Structure, Dynamics, and

Reactivity

Much of biological research seeks to
understand the nature of functional and
structural diversity within a group of
organisms. Comparative  anatomy,
physiology, and biochemistry all reflect
the pursuit of this goal, each on its own
scale. On the molecular level, proteins
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mands associated with this group of ani-
mals is matched by the wide spectrum of
oxygen-binding properties of the respec-
tive hemoglobins. Furthermore, the oxy-
gen-binding properties of a given hemo-
globin often respond dramatically to the
ever-changing physiological milieu with-

Summary. The static structure of hemoglobin and its functional properties are very
well characterized. It is still not known how energy is stored and used within the
structure of the protein to promote function and functional diversity. An essential part
of this question is understanding the mechanism through which the overall protein
structure (quaternary structure) couples to the local environment about the oxygen
binding sites. Time-resolved resonance Raman spectroscopy has been used to probe
the vibrational degrees of the freedom of the binding site as a function of protein
structure. Comparison of the spectra from both equilibrium and transient forms of
deoxy hemoglobin from a variety of mammalian, reptilian, and fish hemoglobins
reveals that for each quaternary structure there exist two tertiary states stabilized by
the presence or absence of an iron-bound ligand. Pulse-probe Raman experiments
show that for photodissociated, ligated hemoglobins the local tertiary structure
relaxes at a solution-dependent rate extending from tens of nanoseconds to micro-
seconds. In this local environment, the linkage between the iron and the proximal
histidine proves to be the single observed structural feature that responds in a
systematic and substantial manner to structural changes in the protein. The additional
finding of a correlation between the frequency of the iron—proximal histidine stretching
motion (vee_nis) and various parameters of ligand reactivity, including geminate
recombination, implicates the associated localized structural element in the mecha-
nism of protein control of ligand binding. On the basis of these and related finds, a
model is presented to account for both coarse and fine control of ligand binding by the
protein structure.

such as cytochrome oxidase or cyto-
chrome c are readily identifiable within a
group of organisms such as the verte-
brates, regardless of the source. Despite
structural similarities in a given protein
from different sources, functional prop-
erties typically display significant varia-
tions. It is of fundamental importance to
understand the structural or mechanistic
basis for the functional diversity within a
given protein, but, because so little is
known about the inner workings of most
proteins, such comparative biophysical
studies are not generally feasible. Hemo-
globin is one of the few exceptions.
Hemoglobin (Hb) is the primary oxy-
gen-transport protein in virtually (/) all
vertebrate organisms. The myriad of en-
vironmental niches and metabolic de-
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in the organism. For example, the intrin-
sic oxygen affinity of a hemoglobin can
vary by several orders of magnitude de-
pending upon the oxygen concentration.
This phenomenon gives rise to the sig-
moidal O, saturation curve indicative of
a cooperative binding process—the more
oxygen that is bound, the higher the
oxygen affinity of the remaining unbound
sites. Solution conditions such as pH and
phosphate concentration further modu-
late the binding properties of given he-
moglobins. What is intriguing is that in
all the above cases the oxygen-binding
site is the same iron porphyrin or heme,
and yet there is a very broad spectrum of
ligand binding properties as a function of
both animal source and solution condi-
tions. Clearly, variation in the protein

matrix surrounding the heme must be
responsible for this variety. This article
addresses the question of whether this
broad spectrum arises out of some spe-
cific linkage through which changes in
protein structure are communicated to
the oxygen binding sites in some func-
tional sense.

Typical hemoglobins are tetrameric
proteins consisting of two o subunits and
two B subunits. Each subunit has an
oxygen-binding site. The coarse control
of oxygen binding in hemoglobin has
been described within the context of a
two-state allosteric model (2, 3). Within
this description there is an O, concentra-
tion-dependent equilibrium between two
distinct quaternary structures of the pro-
tein. At low O, concentration S, when
the hemoglobin is primarily deoxygenat-
ed, the low-affinity tense or T-state qua-
ternary structure is favored. Increasing
the O, pressure and hence the degree of
saturation shifts the equilibrium to the
high-affinity relaxed or R-state structure.
Fine tuning of this mechanism occurs
through solution-dependent and species-
specific modulation of both this equilibri-
um and the ligand-binding properties of a
given quaternary structure (¢). The ques-
tion therefore becomes one of under-
standing how the genetic- and solution-
induced differences in protein structure
associated with the coarse and fine con-
trol of ligand binding are manifested at,
or communicated to, the localized ligand
binding sites.

A general approach to this question is
to establish which structural degrees of
freedom of the binding site are respon-
sive to protein structure. Subsequently it
must be determined which of these struc-
ture-sensitive features correlate with re-
activity. X-ray crystallographic studies
have revealed two distinct configura-
tions associated with the interface be-
tween the subunits (5). The two protein
structures resulting from these two ob-
served interfacial geometries are the two
accessible quaternary structures for Hb.
In the x-ray study it was also observed
that the protein structure about the heme
within each subunit (tertiary structure)
changes in switching from the deoxy T
state to the carboxy R state of Hb.

From the x-ray study it is not possible
to determine to what extent these tertia-
ry structure differences originate from a
pure R-T-induced change or from a liga-
tion-induced difference. Furthermore,
these studies do not provide a means of
discerning which of the differences in the
tertiary structure are perturbing the oxy-
gen-binding site in a functional sense. It
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is therefore desirable to systematically
probe the binding site, that is, the heme,
in 2 manner that reveals what is changing
as a function of both state of ligation and
quaternary state as well as which struc-
tural features correlate with ligand bind-
ing properties. Since the binding of a
ligand significantly perturbs the electron-
ic and nuclear structure of the iron por-
phyrin, the anticipated subtle protein-
induced effects upon the heme are not
likely to be observed in a comparison of
a deoxy and a ligated Hb. Instead, we
require the hemes in all the comparisons
to be in the identical electronic state.
This requirement is accomplished by
comparing R- and T-state varieties of
both equilibrium deoxy forms of Hb and
transient deoxy species derived from
photodissociated ligated Hb’s. Earlier
studies have shown that photodissocia-
tion and subsequent electronic relax-
ation to a ground-state deoxy (high-spin
Fe'?) heme occurs on a time scale of <5
psec (6-10), whereas appreciable or de-
tectable protein relaxation does not ap-
pear to occur until at least many tens of
nanoseconds after photodissociation (11,
12). Consequently, the transient species
occurring within 10 nsec of photolysis
typically consist of deoxy hemes sur-
rounded by a protein matrix that has the
tertiary structure associated with the
fully ligated parent species. Therefore,
by spectroscopically comparing both R-
and T-state varieties of deoxy and tran-
sient deoxy Hb’s, it should be possible to
distinguish the induced changes in the
tertiary structure influencing the heme-
associated degrees of freedom that origi-
nate from either ligation or change in the
quaternary structure.

Transient absorption studies have
very effectively revealed the kinetics as-
sociated with the relaxation of the photo-
induced ligand-free transient species of
Hb. On the microsecond time scale, such
studies (/3) have revealed the rates of
change of the quarternary structure sub-
sequent to the photolysis of R-state, li-
gated Hb’s. Similar absorption studies
(12, 14) and transient Raman study (/1,
15) in the nanosecond time scale have
revealed relaxation dynamics ascribable
to changes in the tertiary structure oc-
curring prior to the R-T switch. Because
the intrinsically broad absorption spectra
of these molecules contain little structur-
al information, they cannot be used to
extract information about what specifi-
cally is changing with time. Even a clear
distinction between tertiary and quater-
nary relaxation is not unambigous when
the porphyrin absorption is used as a
probe. Alternatively, the resonance Ra-
man spectra of the heme is well charac-
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terized with respect to numerous por-
phyrin-associated degrees of freedom
(16, 17). In addition, the frequencies of
several Raman bands originating from
both stable and transient deoxy forms of
Hb have been characterized with respect
to features of the tertiary structure that
are responsive to the quaternary struc-
ture or the state of ligation immediately
(nanoseconds) prior to the excitation
pulse (15, 18-21). The frequencies of
some of these protein-sensitive Raman
bands have been shown to correlate with
ligand reactivity (15). For these reasons
Raman scattering provides a nearly ideal
probe of structure with which to address
questions concerning functional commu-
nication between the heme and the pro-
tein.

Hb(RL)

Hb(Rd)

Hb(R!) [

Hb(Td)

Hb(T2)

Hb(Td)

| | |
200 300

Raman shift (cm~")

400

Fig. 1. A comparison of the low-frequency
resonance Raman spectra of equilibrium and
transient forms of deoxy Hb from three differ-
ent animal sources. The transient deoxy spe-
cies were generated and probed by photodis-
sociating the carboxy form of the protein with
a single 10-nsec pulse (1 mJ, 10 Hz) at 4350 A.
Experimental details can be found elsewhere
(15, 20-23, 34): (a) photolyzed COHb (Kemp-
sey), pH 9.0; (b) deoxy Hb (Kempsey), pH
9.0; (¢) photolyzed COHb (loggerhead sea
turtle), pH 7.5; (d) deoxy Hb (loggerhead sea
turtle), pH 7.0; (e) photolyzed COHb (tuna),
pH 5.8; (f) deoxy Hb (tuna), pH 7.5. The
designations on the left indicate the tertiary
structure of the starting material.

Tertiary Structure

In Raman studies it was observed that
the quaternary structure affected those
vibrational frequencies (for example, v,)
known to be sensitive to the w electron
distribution of the porphyrin macrocycle
(22, 23). Comparisons between deoxy T-
state and deoxy R-state equilibrium spe-
cies revealed a systematic decrease in
the frequency of these m-sensitive
modes. The transient Raman studies
showed that within each quaternary
structure ligand binding induces a terti-
ary reorganization that further decreases
these frequencies from the equilibrium
deoxy value. It was concluded from
these studies that the electron density in
the lowest w* orbitals, due primarily to
back-bonding through the iron, in-
creased in the following sequence: deoxy
T, photolyzed ligated T, deoxy R, and
photolyzed ligated R. These studies indi-
cate the existence of two distinct tertiary
configurations within each of the quater-
nary structures: one in quasi-equilibrium
with the deoxy heme and the other with
the ligated heme. Thus with regard to the
heme environment (heme pocket), there
appear to be four possible spectroscopi-
cally detectable configurations: Hb(Td),
Hb(T¢), Hb(Rd), and Hb(R{), corre-
sponding to the T-state deoxy, T-state
ligated, R-state deoxy, and R-state ligat-
ed heme pocket configurations, respec-
tively. Because both peripheral and axial
perturbations of the heme can cause
shifts in v, (24), it is necessary to turn to
other regions of the Raman spectrum to
obtain more detailed structural informa-
tion about these four tertiary states.

