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The absorption and resonance Raman spectra of cryogenically trapped photoproducts of oxy and carboxy derivatives of myog-
lobin (Mb) are compared and analyzed in an attempt to understand the structural basis for ligand specificity in hemeproteins.
Pulsed and cw excitations over a wide temperature range are used in order to differentiate between Kinetic hole burning (KHB),
optical pumping of structural relaxation, and spontaneous relaxation effects. Using these techniques, we are able to correlate
changes in the absorption spectrum (band III at = 760 nm ) with low-frequency Raman bands. Based on these correlations we are
able to determine which proximal heme pocket parameters are participating in KHB and optical pumping phenomena. Differ-
ences in the spectra of the ligand specific photoproducts have revealed differences in the populations of conformational substates
(CS) that participate in the geminate recombination (process 1) at cryogenic temperatures. A model is presented that relates the
ligand specific spectral differences to structural and functional differences in the bound protein. What emerges is evidence that
Mb and hemoglobin (Hb) can differentiate between O, and CO based on proximal control of the bond forming step between the

ligand and the iron.

1. Introduction

Oxygen and carbon monoxide are comparably sized
molecules and yet their binding properties to hemo-
globin and myoglobin differ in several significant
ways [1]. Despite numerous studies there are still
many unanswered questions regarding both the ex-
tent to which these two ligands differ and the physi-
cal basis for differences. It is known that the on and
off rates for these two ligands differ. The measured
on and off rates can have contributions from any of
the several steps that are thought to comprise the
overall binding and dissociation process {2-4]. In
addition to those steps directly coupled to bond for-
mation and dissolution, there are also steps such as
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ligand motion from the solvent into the protein and
ligand escape from the distal heme pocket. The latter
are expected to be less closely connected to the dy-
namics associated with the iron ligand bond. In this
work we focus on those processes that are anticipated
to be closely coupled to iron-ligand bond formation
and dissolution. .

Ligand heme interactions have been effectively
studied by photodissociating ligand bound hemepro-
teins and monitoring the recombination process. The
pioneering work of Frauenfelder and co-workers
demonstrated that under cryogenic conditions the
photodissociated ligand can remain trapped within
the heme pocket [2]. Subsequent recombination oc-
curs entirely from within the protein. Recombina-
tion from within the protein is termed geminate re-
combination. Geminate recombination allows one to
focus on dynamics leading up to and including bond
reformation starting with the ligand in the heme
pocket. The same type of isolated recombination can

0301-0104/91/% 03.50 © 1991 Elsevier Science Publishers B.V. All rights reserved.
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be studied at ambient temperatures but with the
added complication that at some point after photo-
dissociation there is the competing process of ligand
escape from the heme pocket. There is the added is-
sue that the rate and extent of any structural relaxa-
tion occurring subsequent to ligand dissociation may
be strongly temperature dependent; consequently, the
structure that modulates rebinding at cryogenic tem-
peratures may be different from that at higher tem-
peratures where the relaxation can occur on a time
scale comparable to or faster than ligand rebinding.

The early photodissociation experiments reveal that
for both hemoglobin and myoglobin at ambient tem-
peratures the quantum yield for photolysis is consid-
erably higher for carbon monoxide relative to oxygen
[1]. Subsequently it was shown that geminate re-
combination (GR) on the nanosecond [5-8] and
faster [9-13] time scales accounts for ligand and
protein specific differences in the ‘“steady state™
quantum yield. In these ambient temperature studies
it is observed that the O, ligand undergoes far more
GR than does CO. The overall picture that emerges
from the room temperature studies is that oxygen
geminately recombines both more rapidly and more
extensively than CO over a time course covering up
to six decades in time following the dissociative step.

At cryogenic temperatures the geminate rebinding
in Mb displays features that are seemingly at odds
with the solution phase results. A comparison of the
GR starting at several microseconds after photolysis
reveals similar rebinding parameters for O, and
CO[ 14]. This finding led to the suggestion that the
geminate rebinding process for these two ligands is
controlled by comparable energy barriers and en-
tropic factors [14]. It is clear that this similarity be-
tween O, and CO holds for that fraction of the pho-
toproduct population that rebinds on a microsecond
or slower time scale. For O, this represents less than
half of the total photodissociated population for the
temperatures used in these studies [15]. For the CO
derivative nearly a hundred percent of the popula-
tion of photoexcited material is contributing to the
observed rebinding process.

Resonance Raman [16] and transient absorption
[15] studies show that in addition to a CO like slow
rebinding population of O, there is a fraction of the
population that can not be photodissociated with 10
ns and 30 ps pulses, respectively, under cryogenic

conditions where MbCO or HbCO is completely dis-
sociated. As much as sixty percent of the oxy sample
cannot be photolyzed with a 30 ps laser pulse even
with repetitive and extended excitation. Thus at cry-
ogenic temperatures there are two noninterconvert-
able photoproduct populations for the oxy deriva-
tives: one with very fast geminate or electronic
relaxations and the other that rebinds O, with rates
comparable to CO.

The general thrust of the present work is directed
at two fundamental questions. The first question is
to what extent are the two populations of HbO, and
MDbO, structurally distinct in the sense that one can
identify some structural feature that determines if a
given molecular conformation will be either CO like
or “nonphotolyzable”. The second question is how
similar are the structures of the photoproducts of the
carboxy and oxy derivatives of Mb and Hb. In partic-
ular, does the slow rebinding photoproduct popula-
tion derived from the oxy derivative have the same
distribution of conformations as that derived from
corresponding carboxy derivatives. Contained within
these questions are such issues as the mechanism by
which the protein structure discriminates between li-
gands and the relationship between protein structure
and ligand reactivity.

These questions and issues raise the pragmatic
problem of which element of the protein structure
does one focus upon. It has long been thought that
discrimination between ligands by the protein occurs
via interactions between the ligand and the distal
heme pocket (distal effects). More recently it has also
been argued that O, and CO have different rates of
entry and escape from the distal heme pocket [17].
None the less there are indications that the bond
forming step is not influenced by distal effects [18].
Instead modulation of the iron by the protein (prox-
imal effects) appears to exert control at that level of
reactivity [18]. Under cryogenic conditions em-
ployed in this study the iron ligand bond forming step
is isolated; consequently we have chosen to spectro-
scopically probe the proximal heme environment
within the different photoproduct populations. Two
spectral bands are used in this study as probes of the
proximal heme environment in cryogenically trap-
ped photoproducts. In the absorption spectra of the
five coordinate ferrous photoproducts, we focus on a
protein structure sensitive porphyrin to iron charge
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transfer band [19,20]. This band is centered at ap-
proximately 760 nm and is labeled band II1. The line
shape has an inhomogeneous contribution attributed
to a distribution of iron displacements within the
photoproduct population [17,21-23].

Resonance Raman is used to provide greater detail
with respect to degrees of freedom associated with the
iron which are sensitive to structural changes in the
protein [24]. More importantly the Raman data is
useful in establishing which degrees of freedom mod-
ulate the iron displacement reflected in band III. To-
gether [23], the 760 nm absorption band and the iron
histidine stretching mode [23-30] in the Raman
spectrum provide a detailed picture of the proximal
heme pocket parameters that includes both the range
of iron positions and the conformation specific de-
terminants of this coordinate.

Kinetic hole burning experiments utilizing the 760
nm band and the Fe-His stretching mode are used in
this study to connect structure to rebinding proper-
ties. The KHB technique [21-23,31 ] is derived from
several concepts. The use of the term conformation
in the above paragraphs is not entirely appropriate
under all experimental conditions. Frauenfelder and
co-workers [2] have used the concept of conforma-
tional substates (CS) to explain the power law re-
binding kinetics observed for hemeproteins at cry-
ogenic temperatures. Instead of a single unique
conformation for a given protein in solution, there is
a distribution of CS whose members have roughly the
same overall conformation but differ in the specific
details of the atomic coordinates. Associated with the
distribution of CS is a distribution of reactivities: each
CS having a well defined structure and reactivity. At
ambient temperatures the CS are thermally intercon-
verting sufficiently fast that for microsecond or longer
processes an average conformation is the appropriate
description for the relevant structure. At cryogenic
temperatures, however, the thermal interconversion
eventually ceases resulting in a frozen distribution. If
there is a spectral band having a spectral property such
as wavelength that varies systematically with the con-
formation, then the spectral band may show inho-
mogeneous broadening as in the case of band III
[17,21-23]. Each member of the distribution of CS
has a distinct iron displacement with an associated
peak wavelength for its corresponding band III. If
different CS contributing to the inhomogeneous

broadening in a spectral band of the photoproduct
also have different recombination rates then as the
recombination proceeds that spectral band will ini-
tially lose intensity from that segment of the line shape
derived from the fastest recombining CS. KHB has
been observed in band III of photoproducts derived
from MbCO [17,21,22] and HbCO [23] at cry-
ogenic temperatures.

The present study uses KHB in several ways. The
slower (CO like) population of oxy derived photo-
products is compared to CO derived populations with
respect to KHB in band III in order to test whether
the same distributed structural parameter contrib-
utes to the control of recombination for both ligands.
In an attempt to determine if there is a structural ba-
sis for the low photodissociation QY of O, bound Mb
and Hb, we also compare band III from fully photo-
lyzed CO samples to maximally photolyzed O, sam-
ples at liquid helium temperatures where only 40%
of the O, sample can be photodissociated [15]. The
resonance Raman spectra of these different popula-
tions are also generated in anticipation of being able
to determine the structural coordinate responsible for
the iron displacement which is probed in the band I1I
studies. Ancillary issues are also addressed. The
structure of the ligand bound protein differs from that
of the equilibrium deoxy protein. Thus at cryogenic
temperatures or at early times following photodisso-
ciation, the photoproduct will consist of a five coor-
dinate heme surrounded by an unrelaxed or partially
relaxed globin. Since the relaxed and unrelaxed pho-
toproduct structures are expected to have different
recombination properties and since the recombina-
tion rates and relaxation rates are likely to be temper-
ature dependent, it is important for our purposes to
characterize the dynamic and static processes that
determine the temperature dependent spectra from
the photoproduct.

The results of this study show that:

(1) The spectra from maximally photodissociated
populations of oxyhemeproteins resemble the spec-
tra from the corresponding CO derived sample that
has already undergone partial recombination (i.e. the
oxy photoproduct spectra look like a kinetically hole
burned CO sample).

(2) The population of the slow “CO” like oxy pho-
toproduct is comprised of CS that are more deoxy like
than those derived from the corresponding CO sam-
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ple indicating that the recombination rate for a given
photoproduct CS is ligand dependent.

(3) The extent to which structural relaxation, op-
tical pumping and kinetic hole burning contribute to
the temperature dependent changes in the photo-
product Raman spectra is exposed using a combina-
tion of cw and nanosecond excitations.

(4) The Raman data indicate that both the tilt an-
gle and the azimuthal angle of the proximal histidine
play a role in establishing the distribution of iron dis-
placements responsible for the KHB in band III
These results are used to develop a model in which
protein induced O,~CO differences in geminate re-
combination originate from proximal control.

2. Methods and materials

The methods for obtaining the band III optical
spectra and performing the KHB protocols are de-
scribed in our earlier work [21,23]. The protocols for
preparing samples and taking the Raman spectra are
also described in earlier work [24]. The samples used
in the band III studies are in standard 75% gycerol-
water glasses whereas the Raman data was obtained
primarily from frozen aqueous solutions due to inter-
ference of fluorescence from the glycerol samples.
Potassium phosphate and Tris buffers were used to
create the high- and low-pH solutions, respectively.

3. Results
3.1. Band 111

Fig. 1 shows the kinetic hole burning (KHB) pat-
tern for oxy and carboxy Mb and HbA (at pH
6+1HP). It can be seen that in all instances the nor-
malized spectrum of the =~ 80% recombined sample
appears blue shifted with respect to the maximally
photodissociated sample. Figs. 2 and 3 show respec-
tively for Mb and Hb (at low pH) a comparison of
band III for the maximally photodissociated oxy and
carboxy forms of these proteins. In both instances the
normalized band III from the oxy sample which is
only ~40% photodissociated when maximally illu-

minated [15] is blue shifted from the fully photo-
lyzed CO sample.

3.2. Raman

The low-frequency cw Raman spectrum of the
photoproduct of oxyMb,Mb*(O,) differs from that
of the photoproduct of COMb,Mb*(CO). The major
noticeable difference is in »(Fe~His) at ~230cm~".
For the former, the intensity of ¥(Fe-His) is higher
relative to the pure heme bands and the frequency
slightly lower. This pattern persists at all tempera-
tures between 2 and 150 K. As a result, Mb*(O,) has
a more deoxy like spectrum compared to Mb*(CO)
at any given temperature in that range. A comparison
of the spectra at 80 K from Mb*(0,), Mb*(CO), and
deoxy Mb(Mb) is shown in fig. 4. Also shown is a
spectrum of Mb*(CO) using a pulsed (10 ns) exci-
tation at the same wavelength as the cw laser. In terms
of relative intensities and frequency, it can be seen
that the cw spectrum from Mb*(0,) and the pulsed
Mb*(CO) spectrum are closer to that of Mb than is
the cw spectrum of Mb*(CO). In going from 2 to 220
K, the cw Raman spectra from both photoproducts
show similar changes.

In going from 2 to 80 K the intensity in the Raman
spectrum of the iron-proximal histidine stretching
mode, v(Fe-His), increases relative to the heme
modes for the sperm whale Mb*(CO) [24,29,30].
This pattern extends to other Mbs such as elephant
and tuna Mbs [31]. With still further increases in
temperature the relative intensity increase of »(Fe-
His) increases still further and a shift towards lower
frequency becomes apparent. Careful visual inspec-
tion of the spectra suggests that as the relative inten-
sity of v(Fe—-His) increases in going from 2 to 220 K
the peak frequency only starts to be noticeably shifted
above 80 K. Two series of spectra, obtained using a
cw and a pulsed excitation (10 ns, 50 Hz) at the same
wavelength and having the same average power ( ~20
mW) are shown in figs. 5 and 6, respectively. Clear
differences are seen between the cw and pulsed spec-
tra at a given temperature. Fig. 7 shows a plot of the
relative intensity of »(Fe-His) as a function of tem-
perature for the two excitations as well as the cw
spectra from Mb and Mb*(0O,). Fig. 8 shows a simi-
lar plot but for the frequency. The pulsed data in the
plots are derived from spectra taken with lower pulse
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Fig. 1. A comparison of band III for maximally photodissociated and partially recombined samples of CO and O, derivatives of Mb and
HbA (at pH 6+IHP). The intensities of band III for the recombined samples (80% recombined with respect to the starting maximally
photodissociated samples) are normalized to those of the maximally photodissociated samples. In each case i) refers to the maximally
photodissociated sample, and ii) refers to the sample that has undergone partial recombination.

energies than used to generate the spectrum shown in
fig. 4. Increasing the pulse energy increases the rela-
tive intensity of ¥(Fe-His) at the lower temperatures
as can be seen in comparing figs. 7 and 9. It can also
be seen that the large changes which begin for the cw
Mb*(CO) spectrum at = 100 K are not apparent in
the pulsed spectra and that the changes seen for the
CO sample are apparent in the O, sample at lower
temperatures. Thus at intermediate temperatures the
Mb*(O,) spectrum resembles a higher temperature
Mb*(CO) spectrum and the “pulsed™ spectrum re-
sembles the cw spectrum taken from the same sample
but at a lower temperature. The break in the oxy data

stems from the poor quality of the photoproduct data
for this sample at the higher temperatures due to the
drastically reduced population of photoproduct from
either a reduced QY or enhanced process 1. In other
samples it is clear that at 120 K the Mb*(O,) spec-
trum is substantially closer to the Mb spectrum than
even the 160 K Mb*(CO) spectrum.

Convoluted into the temperature dependence of the
photoproduct spectra is a pure thermal effect which
appears to cause a decrease in most low-frequency
Raman bands with increasing temperature. To sepa-
rate out this effect on v(Fe-His), we plot in fig. 10
the temperature dependence of a relaxation function
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Fig. 2. Panel I shows an intensity normalized comparison of band
III between fully photolyzed MbCO (b) and maximally photo-
dissociated MbO, (~40% photolyzed) (a). The bottom shows
the changes in the normalized band III for the oxy sample upon
80% recombination (a) of the 40% photolyzed sample (8%
photoproduct remaining) (b).

o(t) defined as the [cw frequency at temperature T
minus the frequency at high 7 (same as Mb)] di-
vided by [the pulsed spectrum at T minus the high-
temperature ¢w frequency]. Since the pulsed spec-
trum is of the completely photodissociated sample, it
conveys primarily the temperature effect and not
KHB or structural relaxation information. It can be
seen that the temperature corrected frequency re-
sponse starts above 130 K. The relative intensity
however shows temperature corrected changes over a
much broader region as can be inferred from figs. 7,
8and 9.

Below ~80 K the differencps in the relative inten-
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Fig. 3. Comparison of normalized band I1I for the photoproducts
of the CO and O, derivatives of HbA (pH 6+IHP). Same com-
parisons as in fig. 2.

sity of the Fe-His band in the pulsed and cw spectra
appears due to an optical pumping effect as seen in
fig. 11. Fig. 11 shows how the relative intensity of
v(Fe~His) increases with illumination time for the
pulsed excitation. The rate of spectral change with il-
lumination becomes essentially imperceptible after
about two minutes under these conditions. Further-
more, decreasing the puise energy produces an end
point spectrum with a lower relative intensity even
after extended illumination. Similar changes are ob-
served for the cw spectra but with the difference that
for a given average power the end point cw spectrum
has a lower relative intensity.

Rousseau and co-workers [29] originally pointed
out that the relative intensity of v(Fe-His) at ~4 K
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Fig. 5. A detailed view of the changes with increasing tempera-
ture in the low-frequency region of the cw (=20 mW, 442 nm)
Raman spectrum of Mb*(CO). The iron histidine stretching band
isat ~230 cm™! over this temperature range. The intensities are
normalized.

increases with increased cw laser intensity. We have
continued to explore that phenomenon in an attempt
to better understand its origin. Fig. 12 shows a com-
parison between a 2 K spectrum of Mb*(CO) that
was cooled completely in the dark and the same 2 K
sample after warming the sample to ~5 K with the
laser on and then returning back to 2 K after two

Mb*(CO),ions 441 .
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INTENSITY
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RELATIVE

26K
f 1 ' 1 L N L 1 L 1

8]
200 220 240 260 280 300 320

RAMAN SHIFT (cm 1)

Fig. 6. Same series as in fig. 8 but using a pulsed excitation (10
ns, 50 Hz) at the same wavelength (442 nm) with roughly the
same average power.

minutes. The major difference between the two is in
the increase in relative intensity in »(Fe—His) for the
cycled sample. No such change is observed for a sam-
ple that is cycled in the dark even if the temperature
is raised to as high as 80 K. The same basic effect is
observed to occur at higher temperatures. By taking
a series of one minute spectra over a several minute
sequence at ~5 K, we could see a rapid increase in
the relative intensity of »(Fe-His) similar to what
we observe for the pulsed excitation. In a similar se-
quence at 25 K the same type of changes occurred but
the total observed change in intensity is much smaller
possibly because the major changes are over prior to
the onset of our measurement. A larger effect of the
same kind is observed when the same sample is cooled
from 220 to 60 K with and without the laser illumi-
nating the sample. The light cooled sample shows a
higher relative intensity in the »(Fe-His) than in the
end point spectrum of the dark cooled sample. The
same result was obtained upon multiple repetitions
of the experiment.

The above optical pumping experiments help ex-
plain the spectral changes and differences observed
in Mb*(CO) below ~80 K. At these temperatures
the sample is completely photodissociated. As the
temperature increases the rate of ligand recombina-
tion increases which raises the issue of whether the
spectral changes observed at higher temperature may
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be due to KHB. This is an important issue since the In the high-frequency region of the spectrum the v,
corresponding oxy samples are both spectrally differ- mode [24] can be used to monitor the relative
ent from the CO samples and less photodissociated amounts of photoproduct and ligand bound protein
than the CO samples at all temperatures below 200 K in the steady state created with the cw laser. Up
as discussed below. through about 70 K there is little evidence of CO
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Fig. 12, Hysteresis effect on the 2 K cw Raman spectrum of Mb*
upon illuminating the sample at 5 K for two minutes. Note the
reversal in the energy axis compared to the privious spectra. At
this temperature the v (Fe-His) band is much lower in intensity
relative to the adjacent 240 cm~! band.

bound material present in the steady-state popula-
tion. Above 70 K there is a progressive increase in the
contribution from the six coordinate species. In the
case of oxyMb there is a population of six coordinate
heme present even at 2 K. At all temperatures the oxy
sample exhibits a higher ratio of unphotolyzed to
photolyzed material than that for the CO sample. At

or about 220 K there is a precipitous drop in the pop-
ulation of unphotolyzed oxyMb.

4. Discussion

4.1. An O, versus CO comparison: reactivity at
cryogenic temperatures

The results obtained in this study are consistent
with earlier observations that show:

(1) MbO, has a lower quantum yield of photolysis
than MbCO [1].

(2) Whereas the entire population of conforma-
tional substates for MbCO is readily photodisso-
ciated at temperatures below ~70 K, a substantial
temperature dependent fraction of CS for MbO, can
not be photodissociated even at liquid helium tem-
peratures [15].

(3) The QY for the oxy derivative is distributed so
that repetitive pumping does not alter the QY at lig-
uid helium temperatures indicating that the QY is
different for the different frozen noninterconverting
CS [15].

(4) The population of MbO, that at cryogenic
temperatures is photolyzable undergoes the same type
of process I geminate recombination as the CO de-
rived population [14,17].

These observations leave us with several unan-
swered questions which we address using the results
of the present spectroscopic study. These questions
include the following:

(1) What aspect of either electronic or nuclear
structure produces the division of the MbO, sample
into photolyzable and nonphotolyzable groupings at
cryogenic temperatures. The inability to optically
pump the nonphotolyzable population towards a
higher total yield indicates that a simple branching
ratio scheme involving excited electronic states
[9,10] can not be operative unless the electronic state
influences are strongly coupled to the distributed
structural parameters of the conformational substates.

(2) Are the populations of the fully photolyzed
MDbCO sample and of the photodissociated part of the
MDbO, sample (which have similar distributions of
barrier heights and preexponentials) comprised of the
same distribution of conformational substates? In or-
der to make any comparison between the two ligands
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with respect to how protein structure influences reac-
tivity it is necessary to be sure that one is comparing
ligand rebinding reactivity within the same hemepro-
tein structure i.e. the same CS.

(3) Is the geminate recombination (process I) for
both ligands controlled by the same structural
elements?

(4) How does the protein select for O, over CO?
At ambient temperatures the oxygen undergoes much
more extensive geminate recombination than CO es-
pecially in Hb [11-13]. If both ligands undergo the
geminate rebinding through the same process I (i.e.
the same distribution of barrier heights and the same
preexponentials) then the GR on the subnanosecond
time scale, where ligand escape should be a minor
factor, should be similar for the two ligands (but is
not).

Our attempt to address these questions proceeds
along the lines of first comparing the spectral prop-
erties of the photoproduct derived from both oxy and
carboxy liganded bound proteins and then examin-
ing the behavior of the photoproduct spectra as a
function of temperature. Varying the temperature al-
lows for the creation of steady-state populations hav-
ing varying amounts of photoproduct due to the tem-
perature dependent changes in the recombination
kinetics. Changes in the spectrum of the photoprod-
uct that occur with changes in the relative popula-
tions of bound and dissociated protein provide a
means of relating spectral features and hence struc-
ture to ligand reactivity through kinetic hole burning.
Comparative KHB studies should provide indica-
tions as to whether similar structural controls of pro-
cess | are operative for the two ligands.

4.2. Band III: a comparison of O, and CO derived
photoproducts

Band III for Mb*(O,) derived from a maximally
photodissociated MbO, sample at liquid He temper-
atures resembles band III from the corresponding
Mb*(CO) sample except that the former is missing
the red edge of the latter. The Mb*(O,) spectrum at
10 K and lower resembles an Mb*(CO) spectrum that
has undergone substantial recombination. At these
temperatures a maximally photodissociated MbO,
sample is only ~40% dissociated whereas the CO
sample is fully photolyzed [15]. Both photodisso-

ciated populations undergo minimal rebinding at
these temperatures, i.c. those CS from either ligand
bound species that have undergone photodissocia-
tion (on the 30 ps time scale) remain as photoprod-
ucts for time scales that are long compared to either
the rate of photolysis using the cw laser ( ~ millisec-
onds) or the 10 Hz repetition rate used in earlier work
[15]. With increasing temperatures the Mb*s from
both ligand bound proteins begin to recombine. KHB
is observed for both Mb®*s. Increasing the extent of
recombination results in both a decrease in the inten-
sity of band III and a loss of the redder wavelengths
in the band. Similar behavior is observed in Hb.

The band I1I results indicate the following:

(1) The mapping of the distribution of barrier
heights for process I onto band III is similar for O,
and CO [17].

(2) The structural element(s) responsible for the
reactivity linked inhomogeneous broadening of band
111 is likely to be operating similarly in the control of
process I for both ligands.

(3) Process I for Mb*(0O,) and Mb*(CO), al-
though similar in terms of the kinetic parameters, in-
volves two different distributions of CS. The popu-
lation of CS that undergoes process I for Mb*(O,)
does not contain those CS that have for Mb*(CO)
both the fastest recombination rates and the reddest
wavelengths for band III.

(4) The missing red edge in band III for the max-
imally photolyzed MbO, sample < 10 K suggests that
the CS population that corresponds to the missing red
edge is also the CS population that can not be pho-
todissociated (but would perhaps contribute to band
III if they could be photodissociated with a short
enough laser pulse). Alternatively the tertiary struc-
tural changes that are induced in Mb upon binding
0O, might not be as extensive as those engendered by
the binding of CO and therefore the distribution of
CS for Mb*(0,) even for a fully photodissociated
population might not contain those structural con-
formations that are the most shifted from that of Mb.

The band III studies clearly indicate the impor-
tance of deciphering the linkage between structure and
spectra for the inhomogeneous distribution of CS that
gives rise to the KHB phenomena associated with
band I11. The structures associated with the red edge
of band III are derived both from CS that for
Mb*(CO) represent those having the lowest barriers
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for process I and from CS that for Mb*(Q,) are either
nonphotolyzable (with 30 ps pulses) or are not ac-
cessible i.e. the binding of O, does not generate cer-
tain CS that are generated when CO binds. Although
correlations between structure and wavelength have
been inferred for band III based on the assignment of
the transition giving rise to this absorption band (vide
infra), a detailed picture of the structure is not read-
ily derived from the absorption alone. To this end,
the resonance Raman spectra of appropriate photo-
products are analyzed under conditions where corre-
lations to band III behavior can be made. Since a
number of temperature and laser induced changes can
influence the Raman spectrum it is necessary to de-
termine which processes are causing which changes
in order to relate the spectral changes to well-charac-
terized changes in either kinetics or absorption
spectra.

4.3. Interpretation of Raman data

4.3.1. Between 2 and 40 K

At these temperatures the recombination rate of CO
to Mb is sufficiently slow that the cw Raman spectra
are reflective of a fully photodissociated population.
As previously reported [24,29-31] the low-temper-
ature Raman spectra of Mb* display a v(Fe—His) that
is shifted to higher frequency and has a lower relative
intensity than for Mb at the same temperature. The
most evident change in the spectrum that occurs upon
increasing the temperature is the progressive in-
crease in the relative intensity of »(Fe-His). There
is no apparent change in the frequency over this tem-
perature interval.

There are several possible origins for the observed
increase in relative intensity with increasing temper-
ature. Kinetic hole burning can be ruled out over this
temperature interval since the CO sample appears to
be fully photodissociated under these conditions and
would therefore yield spectra that reflect the entire
distribution of conformational substates. The other
two most likely candidates are structural relaxation
of Mb* towards Mb and optical pumping in which
repetitive photon excitation of Mb* induces a struc-
tural change in the direction of Mb,

Structural relaxation is a plausible mechanism for
the temperature dependent changes even at these low
temperatures. Rousseau and co-workers suggested

[32] that the change in », for Mb* in going from 4 to
40 K is due to structural relaxation involving the iron
moving to a more out of plane configuration. It was
also suggested [24,29-31] that the progressive in-
crease in v¥(Fe-His) over a similar temperature in-
crement is due to a similar if not identical process.
There are however several results that indicate that
these spectral changes are not simply the resuit of an
increased rate of simple structural relaxation of Mb*
towards Mb.

The hysteresis experiments show that the 2 K spec-
trum of Mb* exhibits an increase in the relative in-
tensity of ¥(Fe-His) upon cycling the temperature
up several degrees and back down to 2 K in the pres-
ence of ~20 mW of cw laser radiation at 442 nm. No
such change is observed when the temperature cy-
cling occurs in the dark even when the temperature is
cycled to much higher temperatures (5-70 K). We
also find that at several temperatures above 2 K where
the sample is fully photodissociated the intensity of
v(Fe-His) increases with irradiation time for both
cw and pulsed excitations. Rousseau and co-workers
showed that at 4 K the relative intensity of »(Fe-His)
increases with increased laser intensity [29]. Al-
though our failing to obtain accurate beam sizes pre-
cludes a definitive statement, the more exaggerated
pumping effects obtained with a 10 ns(50 Hz) exci-
tation relative to a cw excitation of the same wave-
length and average power suggests that turnover per
unit time is more important than average power in
effecting the light induced changes. These findings in
the Raman spectrum mimic to a large degree the in-
duced changes in the 760 nm absorption band in Mb*
observed by the Frauenfelder group [33]. These
changes were interpreted as an optical pumping phe-
nomenon where light acts as a catalyst for the ob-
served relaxation towards a more Mb like spectrum,
Increased illumination time, temperature and light
intensity all increase the degree of relaxation of the
760 nm band. These results strongly indicate that the
observed changes in the cw Raman spectrum of Mb*
(derived from MbCO) between 2 and ~ 70 K are due
primarily to optical pumping. This conclusion is fur-
ther supported by the analysis from the Frauenfelder
group [17] of the rebinding kinetics for photodisso-
ciated MbCO below 220 K which shows that the po-
tential energy barrier controlling bond formation is
much lower than that of the relaxed high-tempera-
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ture species (>220 K) and that the distribution of
barrier heights does not change below ~ 200 K unless
the sample is optically pumped. Our KHB protocol
[21,23] also indicates that there is no structural or
spectral relaxation below ~ 70 K in the weak illumi-
nation limit. When optically pumped the distribu-
tion shifts towards higher barriers consistent with the
shift in band I1I towards a more deoxy like value [33].
Over this temperature interval where in the absence
of optical pumping there is no change in the distri-
bution of barrier heights, spectral changes (other than
pure thermal effects) are not anticipated for func-
tionally linked spectral bands. In particular we are re-
ferring to those spectral bands that reflect structural
degrees of freedom that either are determinants of the
barrier height controlling ligand rebinding or are
somehow coupled to the distribution of barrier
heights. Since the changes in v(Fe-His) that are being
discussed are directly linked to the control of the iron—
ligand bond formation (vide infra), the attributing
of the above changes in the Raman to optical pump-
ing induced relaxation is entirely consistent with the
full body of existing data regarding light induced
spectral and kinetic changes in Mb* at cryogenic
temperatures.

4.3.2. Above 100 K

The trend observed in the v (Fe-His) of Mb* (from
MbCQO) upon raising the temperature from 2 to 60 K
continues with increasing temperature. The relative
intensity of this Raman band continues to increase
until ~200 K where the equilibrium value for Mb is
approached. Between 100 and 180 K the increase in
relative intensity of » (Fe-His) with increasing tem-
perature for the cw excitations appears to be en-
hanced over that which occurs over the lower tem-
perature interval. Whereas below 100 K shifting of
v(Fe-His) is not observed with change in tempera-
ture, above 100 K decreases in frequency become
more apparent with increasing temperatures. The
trend of having more unphotolyzed species reflected
in the Raman spectrum (»,) with increasing temper-
ature is reversed above 180 K. The v, region shows a
predominantly five coordinate population at 220 K
whereas at 160 K the six coordinate hemes dominate
the steady-state population created by the cw
excitation.

The changes in », occurring between 180 and 220

K in the Raman spectrum of Mb* are most consistent
with a general loosening up of the protein that is as-
sociated with the glass-like transitions that have been
characterized over this temperature regime [34].
Over these glass transitions occurs the onset of ther-
mally driven protein structural fluctuations that re-
sult in interconversion among substates and ligand
diffusion away from the narrow confines of the im-
mediate heme environment and in structural relaxa-
tion (structural diffusion) towards the equilibrium
Mb structure [17]. The sudden increase in the steady-
state population of five coordinate heme photoprod-
uct above 180 K is attributable either to the in-
creased probability of ligand escape upon photolysis
(the solvent process in the language of the Frauen-
felder group) or to the increased barrier height for
bond reformation due the rapid relaxation of Mb* to
Mb on the time scale of recombination.

4.3.3. Structural diffusion

The Frauenfelder group [2,35,36] initially inter-
preted the qualitative change in recombination ki-
netics at the glass transition as being due to the onset
of a matrix process where the ligand recombines from
the bulk protein rather than the heme pocket. For both
process I (recombination from that region of the dis-
tal heme pocket that is proximate to the iron in which
the photodissociated ligand is localized either at tem-
peratures below the glass transition or at very short
time intervals following photodissociation) and the
matrix process the same distribution of barrier heights
for bond formation was assumed and used. Subse-
quently, Agmon and Hopfield [37] in their analysis
of the MbCO recombination kinetics, concluded that
the slow down in recombination around 200 K could
be due to structural diffusion of the Mb* structure to
the Mb structure with its associated higher distribu-
tion of barrier heights. If upon photodissociation the
structural degrees of freedom that control the barrier
height for rebinding relax to a higher barrier config-
uration (e.g. Mb*—~Mb) on a time scale that is com-
parable to or faster than the rebinding times, then the
distribution of barrier heights will be influenced or
determined by the relaxed structure and not the in-
stantaneous photoproduct structure. At the same time
that Agmon and Hopfield came out with the AH
model of structural diffusion and reactivity, Fried-
man and co-workers [38,27] using time resolved res-
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onance Raman found evidence for such an effect in
hemoglobins. The iron proximal histidine linkage
shows clear changes over a wide range of time scales
that includes the 100 ns window during which gemi-
nate recombination occurs. Since the frequency shifts
in v(Fe-His) are linked to the barrier controlling the
bond forming step in the geminate process [13,27],
it was concluded that as this structural relaxation took
place the barrier should be increasing. Whereas the
iron proximal histidine linkage in Hb* relaxes over a
time course that spans nanoseconds to tens of micro-
seconds [38,39,40], Mb* at 30 ps exhibits a v(Fe-
His) that is essentially identical to that of Mb [41].
This observation made it difficult to accept the no-
tion that the recombination of CO to Mb* below 180
K, where Mb* has a very different ¥(Fe-His) from
Mb, could be describable in terms of the same distri-
bution of barrier heights (for process I) as for am-
bient temperatures where Mb* reverts to Mb faster
than any observed process I recombination [40]. The
recent reanalysis of the kinetic data by the Frauen-
felder group [17] clearly shows the slow down in
process I at the glass transition without the need to
invoke a matrix process.

4.3.4. Kinetic hole burning

The changes that occur in the cw Raman spectrum
of Mb* between 2 and ~ 70 K are uncomplicated by
the presence of a substantial population of ligand
bound protein. The observed changes are interpreted
as arising primarily from an optical pumping process
that facilitates the relaxation of Mb* towards Mb.
Above = 100 K the increased rate of recombination
complicates the interpretation of the temperature de-
pendent spectral changes. We focus on the tempera-
ture regime below 180 K since the changes occurring
above 180 K can be additionally complicated by the
onset of large scale fluctuation as discussed in the
previous subsection.

There are four possible sources for the observed

temperature dependent spectral changes:

(1) Pure thermal effects such as changes in struc-
ture due to thermal expansion and changes in
vibrational populations.

(2) Optical pumping induced relaxation of Mb*.

(3) Spontaneous relaxation of Mb*.

(4) Kinetic hole burning due to ligand recombina-
tion.

The observation that over this temperature range
the spectra of Mb* when generated with a 10 ns laser
pulse (complete photolysis) do not show the changes
observed for the cw spectra indicates that at least some
significant fraction of the effect is not due to a pure
thermal effect. The 10 ns photoproduct spectrum dif-
fers from the cw spectrum in that the former contains
contributions from a much larger population of pho-
toproduct. The cw steady-state population reflects
those conformational substates that are slowest to re-
combine relative to the photolysis rate of the excita-
tion. The 10 ns spectrum of Mb* has contributions
from fast and slow recombining substates. The fact
that the 10 ns spectrum at 160 K resembles a cw spec-
trum taken at a lower temperature where the steady-
state population contains more photoproduct than at
the higher temperature is consistent with either a re-
laxation process or a kinetic hole burning process
being responsible for at least some of the changes in
v(Fe-His) that occur with increasing temperature
above 100 K.

Two key observations indicate that it is KHB and
not structural relaxation (diffusion) that is respon-
sible for the 100 to 180 K spectral changes in v(Fe-
His):

(1) Our observation that in comparing different
samples under different excitation conditions the
more unphotolyzed material evident in the spec-
trum, the more exaggerated are the differences be-
tween that spectrum and the spectrum of the more
fully photodissociated sample obtained below 70 K.
Those cw spectra that reflect a substantial amount of
recombination occurring on a time scale comparable
to the rate of photolysis always have a v (Fe—His) that
has Mb-like features, i.e. a high relative intensity and
a reduced frequency.

(2) The analysis of the Frauenfelder group [17]
indicating an absence of spontaneous relaxation of
protein structure below 180 K, derived from the ob-
servation that the same distribution of barrier heights
can account for the recombination process from 40
to 180 K.

Number two indicates that spontaneous relaxation
of those structural degrees of freedom in Mb* that
control the distribution of barrier heights for process
I does not begin below ~ 180 K. To the extent that
the structure reflected in v (Fe-His) is correlated with
the process I barriers (vide infra), spontaneous re-
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laxation of the iron-proximal histidine linkage below
180 K is not consistent with observation 2; however,
the possibility that laser induced relaxation is re-
sponsible for all or most of the below 180 K temper-
ature effects is not ruled out. Observation 1 does ar-
gue against either spontaneous or laser induced
structural relaxation being responsible for the tem-
perature correlated spectral changes since both sould
be more apparent in samples that have the least
amount of unphotolyzed material. Relaxation of Mb*,
either spontaneous or photon assisted, is favored by
the creation of the five coordinate photoproduct.
Thus at a given temperature those steady-state sam-
ple conditions favoring enhanced photolysis should
yield the most relaxed looking spectra but they do not.
Instead, the most relaxed looking spectra come from
those samples having the least amount of photoprod-
uct as is especially evident in comparisons between
oxy and carbon monoxy myoglobin at the same con-
centration and temperature (vide infra). The former
shows much less photoproduct at any given temper-
ature and yet in comparison to the more fully photo-
dissociated MbCO sample the spectrum looks far
more relaxed. Overall the interpretation of the tem-
perature correlated changes in v(Fe~His) is most
consistent with KHB being responsible for the most
evident changes occurring between 100 and 180 K.

4.4. Correlations between the Raman spectrum and
band 11T

Earlier studies show a similarity in the behavior of
band III and »(Fe-His) [23,40]. The present study
extends the earlier comparisons to the more subtle
changes that occur at cryogenic temperatures as a re-
sult of KHB, optical pumping and relaxation.

4.4.1. Optical pumping

Frauenfelder and co-workers showed that the slow-
ing down of the ligand recombination kinetics upon
extended illumination of Mb* at temperatures below
100 K is associated with a shift in band III to bluer
wavelengths for the fully photodissociated sample of
MbCO [33]. In the absence of extended or intense
illumination there is no shifting of band III for the
fully photolyzed sample [21,33]. The relationship
between the wavelength of band III and the barrier
height for process I is found to hold for the optically

pumped sample [33], i.e. the new distribution of
barrier heights of the optically pumped sample maps
onto the wavelengths of the shifted band III.

The changes in the Raman spectrum of Mb* upon
optical pumping are distinct. At temperatures where
ligand rebinding is insignificant and hence KHB is
not a factor, by far the most prominent change is an
increase in the relative intensity of »(Fe~His) with
increased illumination of Mb*. The absence of the
hysteresis effect for the 2 K Mb* spectrum when the
sample is warmed (from 4 to 70 K) in the dark in-
dicates that the changes are not due to spontaneous
relaxation. Below 70 K there is no detectable shifting
of the frequency of v(Fe~His) only relative intensity
changes. Thus the blue shifting of band III upon op-
tical pumping appears to correlate with increases in
the relative intensity of ¥ (Fe-His).

4.4.2. Kinetic hole burning

KHB in both Mb* and Hb* is characterized by a
progressive loss of the red edge of band III with in-
creasing amounts of ligand recombination. The Ra-
man spectrum of Mb* show changes with increasing
temperature that are attributable to KHB. The
changes are primarily an increase in the relative in-
tensity and a decrease in frequency of »(Fe-His) with
increasing amounts of ligand recombination. For
steady-state populations that show high levels of re-
combination, there are indications that the remain-
ing Mb* have a ¥(Fe-His) that has not only a very
high relative intensity but also a frequency that is
shifted towards Mb relative to the maximally photo-
dissociated samplie. The present study shows that at
least in Mb the wavelength of band III correlates with
not only the frequency of ¥(Fe-His) but also its rel-
ative intensity. The fastest recombining CS of the
Mb*(CO) population are those that have the reddest
band IlIs and the most intense and highest frequency
v(Fe-His). The results suggest that for Mb* the ma-
jority of the CS have a relatively narrow distribution
of v (Fe-His) frequencies which are ~ 10 cm ™~ higher
than the peak frequency of Mb. Within this relatively
narrow distribution of high-frequency CSs there is a
large distribution of CS that have v(Fe-His)s of sim-
ilar frequency but different relative intensities. Within
this grouping, those CS with the ¥(Fe-His) having
the lowest relative intensity are those with the lowest
barrier for process 1. The slowest rebinding CS are
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those that have the bluest band III and the most deoxy
Mb like v (Fe-His), i.e. low frequency and high rela-
tive intensity.

4.4.3. Correlations between the Raman and other
induced spectral changes

Champion and co-workers found that illuminating
an MbCO sample while cooling the sample from
above the ~ 180 K glass transition, where relaxation
can occur, to below 60 K where the structures are es-
sentially frozen, produced Mb* species that have a
more deoxy like Soret absorption band [42]. If the
starting temperature is below the glass transition the
shift is dramatically reduced or eliminated. The idea
behind this experiment which was suggested by Ag-
mon and Hopfield [37] is that if upon going from
above to below the glass transition the ligand can on
average be kept off the heme long enough to allow for
relaxation of Mb* to or towards Mb, then a partially
or fully relaxed Mb* can be trapped at cryogenic tem-
peratures. If the ligand is not trapped outside the heme
pocket (or proximate location where process I re-
combination can occur) during the cooling process
then the kinetics for process I should be much slower
due to the more relaxed Mb* structure. A shift in the
distribution of barrier heights to higher values does
appear to occur under the above cooling protocol
based on the Raman data. The effect is much larger
than the optical pumping effect which does not in-
clude a cooling step from above the glass transition.
In the present study, it is found that cooling MbCO
under laser illumination (much lower intensity than
in the Champion study) from 220 to 60 K produces
an Mb* spectrum with a higher relative intensity
v(Fe-His) than for the same sample cooled at the
same rate but in the dark. The results suggest that the
structural parameter associated with variation in the
relative intensity of v (Fe-His) for Mb* is connected
with differences in the properties between Mb and
Mb*.

4.5, Spectra and structure

The band III and Raman studies together suggest
that there is a hierarchy of conformational substates
[17,34-36] associated with the coupled iron and
proximal heme environments for Mb* and Mb. The
data is consistent with there being two tiers of struc-

ture associated with the proximal heme pocket. First
there is a population of CS separated by barriers that
are sufficiently large that interconversion or relaxa-
tion processes among these CS does not occur until
near or at the glass transition. These CS are charac-
terized by different frequencies for v(Fe-His). For
Mb* below 180 K this population of CS is skewed to-
wards the highest frequency, whereas for Mb the low-
frequency CS are favored. The next tier of CS has
lower barriers separating the conformations as re-
flected in the optical pumping experiments. This tier
is made up of CS that have different relative intensi-
ties associated with ¥(Fe-His ). For this tier the most
relaxed CS (most Mb-like) are those CS with the
highest relative intensity for »(Fe-His). Studies on a
fish hemoglobin with an exceptionally low ligand af-
finity in which the second tier CS behave like those
of Mb (with respect to Mb*-Mb differences) show
that the two tiers are not obligatorily coupled [27].
The cw laser intensities used in our study ( <30 mW)
induced detectable optical pumping within this tier
of CS but not the first tier as reflected in the progres-
sive increase in relative intensity of v (Fe-His) with-
out a concomitant shift in frequency. The Raman data
suggest that even for a relatively narrow distribution
of the hard to interconvert CS (i.e. a narrow distri-
bution of frequencies for v (Fe~His)) there can be a
relatively large distribution of the easier to intercon-
vert CS (tier two) resuiting in a wide distribution of
relative intensities. The KHB results indicate that the
two tiers may be correlated in that the low relative
intensity second tier CS and the high-frequency first
tier CS recombine first. Whereas the changes in rela-
tive intensity of »(Fe-His) are evident at the lowest
levels of recombination, shifts in the frequency of
v(Fe-His) are not apparent until the steady-state
population contains a substantially reduced fraction
of photoproduct. The KHB conclusions from the Ra-
man spectra indicate that it is the CS from the second
tier that are the principle participants in several phe-
nomena involving band III. These phenomena
include:

(1) The loss of the red edge of band III in the ear-
liest stages of KHB for Mb*.

(2) The shifting of band III to the blue upon low
levels of optical pumping.

(3) Some of the red edge difference between
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Mb*(0O,) and MbL*(CO) at
temperatures.

Previous studies of v(Fe-His) suggest plausible
assignments for the structural degrees of freedom that
vary within each of the above discussed tiers of CS.
The first tier is associated with CS that have different
frequencies for v(Fe-His ). For Mb and Hb, such fre-
quency differences are attributed to alterations in the
iron-histidine bond strength due to changes in the
tilt angle & between the heme and the proximal histi-
dine [24-27]. The higher-frequency conformations
are those with the less tilted structures. