oscilloscope was not read. For more
efficient storage of the data, 2000 points were read, including
200 points before the flash to be used as the base line. The
2000 points were further reduced in a quasi-logarithmic
fashion, keeping all the data just before and after the flash
and progressively doubling the number of points averaged. An
additional 10 segments of memory after the flash were read
and averaged; these averaged points were logarithmically
spaced. In this way the entire range of memory was covered,
while reducing the kinetics to 130 data points.

Kinetic simulations were based on the two-state allosteric
model, involving 10 tetrameric substates R,,T,, where i is the
number of ligands bound (0-4). L is the allosteric equilibrium
coefficient for deoxy T and R tetramers, and the equilibrium
shifts by a factor ¢ (the ratio of T-state to R-state ligand
affinities) for each ligand bound:

L=To/R T,/R; = Lc (1)

With the inclusion of dimers (D,, Dy, and D), a total of 13
substates is required. Dimers were assigned the R-state bi-
molecular rates. The initial condition is the binomial distri-
bution of states for a given fraction dissociation. The kinetics
are then simulated in an iterative manner with explicit rates
for all transitions: association (on) rates for the R and T states
and 10 allosteric transition rates between R,T pairs. In analogy
with the shift in equilibrium by the factor ¢, the R to T
trangition rates were assumed to decrease by a fixed factor
d for each ligand bound:

kg1, = (1/dY kg, 1, (2)
(Sawicki & Gibson, 1979).

RESULTS

Flash photolysis kinetics of the bimolecular recombination
of CO to Hb are shown in Figure 1. The curves show the
characteristic biphasic kinetics for the Hb tetramer, with rapid
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FIGURE 2: Bimolecular kinetics of CO to Hb + Bzf at various levels
of photolysis, pH 7, 20 °C, 0.1 atm of CO. The curves were re-
normalized (each curve starts at 1) to show the changing fraction of
the two kinetic phases with the percent dissociated. Less slow com-
ponent (T state) is observed at lower photolysis levels.

recombination to the high-affinity R state and the slow phase
representing T-state recombination. The fraction occurring
as the slow phase depends on the R-T equilibrium, the per-
centage of ligands dissociated, and the ligand concentration.
The data in Figure 1 are for 70% ligand dissociation at the
start of the bimolecular phase.

The full equilibrium amount of T-state material is formed
after the flash only if the R to T transition is rapid compared
to ligand recombination to the R state. This condition is
satisfied for samples equilibrated with 0.1 atm of CO, which
is sufficient for complete saturation before the flash. The data
in Figure 1 therefore represent the difference in the allosteric
equilibrium, the larger fraction of slow phase indicating a shift
toward the T state.

The curves in Figure 1 show how the effectors increase the
transient amount of T-state tetramers. The curve with the least
amount of slow phase is for Hb without effector. Addition
of NaCl shows a small increase in the fraction of slow phase
(not shown). Bzf alone shows a substantial increase but still
small compared to the effect of IHP alone. The combined
effectors Bzf and IHP produce the maximum amount of T
state.

Results with Bzf as the only effector are shown in Figure
2. To probe the R-T equilibrium at the various ligation levels,
the photolysis energy was changed to vary the fraction dis-
sociated, which changes the initial distribution of R states
(Gibson, 1959; Sawicki & Gibson, 1976). At the highest laser
energy (top curve in Figure 2), the main states produced by
the flash are Ry and R, and equilibrium favors the conversion
to Ty and T, which bind ligands at the slow T-state recom-
bination. At sufficiently low photolysis levels, only the state
R; is produced; if equilibrium heavily favors R; over T, the
kinetics will show mainly the rapid R-state kinetics. The
variation of the fraction occurring as slow phase is better seen
by renormalizing each kinetic trace to the same'initial level,
as shown in Figure 2. The family of curves shows the char-
acteristic decrease in the fraction of slow phase at decreasing
photolysis levels.

The bimolecular recombination kinetics of CO to Hb at pH
6.5 with both Bzf and IHP bound are shown in Figure 3. The
data at 0.1 atm of CO (upper portion) show only T-state
kinetics, even at the lowest photolysis levels where triply lig-
anded tetramer is the main form produced by the photolysis
pulse. The fraction of slow phase depends on pH; at least 90%
slow was observed at pH <7. All partially ligated states
apparently convert to the T state. The dominant pathway is
shown by the inset: photodissociation from R, to a distribution
of partially liganded R states (R,, / = 0-3), then a transition
from R; to T; followed by the slow ligand recombination in
the T state, and finally a return to the initial state via T,. The
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FIGURE 3: Bimolecular recombination kinetics of CO to Hb + Bzf
+ IHP at various photolysis levels, pH 6.5, 20 °C. At 0.1 atm of
CO (upper portion), the kinetics show only the slow T-state behavior
at all photolysis levels (9-70% shown). At 1 atm of CO (lower section),
some rapid kinetics are seen, as the CO binding to the R state competes
with the R to T transition. The presence of fast R-state kinetics implies
that the sample is in the R, (not T,) state before the flash. The lack
of fast kinetics at 0.1 atm of CO suggests the main pathway (inset)
is (1) dissociation of R4 to R, (i = 0-3), (2) transition from R; to T,
(3) ligand recombination to T-state tetramer, and (4) return to the
original state via T;. At 1 atm of CO, the relative amplitude of the
slow T phase decreases at lower dissociation levels, indicating that
the R to T rate decreases with more ligands bound.
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FIGURE 4: Bimolecular recombination of CO to Hb, Hb + Bzf, and
Hb + IHP at pH 7, 10 mM HEPES buffer, 20 °C, 1 atm of CO.
Curves are for partial dissociation which makes R;-R, the dominant
reaction.

highest dissociation levels showed at least 98% slow phase,
which indicates that a small fraction of dimer was present.

At 1 atm of CO (Figure 3, lower portion) the rebinding to
the initial R states is fast enough to compete with the allosteric
transition resulting in an appreciable fraction for the rapid
R-state recombination. A lower fraction of slow phase was
observed at lower dissociation levels. The curves in Figure 3
were renormalized so that each curve starts from the same
point in order to show the variation in the fraction slow.

The R- and T-state on rates decrease when effector is added.
The R-state kinetics of CO recombination are shown in Figure
4 for Hb without and with Bzf or IHP. Both effectors decrease
the R on rate by over a factor of 4 and induce biexponential
kinetics, as previously observed for IHP (Gray & Gibson,
1971). The T-state on rates decreased by a factor of 1.7. A
further decrease in on rate when both effectors are used was
observed only for the T state.
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FIGURE 5: Bimolecular recombination kinetics of oxygen to Hb at
pH 7, 1 atm of O,, 20 °C. Curve 1 is stripped Hb; curves 2-6 are
for Hb + Bzf at IHP to Hb ratios of 0, 1/4, 1/2, 3/4, and 1. For
Hb with Bzf + IHP, the hemes are not fully saturated. Addition of
effectors caused a decrease in the on rate and an increase in the yield
for the bimolecular phase.
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FIGURE 6: Geminate recombination of CO to Hb at pH 7, 20 °C.
The lower curve showing 40% geminate recombination (O) is for fully
saturated (R state) Hb without effector. The upper curve is for
partially liganded Hb + Bzf + IHP and shows less than 10% geminate
phase.

—

Samples of Hb with THP and Bzf equilibrated with 1 atm
of oxygen are only about 93% saturated at pH 7 (unpublished
results). Data in Figure 5 show bimolecular kinetics for
samples equilibrated with 1 atm of oxygen; Hb without effector
had the smallest quantum yield and largest rate. Addition of
Bzf caused a reduction in rate and an increase in the yield for
the bimelecular phase. A further increase in yield was ob-
served upon progressive addition of THP.

The flash kinetics consist of a geminate (nanosecond) phase
for ligands remaining near the iron atom and a bimolecular
(millisecond) phase for ligands which have diffused into the
surrounding solution, The larger quantum yield for the bi-
molecular phase in the presence of effector implies a smaller
geminate reaction. Figure 6 shows the geminate recombination
of CO at full and partial saturation. The lower curve was for
fully liganded Hb without effector (R state). The laser energy
was reduced to avoid multiple dissociation; the kinetics show
40% geminate phase. A second sample (top curve) with Bzf
and THP was equilibrated with CO to approximately half-
saturation, to maintain a high proportion of T state. The
saturation level was determined on a CARY spectrophotom-
eter. The laser energy was adjusted to provide the same signal
size as for the first sample; the kinetics show less than 10%
geminate phase.

DiscusSION

The kinetic results confirm the conclusions based on
equilibrium measurements that the combined effects of IHP
and Bzf shift the allosteric equilibrium toward the T state more
than that obtained with either effector alone. The CO re-
binding kinetics indicate that the T-state tetramer is dominant
with up to three ligands bound and that the T state with four
ligands is an intermediate state for returning to the stable R
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form. This makes certain properties of the T state more easily
observable than under ordinary conditions where the R state
is favored.

Association Rates. A decreased on rate is mainly respon-
sible for the lowered affinities in the presence of both IHP and
Bzf. The R-state on rate was observed at low dissociation
levels (forming mainly R;) and high ligand concentration,
which minimizes the R to T transition. In the presence of both
effectors, the R-state on rate decreased by a factor of 6 for
CO and a factor of 9 for oxygen. A decrease in rate of a factor
a 5 for CO and 7 for oxygen upon addition of IHP was pre-
viously reported (Gray & Gibson, 1971). Use of both effectors
apparently causes no additional change in the R-state on rate
compared to use of IHP alone. The T-state on rate, observed
at low CO and high dissociation levels, decreased by a factor
of 1.7 for Bzf, 2 for IHP, and 3 in the presence of both ef-
fectors.

Allosteric Equilibrium. In the presence of both IHP and
Bzf at 0.1 atm of CO, only the slow phase is observed (Figure
3, top), even at photolysis levels below 10%. This implies that
the T state is favored with as many as three ligands bound.
It can then be questioned whether the tetramer is in the R state
with four ligands bound; if not, then the kinetics are explained
simply as Hb being in the T state before and after the flash.
Results at 1 atm of CO (Figure 3, bottom) show that CO
rebinding to an initial rapid state competes with the allosteric
transition. Rapid rates are observed at high CO concentra-
tions, indicating that two allosteric forms exist and that the
tetramer with four ligands bound is in the R state. At lower
CO concentrations, which permits completion of the R to T
transition after photolysis, all ligands bind at the T-state rate.

When ligands bind to deoxy-Hb, without effectors, the T
to R transition occurs after two or three ligands are bound,
resulting in an acceleration of the kinetics during the reaction.
This increase in rate as the tetramer becomes saturated also
implies that the rapid R-state on rate should be observed at
low partial photolysis. Neither are observed for Hb with the
combined effectors Bzf and IHP at 0.1 atm of CO, indicating
that all four ligands bind at the T-state rate and the dominant
pathway (inset on Figure 3) is a return to the R state via T,.

Geminate Recombination. The results (Figure 6) show that
a lower fraction of the recombination occurs as geminate for
samples with effectors at low ligand saturation (T state) than
for saturated samples without effector. This effect was inferred
from the increased yield of the bimolecular phase by Sawicki
and Gibson (1979) and Morris and Gibson (1984) and directly
observed with double-flash or flow-flash techniques by Marden
et al. (1987). Without effector, these experiments require a
very low ligand saturation to maintain a nearly pure T state;
however, the flash signal is then small since unliganded hemes
provide no signal. Higher saturation levels can be used, but
separation of the R and T contributions is then model de-
pendent. Since the flash signal arises only from liganded
hemes, the relevant quantity is the fraction of liganded hemes
in the T state (and not total heme in the T state).

The increase in bimolecular yield is correlated with the
decrease in on rate, whether effectors, different ligands, or
comparison of the R- and T-state yields is being considered.
This result is consistent with models using a linear sequence
of barriers, such as the multiple barrier model of Austin et
al. (1975). The bimolecular yield is determined by the com-
petition between direct (geminate) rebinding and the ligand
diffusion out to the solvent. A decrease in the geminate rate
then implies a higher bimolecular yield (assuming no change
in the diffusional steps). In a sequential model a lower gem-
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FIGURE 7: Simulation and kinetics of bimolecular rebinding of CO
to Hb, pH 6.5, 20 °C, 1 atm of CO. Allosteric parameters were L
= 1.6 %X 10® and 1/c = 200, which favor the equilibrium T;/R; by
a factor of 20. The allosteric transition rate R to Ty was 50000 s~!
with a factor d = 4 as the decrease in rate for each ligand bound.
The association (on) rates were 1200 s™! for the R state and 65 s™
for the T state.

inate rate also slows down the overall on rate, since recom-
bination occurs over the same barrier. This effect accounts
for the lower bimolecular yields for dissociation of oxygen or
NO due to their higher geminate rates. This effect is also
observed in oxygen kinetics upon addition of effector (Figure
3).

R to T Rates. For Hb with Bzf and IHP, the kinetics at
1 atm of CO show a decreasing fraction of slow bimolecular
phase at lower photolysis levels (Figure 3). Since the data at
0.1 atm of CO show only the slow phase, the decrease in the
fraction of slow phase at 1 atm of CO must be due to lack of
time for the reequilibration: the CO rebinds to the R state
before the R to T transition is complete. A larger fraction
of fast phase is observed for a slower allosteric transition. Since
the on rate is independent of saturation level, the rate of the
R to T allosteric transition must decrease with more ligands
bound.

This effect was directly observed at a wavelength isosbestic
for the ligand dissociation (Sawicki & Gibson, 1979). They
reported a decrease in the allosteric transition rate of a factor
of d = 2.4 (per ligand bound) at 20 °C. The present results
with two effectors could be simulated with values of d from
2.5 to 4. The use of both effectors permits extending the
measurements to the form with three ligands bound.

Simulations. The general conclusions drawn here require
only a qualitative analysis. Specific parameters can be esti-
mated under special conditions, for example, the rate from R,
to R, at low dissociation levels where only R; is formed. In
general, a distribution of initial states is involved, and a more
detailed analysis requires a complete simulation.

Kinetic simulations using a two-state model are shown in
Figure 7 for Hb-CO (1 atm of CO) with both IHP and Bzf,
pH 6.5, 20 °C. All ten substates are considered. For these
extreme conditions the allosteric parameters are not well de-
termined. Many combinations of L and ¢ can be used which
favor the T state with three ligands bound and the R state with
four ligands. For this extreme case, the data show over 92%
slow phase at 0.1 atm of CO and 42% at 1 atm of CO (low
dissociation levels), implying a minimum value of 1/¢ of about
50. Oxygen equilibrium data in the presence of effectors have
a similar problem in determining all the parameters but in-
dicate values of 1/¢ in excess of 200 (Shulman et al.,, 1975).
For the present calculations a value of 200 was used with L
= 1.6 X 10%. The R to T transition rates were assumed to
decrease by a fixed factor d for each ligand bound (Sawicki
& Gibson, 1975); values of d between 2.5 and 4 gave ac-
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FIGURE 8: Simulation of the substates for the parameters used to
generate the kinetics shown in Figure 7. For 85% dissociation the
dominant species just after the flash are Ry and R, which form T,
and T, on the microsecond time scale; some R, and R; is formed under
these conditions (1 atm of CO). The dominant reaction path is
Ry-TT,-T,-T;~-T4-Ry; some ligands will branch at T:~R;~R,. Final
substates are the preflash values of 91% R, and 9% T,.

ceptable simulations. With d = 4 a rate for Ry to Ty of 50000
s~! was required for simulations with an R on rate of 1200 s!
and a T on rate of 65 s7.