A comparison of the low-frequency
region of the Raman spectra of deoxy
HbA and photolyzed carboxyhemoglo-
bin A (COHbA) at 10 nsec reveals two
very prominent changes. The frequency
of the Raman band associated with the
stretching motion between the iron and
the proximal histidine (vg._g;s) increases
from 215 to 230 cm™! in going from the
equilibrium species to the transient. In
addition, the well-defined peak at 345
cm™! shifts in the transient to ~355
cm™!, where it is discernible as a weak
shoulder on the low-frequency side of
the invariant 360-cm™! peak. In deoxy
HbA, the heme pocket configuration is
Hb(Td) whereas in the transient it is
initially Hb(R€); consequently, a com-
panion of these two deoxy species in-
volves a change in the tertiary structure
due to both quaternary state and ligation.
It is therefore not possible to state
whether these changes are due to the R-
T difference or to the fact that one was
initially ligated. To separate out these
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two possible contributions, I have exam-
ined a variety of hemoglobins including
those that can be stabilized in either the
R or T state for both ligated and deoxy
proteins (see Fig. 1).

Comparative studies reveal that the
changes observed for the 345-cm™! peak
are independent of quaternary state. In-
stead, the position of this band reflects
the recent history of the heme with re-
spect to ligation. It appears that a spec-
trum that has a distinct 345-cm™! peak is
characteristic of a heme pocket having
either the Hb(Td) or the Hb(Rd) tertiary
structure. Alternatively, a spectrum of
deoxy heme that has only the 355-cm™'
shoulder reflects a heme pocket that
retains at least some memory of a ligated
configuration, that is, Hb(T€) or Hb(R¥).
Similar conclusions were reached from
Raman studies on Hb at cryogenic tem-
peratures (25).

The Iron-Proximal Histidine Linkage

The tertiary structure as reflected in
iron—proximal histidine stretching mo-
tion (vpe_njs) responds both to the qua-
ternary structure and to the state of
ligation. This behavior is reminiscent of
that observed for the previously dis-
cussed high-frequency m electron-sensi-
tive modes (for example, v,;). Indeed,
studies on both equilibrium deoxy and
transient deoxy Hb’s reveal an inverse
linear correlation between v, and vge_pis
(18, 19). Such a finding is consistent with
modulation of the m electron density in
the porphyrin macrocycle by changes
associated with the iron-proximal histi-
dine linkage (2). In summary, the general
pattern for vge p;s as determined from
continuous wave and time-resolved stud-
ies is that this frequency increases in
going from HB(Td) to Hb(Rd), from
Hb(Td) and Hb(T¥), and from Hb(Rd) to
Hb(R¢), with Hb(T€) having approxi-
mately the same or slightly lower fre-
quency range as Hb(Rd).

Within each category of tertiary struc-
ture (for example, R€) there is a range of
values for vge gis that is determined by
both animal source and solution condi-
tions (see Fig. 2). Related species tend to
have similar values for vge pis. Sea tur-
tles, freshwater turtles, and mammals
appear to have distinctive values for
VFre-His- 1N general, the addition of inosi-
tol hexaphosphate (IHP) at low pH de-
creased vg. pjs in the nanosecond tran-
sients; however, the extent of this de-
crease is species-specific. For some he-
moglobins [fish, turtle, and snake
(Acrochordus)] this decrease is consist-
ent with an actual shift in the equilibrium
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from a population of Hb(R¥) structures
to one with a substantial contribution
from Hb(T¥) structures. The shift in vg._
uis with IHP for most mammalian hemo-
globins indicates that THP distorts the R€
structure toward T¢ but the quaternary
structure still remains R. From the above
findings it is clear that vg..;s reflects
some local structural feature at the bind-
ing site that is strongly modulated by
protein structure. Ligand binding in-
duces a structural change that is modu-
lated on a coarse level by the quaternary
structure, and this in turn is further
tuned by solution conditions and evolu-
tion (that is, animal type).

A correlation between vg._yjs and lig-
and binding is suggested by the observa-
tion that vg._yjs iS responsive to pertur-
bations of protein structure that are
known to alter reactivity. In switching
from the T-state to the R-state quaterna-
ry structure the affinity for oxygen typi-
cally undergoes a sizable increase as
does the value for vg._ . Within the R
state there is a range of values associated
with vge s for the photolyzed material.
For every comparison between high pH
and low pH, the lower vg_y;s value is
associated with the low pH conditions
favoring a decreased oxygen affinity in
cases where the quaternary structure
both does not and does change with pH
[for example, HbA versus Hb (tuna)].
Furthermore, for fixed solution condi-
tions the species-specific distribution of
values for vg._pjs increases with affinity
within a given quaternary state. For ex-
ample, at pH 8.0 the low-affinity sea
turtle hemoglobins (26) have the lowest
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vre_nis Of any of the photolyzed R-state
COHDb (see Fig. 2), whereas the high-
affinity hemoglobins are at the high end
for vpe-njs. Other studies show a correla-
tion between vg._yis and the equilibrium
binding constant (K,;) for equilibrium
deoxy Hb’s (27). Despite this relation, it
is difficult to analyze this suggested cor-
relation in detail because oxygen affinity
is a property of a bulk solution with
many contributing structures. Instead,
what is needed is a parameter of ligand
reactivity that can be associated with
spectroscopically well-defined tertiary
configurations.

Geminate Recombination

Frauenfelder and his co-workers (28,
29) have used cryogenic studies to probe
the dynamics of ligand binding in hemo-
proteins. Their studies indicate that by
lowering the temperature it is possible to
isolate several sequential steps associat-
ed with ligation dynamics. Below a cer-
tain temperature, a photodissociated lig-
and remains trapped within the parent
protein. Subsequent rebinding occurs
only from this protein-trapped popula-
tion. For solutions at ambient tempera-
tures, the rapid rate of ligand escape into
the surrounding aqueous solvent makes
the rate of this geminate rebinding pro-
cess too fast to permit detection by the
standard microsecond techniques. Using
nanosecond laser pulses for excitation,
several groups independently detected
and reported geminate recombinations in
Hb occurring over an approximately 100-

Fig. 2. The values of vge_pjs

from transient forms of
deoxy Hb (Hb*) derived
from different animal

sources under high and low
pH conditions. In all cases
shown Hb* is the transient
occurring within 10 nsec of
photodissociation of the par-
ent carboxy protein. The
range of values of vg._y; for
equilibrium and transient
forms of the R- and T-state
deoxy Hb’s are also shown.
Abbreviations: A.j., Acro-
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chordus javanicus (elephant
trunk  snake);  swordf.,
swordfish. Under the cate-
gory of turtle are included
five different species of
freshwater turtles; the cate-
gory of sea turtle includes
the green, leatherback, log-
gerhead, and Kemp’s Ridley
sea turtles. Details regarding
the comparative physiology
and behavior of these ani-
mals in so far as they affect
respiration can be found in
45).

(A.j)
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nsec time course (30, 31). Subsequent
picosecond absorption studies revealed
ligand-specific geminate processes oc-
curring on subnanosecond time scales (7,
8, 32). These fast and slow geminate
processes appear to correspond to the
two internal rebinding processes ob-
served in the frozen samples, binding
from the heme pocket (process I) and
binding from the protein matrix (process
M), respectively. Thus we have a ligand-
binding process occurring on a time scale
that is faster than the switching time for
the quaternary structure (=10 usec) and
the tertiary relaxation within a given
quaternary state (<1 wsec). Consequent-
ly, if one assumes that bond formation
and rupture between the ligand and the
heme occurs faster than any of the above
structural relaxations, then it is possible
to analyze the geminate recombinations
process associated with a specific terti-
ary structure of a given hemoglobin.
For any spectroscopically identifiable
tertiary structure it is now possible to
associate a reaction coordinate diagram
which describes the dynamics and bind-
ing properties of an intraprotein ligand in
the vicinity of a heme (/5) (see Fig. 3).
There is evidence that, upon photoin-
duced ligand dissociation, the heme re-
laxes from a planar six-coordinate, low-
spin heme to a five-coordinate, high-spin
deoxy heme in less than a picosecond
regardless of the surrounding protein
matrix (/0). Cryogenic temperatures do
not appear to impede this relaxation (33).
Consequently, at essentially the instant
of ligand dissociation, there is a deoxy
heme with the nearby ligand surrounded
by a heme pocket matrix having a tertia-
ry structure that is basically that of the
parent ligated species but with the slight
changes necessary to accommodate the
nonplanar deoxy heme (well B in Fig. 3)
(34). The ligand can either rebind or
diffuse into the bulk protein. This pro-
cess is associated with the subnanose-
cond events. From cryogenic studies
(35) and because ligand diffusion appears
to be rather insensitive to differing pro-
tein structures (36), it is assumed that
variation in barrier I and in the depth of
well A (Fig. 3) determine the relative
yield of this process for given solution
conditions. Once outside the heme pock-
et (well C), the geminate rebinding rate is
determined largely by a diffusion-con-
trolled process that gives rise to the
observed 100-nsec rebinding. The vari-
ous parameters regulating this process
have been lumped into barrier II, which
for the reason expressed above is not
likely to be sensitive to changes in pro-
tein structure; nevertheless, the overall
yield still depends upon the probability
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Fig. 3. The reaction coordinate diagram for
geminate rebinding in Hb. In the top portion,
the captions under the various potential wells
indicate the location of the ligand X. For well
A, the ligand is bound to the heme whereas
for wells B and C the dissociated ligand is
within the immediate vicinity of the heme
(heme pocket) and the bulk protein, respec-
tively. The approximate lifetimes of these two
geminate configurations are also shown. The
greater stability of well C over well B is
assumed to be due to an increase in entropy
associated with the motional constraints of X.
The bottom portion shows how this potential
surface varies with the tertiary structure of a
given heme pocket.

for rebinding at the heme, which is a
function of barrier I and well A. Thus,
for any tertiary configuration, such as
Hb(R{), a discussion of geminate rebind-
ing for ligand X includes HbR{)X,
[Hb(R€)-X], and [Hb(R€) + X]—the li-
gated heme, the deoxy heme with the
ligand in the heme pocket, and the deoxy
heme with ligand in the bulk protein (Fig.
3). This description is very similar to that
used by Frauenfelder and co-workers to
describe processes I and M observed in
photodissociated ligated hemeproteins at
cryogenic temperatures (28, 35).

Within this working model, protein-
induced variations in reactivity are a
result of changes in either the depth of
well A, the height of barrier I, or both.
There are several indications that gemi-
nate recombination is sensitive to
changes in protein structure. Macro-
scopic parameters of reactivity such as
on and off rates are known to be respon-
sive to the structure of the protein. For
example, large differences are observed
for the two quaternary structures of he-
moglobin. These processes depend on
ligand diffusion, bond formation (or rup-
ture), and geminate binding. Because
diffusion of diatomic ligands through
proteins is essentially insensitive to
changes in protein conformation (36), the
variations in these macroscopic parame-
ters with structure originate from the
responsiveness of both the geminate re-

combinations and the intrinsic dissocia-
tion and association rates to protein
structure.

Similarly, the protein-specific varia-
tion in the time-averaged quantum yields
of photolysis for a given ligand have
been ascribed to differences in the yields
of geminate recombination rather than to
any protein specificity in the electroni-
cally determined intrinsic quantum
yields (23). For COHb and carboxy-
myoglobin (COMb) the observed quan-
tum yields for photolysis averaged over
at least 1 wsec are ~50 percent and >95
percent, respectively; these values
closely match the observed respective
yields for the 100-nsec geminate recom-
bination (31, 37). The measured gemi-
nate recombination rates and yields were
shown to indicate an essentially protein-
insensitive rate for the escape of the
ligand from the protein and a protein-
sensitive rebinding rate (37). In compar-
ing R- and T-state forms of ligated HbA,
the averaged quantum yield was shown
to significantly increase in going from R
to T (38). Similar changes have been
reported for the 100-nsec geminate pro-
cess (I14). On shorter time scales, it has
been shown that the yield of photolysis
averaged over the first 10 nsec subse-
quent to photodissociation is significant-
ly affected by protein structural changes
in oxy, carboxy, and nitroxy Hb’s from a
variety of upper and lower vertebrates
(15, 39). Because the intrinsic photolysis
for a given ligand appears insensitive to
the protein matrix, these changes must
originate from variations in the subnano-
second geminate recombination. These
results are consistent with the idea that
modulation of geminate recombination
by protein structure occurs at the level of
potential well A and barrier I (Fig. 3).
My question concerning the relation be-
tween structure and reactivity now fo-
cuses upon the possible correlations be-
tween specific structural parameters and
changes in the depth of well A and the
height of barrier 1.

It has been observed that in a large
variety of vertebrate Hb’s a relation ex-
ists between shifts in the frequency of
both vs; and vge_uis and the yield of
geminate recombination averaged over
equivalent 10-nsec pulses (15, 23, 39).
Solution conditions that effect a change
in vge_mhis (Or vy) are always associated
with a change in this geminate yield. A
decrease in vg.pjs correlates with an
increase in the time-averaged photolysis
yield which, for the reasons already
mentioned, indicates a decrease in gemi-
nate recombination. In all of the above
cases the comparison was between the
same hemoglobin but under different so-
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lution conditions. In all cases, regardless
of ligand (NO or O,), the T-state species
exhibit the greater time-averaged yield
over 10 nsec. Similarly in comparisons
of R-state oxy and carboxy human
Hb’s (mutant, chemically modified HbA
and HbA) the magnitude of the shift in
Vre_nis Upon lowering the pH and adding
IHP (see Fig. 2) correlates with the in-
crease in photolysis yield. The emerging
picture is that the B to A (Fig. 3) gemi
nate process (process I) decreases with
decreasing vge_pjs- Thus, if other degrees
of freedom that influence reactivity are
not changing, the subnanosecond gemi-
nate yield is expected to decrease with
changing tertiary structure in the follow-
ing sequence Hb(R€), Hb(R¢'), and
Hb(T€¢), where Hb(R€') is the pH +
IHP-modified ligated R state (see Fig.
3).

Experiments on Hb (Zurich) (HbZ)
indicate that variations in structural pa-
rameters other than those associated
with Vge_nis can also be important in
controlling process 1. In the B subunit of
HbZ the distal histidine is replaced by an
arginine. The result is a more open, less
constrained heme pocket on the distal
side. It has been shown from the tem-
perature dependence of the geminate re-
binding rates for CO in frozen solutions
that barrier I for the mutant subunits is
indeed lower than in normal B chains
(29). A similar conclusion was reached
when transient Raman was used to moni-
tor the 10-nsec averaged photolysis yield
as a function of temperature (40 to 250
K) for COHbA and COHbZ (39). Tran-
sient Raman studies (39) also show that
this distal perturbation does not alter
either vVge_pis or the response of
Vre_nis t0 IHP. However, under these
conditions HbZ consistently exhibits a
greater yield of geminate rebinding (mea-
sured over 2.4 nsec) than HbA. These
and earlier (40) results indicate that the
distal environment about the heme es-
tablishes a baseline height for barrier I
that is then modulated by protein-in-
duced changes on the proximal side as
reflected in vee_njs-

On the basis of the perturbation
scheme of Traylor and co-workers (41),
the distal perturbation of the kind seen in
HbZ is associated with an equivalent
decrease in barrier I and well A. In that
scheme the binding of CO requires a
configurational change in the distal heme
pocket which equivalently modifies the
energy of both the transition state for
barrier I and the ligated state A. In HbZ
this change in configuration is reduced
relative to HbA, resulting in an equiva-
lent decrease in barrier I and well A
(d = &* in Fig. 3). On the basis of this
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description of the distal effect, there
should be little if any difference in the
intrinsic spontaneous dissociation rates
for COHbA and COHDbZ at the same pH.
In contrast to the distal effect, proximal
perturbations alter the transition state to
the degree that it resembles the final
ligated state. Consequently, 3* will al-
ways be less than 3. It has been suggest-
ed that the properties of the transition
state can account for the ligand-specific
response of the on and off rates to qua-
ternary structure (4¢2). The fast-binding
ligands such as NO and O; have
3* << 9, whereas slow-binding CO has
d* approaching 3.

Structural Relaxation

Up to this point, I have considered the
dynamics of ligands confined to a protein
having a fixed average configuration.
Whereas this fixed configuration de-
scription is probably accurate for pro-
cess I in Hb under most conditions,
longer processes ranging from the 100
nsec geminate process to the events con-
tributing to the macroscopic on and off
rates may involve a protein configuration
that is evolving. As discussed earlier,
there is a ligated and deoxy tertiary
structure associated with each quaterna-
ry state. These two tertiary configura-
tions are readily distinguished by the use
of the Raman spectrum (15, 34). The
change from one tertiary configuration to
the other within the same quaternary
state is typically associated with a
change in vpeis. Because a change in
Vre-His indicates a change in well A and
barrier I, it is important to determine the
rate at which the tertiary structure and
hence vg._yjs €volves subsequent to liga-
tion or deligation. With the use of nano-
second pulse probe techniques with a
variable delay, it has been shown (15, 34,
43) that subsequent to photodissociation

105 106 tion.

by a 10-nsec pulse the Hb(R€) configura-
tion relaxes to the Hb(Rd) configuration
at a solution-dependent rate (see Fig. 4).
From the time scale, the values of vpe_g;s
and the behavior of the peak at 345 to 355
cm~! it is clear that this decay reflects
the transition from Hb(R€) to Hb(Rd). It
is seen that vg._yjs at 10 nsec is the same
over a large range of pH values; never-
theless, within 100 nsec large differences
are apparent. At low pH the structural
relaxation is sufficiently rapid to indicate
that vge_mis is decreasing appreciably
over the time scale of the 100-nsec gemi-
nate rebinding process. Thus it will not
generally be possible to use a single
reaction coordinate diagram in the de-
scription of the slower geminate process
or any of the macroscopic on or off rates
as well.

The observation of this nanosecond
and longer tertiary relaxation in Hb but
not in Mb (/8) indicates that in Hb in
addition to the sequential ligand binding
steps, a parallel process (44) is occurring
that can also affect ligand binding (see
Fig. 5). For a ligand to bind it must
overcome several sequential potential
energy barriers existing between the sol-
vent and the heme. Upon ligand binding
the tertiary strucfure begins to evolve.
Within the R quaternary structure, for
example, ligand binding initiates the
change from the Rd to the R¢ tertiary
structure. The rate of tertiary structure
change is solution- and species-depen-
dent. Upon ligand dissociation the pro-
tein starts to relax back to the Rd struc-
ture.

The extent to which the structure re-
verts will depend upon the geminate re-
binding since religation stops the relax-
ation toward Rd and reinitiates evolution
toward R¢€. Since both the geminate re-
binding and the intrinsic ligand dissocia-
tion rate appear to depend upon the
tertiary structure, the solution- and spe-
cies-dependent rate of structure relax-
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ation will have an effect upon the proba-
bility of achieving a ligated R€ species.
For example, at low pH, when the ligand
binds to a heme coupled to the Rd pro-
tein structure, the evolution toward R€
(ks) is slow. Ligand dissociation is more
probable for the Rd-like transient inter-
mediate structures. Upon dissociation,
geminate rebinding is also reduced both
because the Rd environment is less fa-
vorable for rebinding and the rate of
relaxation back to Rd (k3) is enhanced at
low pH. In contrast, at high pH, forma-
tion of the ligated R¢€ species is favored
(k5 fast, k3 slow). Thus geminate rebind-
ing is more probable and dissociation
less probable relative to conditions that
favor a distribution of structures toward
the Rd end of the structural spectrum. In
all instances where the tertiary relax-
ation is occurring in parallel to the sequen-
tial movements of the ligand, the longer
the ligand remains off the heme, the less
likely is the probability for rebinding.
This feature imparts to the process a self-
induced trapping quality in that upon
dissociation the protein structure about
the heme evolves at a solution-depen-
dent rate to trap the deoxy heme by
increasing the barrier for rebinding.

Temperature Effects

The observed decrease in ligand affini-
ty with increasing temperature can be
understood in terms of the above
scheme. When a ligand undergoes spon-
taneous dissociation, the tertiary struc-
ture starts to relax. This relaxation is
pH-dependent. Temperature changes af-
fect the pK,’s (negative logarithm of the
acid constant of various amino acids,
which in turn modify the relaxation rates
of the tertiary structure. Thus for a given
interval over which a ligand remains off
the heme, the tertiary structure relax-
ation will proceed at a temperature-de-
pendent rate. The temperature also af-
fects the diffusion of the dissociated lig-
and through the protein. As the tempera-
ture increases, the ligand is more likely
to diffuse away from the heme after
dissociation. The net affect is to increase
the average interval over which the lig-
and remains away from the iron. The
longer this interval, the greater the
amount of relaxation, which makes sub-
sequent rebinding less likely. At high
pH, the tertiary relaxation subsequent to
dissociation proceeds very slowly; as a
result, the spectra reflecting the relax-
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k3(Rd) kz(Rd) 222 cm™!
k3 k3 k3
Hb(RL) + X =——> [Hb(RED+X] =T—= Hb(RL')X
k5 kg ks
Hb(RD) + X =—2 [Hb(RD+X] =—= Hb(R2) X 230 cm™?
kp(RQ) ka(R{)
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Fig. 5. Scheme for understanding solution-dependent variation in the ligation properties within
the R quaternary state based upon spectroscopically identifiable intermediates. Instead of Hb*
and ligated Hb the various deoxy and ligated hemes are identified according to the tertiary
structure: Hb(Rd), Hb(R¢), and Hb(R¢') refer to deoxy hemes embedded in proteins having
deoxy R, ligated R, and intermediate tertiary structures, respectively, while the corresponding
ligated forms are designated by the same nomenclature but followed by an X. For example,
Hb(Rd)X would be a ligated heme surrounded by the deoxy R tertiary structure. At the bottom
of the figure is shown the breakdown of the processes that were lumped into the &, and &5 steps
within the box. The various k,’s refer to the overall geminate recombination associated with
differing tertiary configurations. This process is broken down into the recombination derived
from the bulk protein as well as from within the heme pocket. Modulation of the geminate
process by the tertiary structure occurs at level k, and k;, which is related to the proximal
histidine—controlled barrier I and well A of Fig. 3. On the right side of the figure are shown the
values of vge ;s associated with Hb(Rd) and Hb(R¢€) derived from HbA. Sequential movement
of the ligand is along the horizontal axis, whereas the structural changes occurring along the
vertical axis are the parallel processes discussed in the text.

ation are not affected by temperature as
much as in the low-pH samples. From
the earlier analysis in this work it follows
that the extent of relaxation from the end
point ligated spectrum also reflects the
average barrier height (I) and well depth
(A) associated with ligand. The tempera-
ture alters the steady-state populations
of Hb(Rd), Hb(R¢'), and Hb(R¢) by af-
fecting k3, ki3, and k{ for the reason
described above (see Fig. 4). An increase
in Hb(R€") and Hb(Rd) at the expense of
Hb(R¢) indicates a decrease in the over-
all ligand binding affinity within the R
quaternary state because k,(R€) > k,(R-
€) > k(Rd) and kiRE) < ki(RE) <
k,(Rd). When the pH heavily favors the
formation of a tight-binding Hb(R€)X
[k.(R€) large and kJ(R€) small] as in the
case of oxy or carboxy HbA at pH 9,
spontaneous dissociation is a low-proba-
bility event. Consequently, the ligated
heme pocket tends to remain locked into
the Hb(R€) configuration over a wide
range of temperature. At lower pH val-
ues the rate of spontaneous dissociation
for oxy HbA increases, which increases
the susceptibility of the system to tem-
perature-dependent changes in k3, &3,
and ki, by generating a larger population
of [Hb(R€)-X]. Similarly the low intrinsic
affinity of certain R-state Hb’s (for ex-
ample, sea turtles) even at pH 9 [k,(Rf)
small, £,(R€) large] results in sizable and
hence temperature-vulnerable popula-
tion of [H6(R€)-X]. It is possible that in
such low-affinity Hg’s a stabilization of
the affinity against drastic temperature
effects may be achieved by a slow, rela-
tively pH-insensitive tertiary relaxation
rate as has been observed for the logger-
head turtle (45). The addition of tight-
binding ligands such as CO to any of
these systems decreases the temperature
effects by diminishing the population of
[Hb(R€)X]. There are, however, Hb’s
from such organisms as the bluefin tuna
(46) and possibly some sea turtles (34,
45) for which at certain pH values an
increase in temperature increases the
affinity by shifting the equilibrium fur-
ther toward the R quaternary state. In
contrast to the case for most Hb’s at pH
7 in which an increase in temperature (2°
to 30°C) produces a decrease in vge_gjs in
the photolyzed spectrum of the oxyde-
rivative, those from the bluefin tuna and
the green sea turtle exhibit increases in
VEenis (34, 45).

Structure and vge_gis

The transient Raman studies discussed
in this and other works indicate a close
connection between changes in vge gis
and regulation of ligand-binding proper-



ties. Clearly, it is of interest to explore
the structural basis behind these associa-
tions. It has been proposed that the tilt or
cant of the proximal histidine within its
own plane with respect to the heme
plane is a structural parameter that can
be associated with the variation in
Vee_nis (15, 2I). Variations in the tilt
angle and its potential importance in the
mechanism of cooperative binding were
first noted by Karplus and co-workers
(47). We now expose the implications of
this association. This tilt can affect the
Fe-His bond by decreasing the separa-
tion between the imidazole carbon and
the pyrrole nitrogen on the same side. A
decrease in this distance increases the
repulsive force between the imidazole
and the heme, which weakens the Fe—
His bond and causes a decrease in
Vre-nis Within the small tilt approxima-
tion. Thus for a fixed displacement of the
iron, we associate a decrease in this
Raman frequency with an increase in the
histidine tilt. The frequencies observed
in both steady-state and transient Raman
studies indicate that, for comparisons of
either the deoxy or transient deoxy spe-
cies, the corresponding R-state Hb has a
less tilted geometry (see Fig. 5).

Upon photodissociation of a ligated
heme, the iron moves to an out-of-plane
geometry within at most a few vibration-
al periods. This conclusion is based upon
both theoretical studies, which show that
for a five-coordinate heme the very siz-
able repulsive forces between the imid-
azole carbons and the pyrrole nitrogens
are significantly reduced by the move-
ment of the iron ~0.3 A out of plane (48),
and transient absorption results, which
demonstrate that the subpicosecond ki-
netics for photodissociated hemes are
independent of the protein matrix (/0).
These findings plus the observed con-
stancy of the transient absorption spec-
trum from picoseconds to nanoseconds
after photolysis (8) support the idea that
deoxy Hb* (5 psec < ¢t < 20 nsec) con-
tains a deoxy heme with a displaced iron.
Aside from accommodating the motion
of the iron, the protein structure is virtu-
ally unrelaxed with respect to the ligated
configuration. The nanosecond spectra
reflect this transiently frozen geometry
of the deoxy Hb*. The difference in
Vre_His Detween R- and T-state Hb* (10
nsec) arises from tilt or other strain-
induced variations in the distance be-
tween the imidazole carbon and the pyr-
rol nitrogen. As long as the iron is suffi-
ciently displaced out of the heme plane,
the localized energy difference between
the tilted and untilted geometry is small
(see Fig. 6). However, the repulsive
force increases substantially for the tilt-
ed configuration when the iron moves

Hb(TOX Hb (RO X /
LTI /
| /
ft i IAET‘ /I‘_/ Hb(Te)
l /
/
l +hy l+ hy I /
F helix | 7
AERL ! [ | Horo
| /
/
4 2
Fe-His Fe
NG 1 1
Hb(TL) + X Hb(R2) + X 0.55 A 0.0 A
Vre-nis =222 cm™1 230 cm™?! Fe-Ct

Fig. 6. The proposed relation between the tilt of the proximal histidine and the tertiary structure
of the heme pocket for R- and T-state ligated Hb’s. The right side of the figure shows how the
tilt could affect the energetics of ligand binding. When the iron is out of the heme plane, there is
only a small energy difference between the configurations having different tilts whereas
decreasing the iron to heme center (Fe-Ct) distance generates a large difference due to the
enhanced nonbonded interactions associated with the tilted configuration. This interaction
generates a torque upon the histidine that counters the tilt. The differences between the AE

values contributes to both 3 and 8* in Fig. 3.

into the heme plane (48). It follows that it
is energetically more costly to move the
iron into the heme plane for the tilted
species. The tertiary structure-depen-
dent difference in this energy corre-
sponds to d (Fig. 3).

X-ray data indicate a strong coupling
through the F helix between the proxi-
mal histidine (F8) and the «,-B, inter-
face. Thus the F helix can function as a
conduit through which strain can shuttle
back and forth between the iron (via the
histidine) and the «;-B; interface. For a
deoxy heme, the out-of-plane iron in-
duces minimal strain regardless of the
quaternary structure (Fig. 6). The orien-
tation of the proximal histidine is deter-
mined by the pull of the F helix, which is
generated by the o;-B, interface. The
more T-like the interface, the greater the
pull on the histidine and hence the great-
er the tilt. The torque upon the histidine
(Fig. 6) that is set up upon ligation
counters this pull and at the same time
causes strain to be transmitted through
the F helix to the interface. Thus we
have a feedback loop that is analogous to
the allosteric core of Karplus and co-
workers (47). The F helix-mediated pull
of the interface provides the frictional
drag or resistance that gives rise to 8 and
8* (see Fig. 3). The greater this pull, the
greater the counter pull generated by the
ligation-induced torque on the histidine
(Fig. 6). The counter strain generated by
the torque destabilizes the interface and
in the case of HbA leads to a change in
quaternary structure (T — R). The new
R-state interface is sustained by the pull
from the ligated heme-histidine unit. As-

sociated with the inherently less stable
R-state interface unit is a reduction in the
pull on the histidine. One can readily
tune such a system by modifying the
properties of the interface via evolution
and solution conditions.

Conclusions

Two spectroscopically distinguishable
tertiary structures are evident in the
heme pocket of both the R- and T-state
quaternary structures of Hb’s derived
from a large variety of animal sources.
Within each quaternary structure liga-
tion induces changes in the environment
of the heme that transforms the deoxy R-
or T-state heme pocket [designated as
Hb(Rd) or Hb(Td), respectively] to the
ligated R- or T-state heme pocket
[Hb(R€) or Hb(T¥), respectively]. The
frequency of the vg._pis associated with
the electronically relaxed deoxy heme
increases in going from Hb(Td) to
Hb(T¢) = Hb(Rd) to Hb(R¢). With re-
spect to a deoxy heme, only Hb(Td)
represents an equilibrium species for
HbA. By following the evolution of
Vre-His Subsequent to the photolysis of
COHDb(R¥), one can demonstrate that the
initial photo product is Hb(R¢) but relax-
es with a solution-dependent rate to
Hb(Rd) prior to the R-T switch. The
functional significance of this solution-
dependent relaxation is indicated by vir-
tue of the involvement of vge_p;is. Studies
have revealed a correlation between
geminate recombination and the struc-
tural determinants of vg._y;s. These stud-




ies allow for a distinct reaction coordi-
nate diagram to be associated with each
value of vg._pujs. The relaxation experi-
ments indicate that the potential surface
controlling ligand bonding can change on
the time scale of geminate recombina-
tion. On the basis of these findings, a
model is described incorporating both
sequential and parallel processes that
can account for species-specific and so-
lution-dependent variations in ligand re-
activity within a given quaternary state.

Note added in proof: In recent studies
we have measured both the picosecond
geminate rebinding of O, in a large varie-
ty of vertebrate hemoglobins (49) and the
corresponding time-resolved, low-fre-
quency Raman spectra of the deoxy pho-
toproduct occurring within 25 psec of
photodissociation (50). These studies re-
veal that the values of vg._yjs in the 25-
psec transients are the same as in 10-
nsec transients discussed here and that
the yield for the picosecond geminate
rebinding correlates with the vg._y;s val-
ues of the associated deoxy transients.
These results confirm the conclusions
expressed in this article regarding the
correlation between the geminate yield
and vp_pis that were inferred from the
nanosecond studies.
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the development of rational approaches
to enzyme stabilization (I, 6), with spe-
cial application to protein engineering (7)
and to the enhancement of enzyme ther-
mostability (8).

A number of chemical reactions can
take place in proteins at high tempera-
ture, especially at extremes of pH (9).
But little is known concerning the pro-
cesses that actually lead to enzyme inac-
tivation in the pH range of relevance to
enzymatic catalysis (pH 4 to 8) and their
relative effects. We therefore undertook
the following study.

We used hen egg-white lysozyme as a
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enzyme containing no nonprotein com-
ponents and its structure and properties
have been thoroughly investigated (10).
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