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Hb Chico is an unusual human hemoglobin variant
that has lowered oxygen affinity, but unaltered cooper-
ativity and anion sensitivity. Previous studies showed
these features to be associated with distal-side heme
pocket alterations that confer increased struectural ri-
gidity on the molecule and that increase water content
in the B-chain heme pocket. We report here that the
extent of nanosecond geminate rebinding of oxygen to
the variant and its isolated S-chains is appreciably de-
creased. Structural alterations in this variant decrease
its oxygen recombination rates without significantly al-
tering rates of migration out of the heme pocket. Data
analysis indicates that one or more barriers that impede
rebinding of oxypen from docking sites in the heme
pocket are increased, with less consequence for CO re-
binding. Resonance Raman spectra show no significant
alterations in spectral regions sensitive to interactions
between the heme iron and the proximal histidine resi-
due, confirming that the functional differences in the
variant are due to distal-side heme pocket alterations.
These effects are discussed in the context of a schematic
representation of heme pocket wells and barriers that
could aid the design of novel hemoglobins with altered
ligand affinity without loss of the normal allosteric re-
sponses that facilitate unloading of oxygen to respiring
tissues,

Exquisite molecular adaptations match the hemoglobins of
widely diverse organisms to their respective physiological
needs and environments. As a moadel protein and paradigm of
allosteric control mechanisms, Hb continues to provide inves-
tigators with information on how proteins control and modify
the properties of active-site metals. Studies of normal and
variant human hemoglobins and model heme compounds have
shown that various combinations of electronic and steric fac-
:ors can alter the ligand-binding affinity of the heme iron (1-5).
Jur recent studies demonstrated that it was possible to differ-
mntiate electronic from steric effects by comparing oxidation
wurves of various types and states of Hb with oxygenation
:urves under the same conditions (6). Such studies led us to
‘onclude that the extent and frequency of conformational flue-

* This work was supported by Natienal [nstitutes of Health Grants
1301908 and ES04287 (to C. B.), a grant from the Tobacen {nstitute (to
". B.), and National Institutes of Health Grants HL5108 and HL58247
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he payment of page charges. This article must therefore he hereby
narked “advertisement™ in accordance with 18 U.S.C. Section 1734
ofely to indicate this fact.
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‘ax: 252-504-7648; E-mail: bona@mail.duke.edu,
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tuations play a significant role in the anionic modulation of
oxygen affinity of T-state Hb, with increased steric hindrance
and lower affinity associated with greater structural rigidity
(7). f

This study further characterizes the functional consequences
of changes in the heme pocket of Hb Chico (Lys®**(E10) — Thr),
a naturally eccurring, low-affinity Hb variant that has an in-
creased rate of autoxidation (8). The fpartial pressure of oxygen
required for half-saturation of Hb Chico is approximately twice
that required for Hb A, The oxygen affinity of isolated
B-chains of Hb Chico is similarly lowered relative to normal
B-chains. These equilibrium prop:»erties are mirrored by
changes in the transient kinetics of both ligand binding and
ligand dissociation. The CO bindingf rates for Hb Chico in the
millisecond time region are about balf those for Hb A,, and
axygen dissociation occurs about twi[ce as fast (9).

Increased structural rigidity of residues in the heme packet
was invoked as part of the explana{tion for the fact that the
entire oxygen-binding curve of Hb Chico is shifted toward lower
affinity. The structure-function changes in this protein lower
the ligand affinity of both its low-affinity (T-state} and high-
affinity (R-state) conformations without loss of cooperativity or
anion sensitivity. The substitution o&" Lys with Thr at position
P66 was inferred to result in increased structural rigidity on
the distal side of the heme pocket as a result of hydrogen
bonding between the distal histid;ine of the f-chains and
Thr®*%(E10) through a bridging water molecule. This interac-
tion would also be expected to redv,’me any ligand-stabilizing
effects associated with hydrogen banding between the distal
histidine and bound oxygen, although the extent to which hy-
drogen bonding stabilizes bound ligands in the B-chain of Hb A,
is still debated. Lowered oxygen affinity is observed far both
isolated B-chains of Hb Chico and Hb Chico tetramers, indicat-
ing that this functional change has a tertiary basis apart from
any alteration of the normal quaternary equilibrium between
the R- and T-states (9).

The conserved distal His(E7) residue, with which Thr?6® in
Hb Chico interacts, has long been considered 2 candidate for
the medulation of oxygen affinity. Its functional role has been
experimentally tested (for recent reviews, see Refs. 10 and 11).
In myoglobin (Mb)* and in the a-chains of Hb Aq, this histidine
contributes to increased oxygen affinity by stabilizing the
heme-bound oxygen through either direct hydrogen bonding or
polar interactions with the oxygen. The distal histidine can also
play a role in controlling ligand aceess to the heme by partici-
pating in the control of fluctuations that result in an open and
accessible pocket (10, 12-14), [t car{x also modulate the accu-

F

?
' The abbreviation used is: Mb, myoglohin.
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-nd to suggest where the mutation exerts its influence

-

Altered Ligand Rebinding of Hemoglobin Chico

0 -[—k--—a;;——-——-—-—

Fi:. 1. Time courses of recombina- 031

on after photolysis of oxy forms of
b A and Hb Chico. The fraction of sur-
ving unbound ligands versus time, ate),
shown following photolysis by a laser
th a pulse width of ~8 ns for the oxy
rems of Hb A and Hb Chico. An excimer-
asmped dye taser tuned to 540 nm was
ied to photodissociate the samples, and
continuous wave helium.cadmium ion
ser at 441.6 nm was used as a monitor
:am. The signals were normalized to
weir respective values at 8 ns by dividing
.2 change in optical absorption from the
-e-photolysis value by the change meas-
red at 8 ns. See “Experimental Proce-
ares” for further details. ]
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ancy of the distal pocket with respect to water molecules (15).
: has been shown that the presence or absence of water can
1fluence the polarity within the heme pocket, which also in-
uences the.stability of the bound oxygen (15, 18). |

This report describes the results of a2 further exploration of

1e functional properties of Hb Chico and its isolated B-éhains

v the techniques of resonance Raman spectroscepy and|nano-

| =cond laser photolysis followed by ligand recombinlation.

hese techniques allowed us to show that one or more(heme
ocket barriers in Hbh Chico are increased. As 2 consequence of

is change, in both intact Hb Chico and its isolated B-chains,
1e fraction of oxygen that rebinds from within the heme gocket

fter a nanosecond flash (geminate recombination) is s gnifi-
intly diminished relative to Hb A, and normal human

-chains. Analysis of the geminate rebinding kinetics foll ‘ wing
wser flash photelysis allowed us to quantify the magnitude of
ifferences in O, and CO rebinding shown by the Hb variant
along
-1e reaction coordinate for ligand rebinding.

EXPERIMENTAL PROCEDURES

 Whole blood from which Hb Chico was isolated was obtained from

.embers of the affected family. Hb Chico and Hb A, were prepare'd and
. ripped of residual anions, particularly phosphates, as described pre-
ously (9). Hemoglobin concentrations were determined sPectroﬁhoto-
.etrically (17). Isolation of the B-chains of Hb A, and Hb Chico was
:complished with the method described by Geraci ef af. {18). Regener-
“ion of the 8 SH-chains was assured by carrying out spectrophothmet-
c titrations of the regenerated sulthydryl groups as described by Boyer
al. (19). Samples were stored in the CO form and packed in ice [0 *O)
clor to the analyses reported here. Sedium dithionite {Merck) at a
scentration of ~0.5% was used to deoxygenate samples prior to ki-
rtic and resonance Raman experiments with the CO der'ivative:. The
<ygenated forms were prepared at room temperature by bubbling the
‘bCO samples with air while illuminating them with light who%e IR
sectrum was filtered out.

An excimer-pumped dye laser {Lambda Physics was used both in the
notolysis experiments {(as a photodissociation light source) and if‘ the
:sonance Raman experiments. The laser was operated at 50 Hz and
ielded 30 milliwatts of light at 430 nm with an 8-ns pulse (full-didth
t half-maximum}. The laser passed through u prism assembly t!e re-

ove any amplified stimulated emission or (luorescence. This dight
cam was focused onto the sample with a spot size of ~1 ¥ 3 mm. Tu
void heating the sample and to present au {resh spot for each laser
ulse, the samples were placed in a rotating quartz cell. The Raman
:attering experiments were set up with back-scattering geometfy. A
olegraphic grating Glter placed between a 2-inch diameter 3 colleition

|

Qe+l

te-7 de-7

Time (s)

tens and a 2-inch diameter {8 focusing lens removed unwanted laser
scattering from entering the spectrometer. The reflected light was dis-
persed and detected by a 1.5-m single spectrograph upon whose exit slit
was mounted an intensified diode array detector {750 dicdes, Princeton
Instruments TR4). Wavelength calibration was done with the known
lines of ap argon lamp. The spectral response of the system was ~3
cm™h

For the transient absorption experiments, the Hb concentrations
were all between 100 and 250 M in heme and were loaded into a
0.75-mm thick quartz cell. An excimer-pumped dye laser tuned to 540
nm was used to photodissociate the samples, and a continuous wave
helium-cadmium ion laser at 441.6 nm was used as a monitor beam. A
green-reflecting, blue-transmitting dichroic window was used to reflect
the excitation pulse onto the sample and to allow the monitor beam to
pass through co-linearly. A fow-resolution spectrometer (~5-um full-
width at half-maximum) was placed in front of the detection photomul-
tiplier tube to remove room lights and any stray light from the photo-
dissociation pulse. A Hamamatsu RG928 photomultiplier tube wired for
high current (10-kilowatt dividers} and short pulses (0.1-microfarad
capacitors) was used to detect the light. The data were collected with a
1-GHz oscilloscope (Tektroniecs 7104} and a digitizing camera {Tektron-
ics DCS01). The system resolution was ~8 ns.

RESULTS

Transient Absorption Studies—Transient absorption meas-
urements following photolysis initiated with a pulsed laser
revealed functional differences between Hb A, and Hb Chico
and their isofated B-subunits in their O, and CO ligand rebind-
ing kinetics. Fig. 1 1s a plot of the fraction of surviving unbound
ligands versus time, n{¢), following photolysis by a laser with a
pulse width of ~8 ns for the oxy forms of Hb 4, and Hb Chico.
The signals were normalized to their respective values at 8 ns
by dividing the change in optical absorption from the pre-
photolysis value by the change measured at 8 ns. The fast
process that occurs in ~100 ns is attributed to geminate re-
binding of O, molecules that have not escaped from the heme
pocket (20-22). This geminate phase is characterized by a
fraction of geminately rebinding ligands (f;} and a rate (k). The
fraction remaining unbound beyond ~0.5 ps (f,}is attributed to
ligands that have escaped into the solvent. Fig. 2 summarizes
the differences in O, rebinding kinetics for Hb A and Hb Chico
as well as for their isolated B-subunits. A consistent result is
that /, and 4, for O, rebinding are appreciably smaller for the
Hb Chico samples. For CO rebinding, a similar but much re-
duced protein-specific difference is observed.

Further information can be ascertained as to the functional

-,
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\g data of Table I.

srences between Hb A, and Hb Chico by modeling ligand
ration behavior. In the most simplified model of geminate
nding, photolysis is immediately followed by an interval
n the ligand occupies the distal heme pocket. From there
ligand can either rebind, with rate ky, or migrate out
ird the solvent, with rate . It is easily shown that the
of the geminate rebinding phase (kg) is determined by k&, +
wd that k, = fik, and k, = fk . These parameters are
vn in Table . In almost all cases, the values of k_ are
lar for Hb Chico and Hb A, as well as for their subunits,
O escape from the heme pocket, £ (Hb A)k,_(Hb Chico) =
and k(8 of Hb Ag)k (8 of Hb Chico) = 0.97. CO migration
of the heme pocket is also largely unaffected by the
ititution,

contrast to the unchanged rates of ligand escape from the
e pocket, the differences in %, for O, rebinding are appre-
le, with &, (Hb Ag)Mk,(Hb Chico) = 2.4 and k(8 of Hb Ag)
of Hb Chico) = 1.9. Similar but much smaller differences
, for CO rebinding are also apparent. Thus, the structural
rences between Hb Chico and Hb A, result in barrier
'ases that affect the rate of oxygen rebinding to the active
rather than migration out of the heme pocket. The small
rence between samples of Hb A, and Hb Chico for CO
iding from the heme pocket must be reconciled to the fact

TasLe [ j
Fraction of ligands rebinding geminately (f;_)ior escaping to the solvent
{f/). the rate of binding (k) or migrating out of the heme pocket (k,),
and the observed germinate!rate k)

Sample Ligand £ A By i ky Ry
wsT o p0%sTt gt
Hb Chico 0, 4.32 0.68 1.2 3.8 8.1
Hb A Q, 0.534 0.46 1.7 9.2 7.8
Hb Chice COo 0.26 0.74 1.2 3.1 8.9
Hb A Co 029 0.71 1.3 4.4 10.7
B-Hh Chico CO 0.10 0.90 0.6 0.8 5.4
B-Hb A Co 0.13 057 0.6 r 0.8 5.2
B-Hb Chico Q. .39 0861 1.9 7.4 11.6
B-Hb A 0, 0.3 0.43 25 f' 13.8 11.3

that the slower solution-phase CO binding to R-state Hb Chico
and its isolated B-chains is half as fast as for Hb A, and normal
B-chains {see “Discussion”™), ;

Resonance Raman Studies—To betted understand the struc-
tural causes of the lowered ligand-bindiritg aflinity for Hb Chicu
versus Hb A, resonance Raman spectra were oblained from the
same protein-ligand systems as discus’.sed above, The probe
wavelength of 430 nm couples to the =7" Soret absorption band
of the heme (23-27), resulting in re:inl‘lam:u enhancement of
several protein conformation-sensitivk Raman  vibrational
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Fii. 3. Comparison of the vd Raman
punds for partially photodissociated
oxy derivatives of Hb A, and Hb
Chico. The lower and higher frequency
bands correspond to the five-coordinate
oxy photoproduct and the six-coordinate
un'phocnlyzed oxy species, respectively,
The spectra were generated from identi-
cal concentrations of protein and identical
excitation conditions, They are nermal-
ized with respect to the phatoproduct
peaks at ~1312 em™"

Relative Intensity
[=]
n
o

430nm 300K i

10ns photeproduct &,

0.0 ; —

1300

bands associated with the heme and the linkage between the
heme and the proximal histidine. We focused an two bands: 1)
the porphyrin band labeled w4 (13501385 cm™Y) (24) and 2)
the iron—proximal histidine band, «(¥e-His) (200—24'9 em™h
(26, 27). The 4 band involves a symmetric vibrationalbreath-

ing mode of the porphyrin made up largely of C-N streéches It
is very sensitive to changes in heme ligation. For liganded
ferrous Hb, »d is ~1374 em™ whereas for deoxy-Hb and pho-
tolyzed Hb, 14 is ~1352 cm™*, The frequency of »t|for the
five-coordinate species is sensntwe to both quaternary and ter-
tiary structure of hemoglobins (27). Fig. 3 shows 14 for HbOz Ay
and HbO, Chico photolyzed and probed with a 10-rs laser pulse
at 430 nm (50 Hz, 30 milliwatts). The band at ~1356 tm~! is
characteristic of photolyzed Hb, whereas the band at ~1376
cm ™} is characteristic of either liganded or me themoglo in. The
absorption spectrum indicates that there is no measurable met
formation in these samples. The fractional integrated L-area of
the 1376 cm ™" band was found to be 0.8 for HbO, A, and 0.7 for
HbO, Chico. For deoxy forms, no band at ~1375 cm! was
detected whereas for the easily photodissociated carboxy
forms, the 1375 cm™! band was significantly decreasedl indic-
ative of nearly complete photodissociation.

The difference in fractional intensity of the 1356/1375 cm !

band between HbO, Chico and HbO, A, (for samples havmg
the same optical den51ty) means that it is harder to photodis-
sociate the latter. This difference in the ease of photodllssoc:a-
tion with an 8-ns pulse suggests that there is either a subnano-
second geminate phase for which Hb A, has a higher geminate
Yieid or that the actual intrinsic quantum yield for phot!:dnsso-
ciation is lower for Hb A, Future studies are p[annedlto ex-
amine this effect.

The «Fe-His) bands for the deoxy forms as well as the
photoproducts of the carboxy and oxy forms of Hb A, and Hb
Chico were measured. The frequency of the v band i§ very
sensitive to structural changes on the proximal side of the
heme that have been shown to correlate with ligand affinitics
(26-29). No discernible differences in «Fe-His) could be de-
tected between the Hb Chico structures and those measured or
feported for Hb A, (28, 30).

— T

1350 140340

Raman Shift {cm™)

DISCUSSION

The objective of this study was to determine the nature and
crigin of consequences for ligand binding and dissociation
within the heme pocket that result from the point mutation
that causes Hb Chico to have dramatically lowered ligand
affinity in both low-affinity (T-state) and high-affinity (R-state)
conformations. The nanosecond geminate rebinding experi-
ments showed that one or more heme poeket barriers to rebind-
ing of oxygen are indeed increased in Hb Chice and in its
isolated B-chains. Knowledge of the site at which the mutation
has occurred and the existing x-ray crystallographic data im-
plicate tertiary-level changes on the distal side of the heme as
the source of the modified ligand reactivity. This view is further
strengthened by the Raman data that indicate that the struc-
tural parameters associated with the proximal side of the heme
are the same in Hb Ay and Hb Chico. The question remains as
to where along the reaction coordinate for ligand binding the
distal pocket perturbation in Hb Chico exerts its influence. To
address that question, we must consider the protein- and Ii-
gand-specific pattern of changes observed in the geminate re-
combination process.

The process of geminate recombination provides a direct
window inte the molecular events that shape ligand dynamics
within the local environment of the heme. Geminate recombi-
natjon at room temperature was first reported for nanosecond
time-resolved absorption (20, 21} and Raman spectroscopy (22).
These studies revealed that the quantum yield for photodisso-
ciation of the CO forms of Hb and Mb differ due to a 100-ns
geminate rebinding process that is more pronounced in Hb.

Many workers, starting with Frauenfelder and co-workers
(31), have contributed to our understanding of the barriers to
ligand binding and dissociation. Recent room-temperature
studies provide convincing evidence for there being spatially
distinct regions from which geminate recombination can occur
{32-35). Subsequent to photodissociation, ligand diffusion oc-
curs in the progressive spatial separation of the ligand and
heme. ln Mb, the ligand, still within the heme pocket, can
occupy accessible cavities or docking sites; and geminate re-
binding from these sites gives rise to differeat geminate rebind-
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6. 4. Reaction-coordinate diagram for ligand dissociation
d recombination in Hb. This qualitative energy coordinate dia-
"m illustrates barrier diffarences for O, and CO ligands as described
der “Discussion.” Proximate and distal geminate wells refer to the
ne pocket, sites occupied by the dissociated ligand that are kinetically
th respect to rebinding) close to or far from the heme iron, respectively.

1 phase(s). Scott and Gibson (35) have shown that xenon
yms can alter the pattern but not the yield of geminate
sinding by occupying, and thereby blocking access to, cavities
thin the distal pocket of Mb.
A reaction-coordinate diagram for three spatially separated
‘me pocket barriers is shown in Fig. 4. The potential energy of
ell A represents the condition for the iron-bound ligand.
ells B and C correspond to the potential energy wells for the
sand as it moves from a position very close to the heme (the
-oximate well) to more distant regions of the heme pocket (the
stal well). S represents the ligand in the solvent. The poten-
al energy of Barrier I controls iron-ligand hond formation.
srrier 11 controls the ligand motion between the site of iron—
zand bond formation and transient docking sites on the distal
de, spatially removed from the iren. Barrier 1II regulates
zand escape from the heme pocket into the bulk solvent. It is
kely that Process 1, B — A, can be further subdivided since
sbinding processes occurring from about one to several hun-
ced picoseconds have been observed. However complex the
aderlying reality, many ligand- and protein-specific processes
;ithin the heme pocket can be compared within the context of
~is reaction-coordinate diagram and the associated kinetic
cheme given below.
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Considerable information has been obtained about the rela-
ive potential energy barriers in the heme pocket of Hb A,
.igand specificity in the geminate rebinding process has shown
-nat Barrier  is much higher for CO compared with O, and NO
36-39). In Hb A,, oxygen exhibits geminate rebinding on the
.ime scales af several picoseconds, hundreds of picoseconds,
wd hundreds of nanoseconds, whereas CO displays negligible
rebinding on subnanosecond time scales. This ligand specificity
s reflected in the differences shown for O, and CO in Fig. 4. As

a result of this ligand dependence of the inner barrier, on-ratey
for oxygen and especially NO binding can approach the diffy-
sion limit. whereas CO binding is slower (40). Similarly, the
lower yield of geminate recombination t”n:r CO relative to O, is
understandable in terms of a higher Barrier [ for CO.

Friedman and co-workers (28, 41, 42) gresented a mechanis-
tic explanation for the origin of this figand-specific barrier-
height difference based upon differences in the nature of the
transition state for CO aad O.. The claim is that CO requires a
nearly planar heme transition state, whereas oxygen ¢an form
a bond with the heme when the iron is s!till partially out of the
heme plane. Thus, much larger fluctuations in structure are
required for the formation of the CO-heme transition states.
This assessment of the transition state is similar to the kinet-
ically and thermodynamically derived conclusion of Szabo and
Karplus (43) that asserts that CO has a more product-like
transition state, like that when ligand|is bound, whereas O,
has a more reactant-like transition state. There is also evidence
that the orientation of the CO contributes to the energy of the
transition state. In particular, the pic:osecond IR absorption
studies of Anfinrud and co-workers (44, 45) show that bond
re-formation proceeds in myoglobin for an upright transttion-
state conformation of the photodissociated CO.

For a given ligand, the height of Barrier 1 is both protein- and
conformation-dependent. It has been shown that in Hb Ag, the
height of Barrier I is highly senSitivfe to both tertiary and
quaternary structure {46). The geminate yield decreases as the
heme pocket becomes more T-like, consistent with increases in
Barrier L. The decrease in the geminate[ yield in these instances
correlates with spectral changes that are attributed to proxi-
mal strain as reflected in Raman me%\surements of the iron-
proximal histidine linkage {28-30, 38, 47). These proximal
effects appear decoupled from distal-side effects, as seen ina
study on Hb Zurich where the inositol'hexaphosphate effect on
the germinate rebinding of CO was found to be similar to that in
Hb A, despite the large distal-pocket ;alr.eration created by the
replacement of the distal histidine with an arginine in this Hb
variant {48). A large part of the inositol hexaphosphate effect
on geminate rebinding has been inferred to be due to 2 proxi-
mal-side effect, as indicated by the r;eduction in frequency ol
the iron—-proximal histidine stretching mode in the photoprod-
uct spectra of both HbCO A, and HbCO Zurich upon adding
inositel hexaphosphate.

The absence of detectable shifts in «{Fe-His) between Hb A,
and Hb Chico for both the deoxy-T and photoproduct R forms of
the protein indicates that the geminate rebinding differences
do not have a proximal-strain origin. It has been argued (49!
that factors that increase the rate of tertiary relaxation on the
time scale of geminate rebinding can contribute to a progres-
sive increase in Barrier [ and thus decrease the geminate yield.
It is therefore possible that enhanced relaxation of the initial
R-state photoproduct structure in Hb Chico is responsible for
the observed reactivity differences. The arguments given below
that are based on differences in the distal heme pocket are.
however, more plausible in this instance.

Relative heights of the other heme pocket barriers in Hb A,
can be estimated. Picosecond studies of the geminate process
with a 30-ps excitation pulse reveal that the quantum yields for
the subnanosecond geminate phase for oxygen and CO are 5V
and 2%, respectively, for Hb A, (38, 48). This result indicates
that from Well B, Barriers [ and [I|are comparable for uxyviest
thy, Jhy. = 1. For CO, however, Barrier Lis clearty much greater
than Bacrier U1 (&), /. << 1) Since;fleh,. the geminate rate from
Well C (but not the quantum yield), is essentially ligand-inde-
pendent, the barrier controlling escape into the solvent {Barri-
er LID) and the barrier controlling the movement of the ANt
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back into Well B are. in first approximation, ligand-independ-
ent for the Hb A, tetramer. Rebinding of oxygen trom Well B is
much faster than the decay of the ligand in Well C, with the
consequence that-the crossing of Barrier II and ligand escape
are rate-determining for the rebinding of axygen frogn Well C.
The geminate yield of ~50% for oxygen from Well Ciindicates
that the heights of Barriers [I and 1! are comparable{Thus. for
Q.. &y, 3 kg, = k., and the ratio k k., determines the
sanosecond geminate vield. For CO, where the helght of Bar-
rier [ is much greater than for oxygen and where therates but
not the vields for the nanosecond process are essentib]!v inde-
pendent of protein-induced changes in Barrier [, km <k, =
, and &, /k_, determines the geminate yield.

The role of specific distal heme pocket residues in the parti-
tioning of the geminate rebinding between the fast and slow
phases has been documented by site-directed mutagenesis
studies on Mb (10). Rebinding studies of genetically engineered
mutants in conjunction with dynamic simulations fér MbNO
indicate that certain substitutions on the distal side chn appre-
ciably alter the heme pocket barriers. For example, tﬁe substi-
tution Leu(B10) — Phe inhibits the motion of dissobiated li-
gands away from the iron and simultaneously reduces access to
the iron for those ligands that have successfully d1ffused to the
most distant regions of the heme pocket {32, 34). 3 ‘\/Iany aspects
of the partitioning between fast and slow phases of geminate
rebinding are still unclear. The possibility remains that this
partitioning is controlied by tertiary conformationall fluctua-
tions and relaxations that modulate both distal- and pr{mmai
side effects on heme ligation.

The above considerations, relative to the quahtatwe pictorial
representation in Fig. 4 of the heme pocket barriers in Hb Ay,
establish a context for discussion of the functional r!nodif'lca-
tions of Hb Chico and its isolated 8-chains. The previdus stud-
ies of Hb Chico established that its oxygen affinity is lowered to
about half that characteristic of Hb A; The oxygen afﬁmty of
its isolated B-chains is similarly lowered relative td normal
B-chains. These equilibriurn properties indicate that lthe well
depth for hound ligand (Well A) in Hb Chico as wall as its
isolated fB-chains is significantly decreased relative tb that of
Hb A, and normal B-chains. The equilibrium situation is mir-
rored by changes in the transient kinetics of both ligand bind-
ing and ligand dissociation on the millisecond time sclale. The
CO binding rates for Hb Chico in the millisecond time region
are about half those for Hb A, and oxygen dissociation occurs
about twice as fast (9). The decreased well depth for bound
ligands contributes to the observed 2-fold increased rate of
non-photoinduced digsociation of O, and the modera‘xtely in-
creased rate of CO dissociation from fully liganded Hb Chico.

The structural differences between Hb Chico and Hb A,
clearly result in increases in one or more barriers thht affect
the geminate rate of oxygen rebinding to the active sitg. This is
revealad by the nanosecond geminate rebinding kinetics, where
dioxygen rebinding shows a dramatic decrease. Much smaller
decreases are seen in rates of CO rebinding in going from Hb A,
to Hb Chico. This contrasts with the large decreases dbserved
in previous millisecond time scale studies where it was shown
that the binding of CO from solution shows substadtial de-
creases for both Hb Chico and its isolated B-chains relative to
Hb 4, and its S-chains (9). To reconcile these results. we must
invoke a structural change that occurs after phntodlsswatmn
on a time scale longer than that of the geminate prodess. Le.
~ 100 ns. We suggest that the observed reduction in €O ~on™
rates in the millisecond time range can be explained based on
the x-ray crystallographic structure of deoxy-Hb Chico (9, The
crystal structure reveals that water is held in the distal pocket
of Hb Chico and acts as a bridge between the distal Fistidine
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and ThetEL in the deoxy state. The binding of a figand at thcf=
iron requires the displacement of the water to a stecically
neutral site. Studies on mutant myaglabins strongly support
the claim that site-stabifized waters in the distal pocket act as
sterie effectars that slow down the diffusion time of lLigands
from the solvent to the iron 113, 16, 501 [t appears that water
has not as vet re-entered the appropriate steric hindertng site
in the distal pocket of the photolyzed HbC O Chico on the time
scale of the geminate process. This result suggests that CO
must first move from the heme pocket before water can veeupy
the site between HistE7r and ThrtE100.

[t can be readiiv seen from Table [ that the isolated B-chains
tas tetramers) of both Hb A, and Hb Chico exhibit less gemi-
nate rebinding than the corresponding «,f3,-tetramers. The
effect is especially noticeable for the CO derivatives, where the
B,-tetramers show much slower rates of CO rebinding than the
ayf-tetramers. The simplest models of Hb reactivity predict
that the reactivity of the R-state tetramer should resemble that
of either the isclated chains or the aB-dimers. The limitations
of this simple view were indicated by studies showing that the
last available subunit in R-state a,f,-tetramers binds ligands
with higher affinity than af-dimers (31}, This phenomenon,
termed quaternary enhancement, was shown in recent studies
t0 be evident in an increased geminate yield for fully liganded
a,f3-tetramers relative to the corresponding dimers (52).
Based on geminate rebinding data and Raman spectra for the
photoproducts of tetrameric and dimeric forms of Hb Ay, it was
claimed that the quaternary enhancement effect arises from a
proximal-heme environment in the R-state photodissociated
aoB,-tetramer that favors rebinding relative to that for of-
dimers (29). This more fdvorable environment is reflected in
the higher frequency of «Fe-His) for the photoproduct of e,3,-
tetramers compared with either af-dimers or isolated «- and
B-chains of Hb A, (29, 53}. A more favorable proximal environ-
ment, with lower proximal strain, translates into a lower bar-
rier for geminate rebinding to the extent that the transition
state has product-like character. Since the rebinding of CO
relative to O, is more likely to require a transition state with an
in-plane iron (28, 41, 42), it is probable that the geminate
rebinding of CO is more responsive to proximal perturbations
compared with O,, which would account for the ligand-specific
(CO/0,} differences between B,-tetramers and a,f,-tetramers
shown in Table [.

The geminate recombination experiments under consider-
ation were initiated by excitation with a 10-ns pulse. This
creates a photoproduct population that has the tigand predom-
inantly in Well C. For a ligand to geminately recombine, it
must first overcome Barrier II, followed by bond formation
controlled by Barrier I In competition with the geminate proc-
ess is the escape of the ligand into the solvent as controlled by
Barrier ITf. One explanation that would account for the pattern
of change in the geminate recombination in going from Hb Aqg to
Hb Chico is that the amino acid substitution in Hb Chico causes
a distal-side heme pocket perturbation that increases Barrier
Il relative to its height in Hb A, for both O, and CO. As can be
seen from Fig. 4. an increase in Barrier [ would have less effect
on the geminate cebinding of CO as long as Ay, /oy, remains
small, whereas the nanosecond geminate yield and the nano-
second rebinding of dioxygen should decrease and slow down,
as is observed.

Although ligand-independent increases in Barrier il are suf-
ficient to explain most of the data, some evidence puints to a
ligand-specific increase in Bacrier [ for O, rebinding to Hb
Chico. Notably, the yield of photodissociation at 10 ns is higher
for HbO, Chico than for HLO, A, An increase in Barrier [ in
Hb Chico could have this result; the apparent increase in
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sgree of photadissociation would result from a decrease in the
amber of tigands quickly rebound, A degree of uncertainty in
sing the 10-ns Raman measurement as an indication of small
anges in the subnanosecond kinetics yields a less-than-
rong argument for a Barrier I increase. Verification of a
sand-specific increase in Barrier [ in Hb Chico would require
picosecond rebinding study. If Barrier | has increased, then
e yield for both fast and slow geminate phases should de-
ease. If Barrier I has increased without a change in Barrier
then the vield for the fast-phase rebinding process should
crease at the expense of slower phase rebinding, i.e. the ratio
‘the quantum yield for the picosecond and nanosecond rebind-
¢ should increase.

Recent studies on the effect of distal heme pocket polarity on
e bond energies of the iron-ligand bond indicate that the
ability of bound oxygen is much more sensitive to polarity
fects than that of bound CO{11). If the transition state for the
rmation of the iron-ligand bond shows a parallel sensitivity,
1en it might be anticipated that Barrier [ would also be more
slarity-dependent for O, than for CO. If this mechanism is
serative, then the significant decrease in geminate rebinding
T O, in going from Hb Ag to Hb Chico could arise from 2 more
slar distal heme pocket environment in the latter, providing a
ore negatively charged environment for the transition state.

more negatively charged distal pocket would alse have the
cpected consequence of increasing the non-photoinduced rates
*ligand dissociation for both CO and O, in going from Hb A,
1 Hb Chico, as is observed (9). For oxygen, an increase in the
egative charge in the vicinity of the bound oxygen would be
¢pected to weaken hydrogen bonding to the oxygen, which, at
ast in Mb, contributes strongly to the stability of the iron—
¢ygen bond. Similarly, an increase in negative charge near the
sund CO is known to decrease the stability of bound CO, as

:flected in both the Fe—C and inversely correlated CO stretch-
g frequencies (54 -56).

A combination of loss of hydrogen-bonding stabilizatx’on of
yand ligands and the increased polarity in the heme pocket
id bring about a decrease in well depth for ligands bound to
sth high- and low-affinity conformations of Hb Chico. Another
.echanism that could contribute to this distinct functional
‘teration is an increased structural rigidity on the distal side
“the heme pocket. As noted, the substitution of Thr for Lys at
»sition BG6, on the distal side of the heme, was inferred to
:sult in increased structural rigidity as a result of hydrogen
mding between the distal histidine of the B-chains and
4rf®5(E10) through a bridging water molecule. Localized ri-
dity of the Hb structure in the heme pocket region, brought
sout by this hydrogen bonding, could directly affect the bar-
ers to oxygen rebinding. It has been shown that the distal
stidine can act in conjunction with other heme pocket resi-
185 ta control ligand access to the heme by participating in the
mtral of Auctuations that result in an open and accessible
:me pocket (10, 12-14). Accordingly, modifications that re-
rict motion of the distal histidine could result in altered
urriers to ligand rebinding and dissociation.

CONCLUSIONS

This study indicates that the molecular mechanism behind
12 altered reactivity of Hb Chice and other mutant hemoglo-
'ns can be dissected by use of a combination of kinetic and
rectroscopic probes that can be viewed as a general scheme for
aalyzing ligand reactivity changes in variant hemoglobins. [n
wrticular, the changes in the picosecond and nanosecond gem-
ate phases in conjunction with ligand-specific behavior pro-
:de a means of determining where functional alterations occur
«ong the reaction coordinates for ligand rebinding. The reac-
on-coordinate data in conjunction with the CO or Fe-C
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stretching frequency for HbCO derivative, which indicates th,
effective polarity of the distal pocket, can be used to implicate
charge-stabilization effects. The resonance Raman spectra eox.
pose changes on the proximal side oftﬂe heme pocket. & com.
parison between solvent-derived ligand binding and geminate
rebinding can, in addition, reflect ligand displacement of loca).
ized water that blocks access to the irgn. Such comprehensive
studies are of timely importance in thiat they can help in de.
veloping synthetic strategies based on molecular biophysics for
selectiveiy altering ligand-binding praperties of hemoglobins
for pharmaceutical uses. The specific functional alterations in
Hb Chico demonstrate that structural :alterations in the distal
heme pocket can alter ligand affinity at the tertiary leveg]
without loss of the normal allosteric responses that facilitate
oxygen unloading to respiring tissues.:
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