The vertical axis is logarithmic, which expands the plot at
small values. The most significant deviations from the model
are not the obvious misfit of the lowest curve near 5 ms (1%
error) but points near 1 ms at most dissociation levels, which
show the simulated curve leading the data. This is because
a single R-state on rate was used, while a biexponential is
observed in the presence of effector. Overall, the simulations
are consistent with the two-state model but are not a stringent
test of the model.

Figure 8 shows the substate populations for the set of pa-
rameters used to simulate the data of Figure 7. The time scale
is logarithmic to include the initial R to T transition as well
as the subsequent recombination to the T state. A dissociation
of 85% was chosen for this example, since lower values show
less deoxy form and the curves are more difficult to separate
visually. The preflash conditions are 91% R, and 9% T,; just
after the flash a binomial distribution of substates provides
the initial values for the kinetics. The R substates convert to
T with the time constants marked at the top (number of lig-
ands bound are given). There is some R-state recombination
with these parameters resulting in an initial increase in the
fraction of R, and R;. Once the T state is formed there is the
cascade Ty-T,-T,~T;-T, before returning to R,. Some ligands
will follow the path T,-R;—R, with rate equal to

A= krrkG/ (ke + kr1) (3)

The rate for this path, which avoids T,, may be larger or
smaller than the T-state on rate. At low [CO], when kg 1,
> kR, the rate is the normal R-state on rate reduced by the
equilibrium factor R;/T;. For the opposite condition, the
reaction T, to R is the limiting step. Without effectors, the
return via R; or even R, is favored, and an acceleration is
observed. With the present parameters, the return via T, is
slightly favored. If the state T, were forbidden, the kinetics
would show a delay for binding the last ligand.

The final process is a return to the initial preflash conditions.
The amount of T, shown is rather arbitrary; a larger value
of 1/c will reduce the equilibrium amount of T,. As mentioned
previously, this parameter is not well determined.

Oxygen Recombination. The oxygen data are more difficult
to interpret than results with CO as ligand. The kinetics are
independent of the fraction photolyzed, indicating that a single
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allosteric state is observed. The on rates become biphasic and
may be similar for the two allosteric states in the presence of
[HP and Bzf. There is therefore less information to describe
the allosteric equilibrium. As with CO, the R-state on rates
decrease upon addition of effector.

Definition of R and T. The addition of effectors to Hb
results in new states, distinct from the original R and T states.
This raises the question of how to define the R and T states.
If the effectors changed only the allosteric equilibrium rather
than properties of the two states, there would be no problem
in distinguishing an R from a T state—for example, by the
ligand affinity, the on rate, NMR spectra (Viggiano & Ho,
1979), X-ray structure, or the fraction of geminate recom-
bination. However, the ligand affinity and rebinding rates in
the presence of effector are not the same as either the original
R or the T state (in the absence of effectors). The equilibrium
in the presence of effectors therefore involves two new states:
R’ and T’ (Kister et al., 1987) or some other notation de-
scribing the Hb—effector system. The problem is especially
apparent when the high-affinity state of Hb with Bzf and THP
is considered; the affinity and on rates of this R’ state are
similar to those of the T state of Hb without effectors.

The allosteric states cannot be defined as liganded and
deoxy, since transients such as deoxy R can be formed by
photodissociation. Different experimental procedures also
produce inconsistent answers: the relaxation to T-like ligand
binding kinetics occurs on the microsecond time scale, while
UV Raman studies have reported a <7-ns relaxation of aro-
matic residues (possibly from the a-1-3-2 contact) to a T-like
state (Dasgupta et al., 1986). Thus, different parts of the
protein may complete the relaxation at different times.

In conclusion, the combined influence of the effectors Bzf
and THP produces an allosteric equilibrium shifted toward the
lower affinity form. The new T state has a lower on rate and
affinity than those of the T state for Hb without effector. The
new R state is similar in affinity and on rate to the T state
of Hb without effector. The bimolecular recombination data
with CO clearly show two phases whose proportion can be
changed by varying the [CO] or percent dissociation. The data
with CO as ligand indicate that the allosteric equilibrium
favors the T state for triply liganded Hb and that quadruply
liganded T state occurs as a transient state.
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Comparing the Polarities of the Amino Acids: Side-Chain Distribution
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ABSTRACT: To obtain an indication of the tendencies of amino acids to leave water and enter a truly nonpolar
condensed phase, distribution coefficients between dilute solution in water and dilute solution in wet cy-
clohexane have been determined for each of the common amino acid side chains at pH 7; they are found
to be closely related to the inside—outside distributions of the side chains observed in globular proteins. There
was no evidence that excess water enters cyclohexane in association with these solutes. Cyclohexane-to-water
distribution coefficients can be combined with vapor-to-water distribution coefficients reported earlier to
yield vapor-to-cyclohexane distribution coefficients. Vapor-to-cyclohexane distribution coefficients provide
an experimental index of susceptibility to attraction by dispersion forces, and the corresponding free energies
are found to be linearly related to side-chain surface areas. Observations using different solvents and variously
substituted side chains suggest that alcohols such as 1-octanol exert a specific attraction on the side chain
of tryptophan. When less polar phases are used as a reference, leucine, isoleucine, valine, phenylalanine,
and methionine are found to be more hydrophobic than tryptophan.

W‘nen “molecular recognition” events occur in aqueous
surroundings, solvent water must usually be displaced from
the interacting groups. The solvation properties of amino acid
side chains are of interest in attempting to understand the
fidelity of activating enzymes in protein biosynthesis (Fersht
& Kaethner, 1976) and to predict the biological activities of
peptide analogues and mutant proteins. Solvation effects are
also important in determining the structures of macromole-
cules, and the differential affinities of amino acid side chains
for solvent water seem to constitute one of the stronger im-
peratives governing the structures of proteins in solution [for
a comprehensive review, see Edsall and McKenzie (1983)].
For these reasons, there has been continuing interest in the
differing solvation properties of amino acid side chains. Hy-
dration potentials of amino acid side chains, representing their
free energies of transfer from the vapor phase to neutral
aqueous solution, have been found to be related to their
outside—inside distributions in proteins, as indicated by earlier
solvent accessibility calculations (Wolfenden et al., 1981). In
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a somewhat modified form, hydration potentials have been
used to predict the portions of transmembrane proteins that
are located within the lipid bilayer (Kyte & Doolittle, 1982).
Distribution coefficients between water and hydroxylic solvents
such as 1-octanol have also been found tq be correlated with
solvent accessibility in globular proteins (Fauchére & Pliska,
1983). '

Different reference phases can be used to investigate the
relative susceptibilities of amino acid side chains to different
kinds of physical interaction. It is possible that any one of
these phases might by coincidence approximate the environ-
ment experienced by a particular amino acid residue in some
particular protein, but it also seems clear that no single ref-
erence phase is likely to serve as a general model for the
interiors of globular proteins. For example, solutes in the dilute
vapor phase are devoid of intermolecular contacts, whereas
in the interior of a typical protein, there is little unoccupied
volume, and dispersion and other attractive forces are at work.
The solvation properties of hydroxylic organic solvents such
as octanol are complicated by their ability to form specific
hydrogen bonds to solutes and by the fact that they contain
substantial concentrations of dissolved water. Thus, the
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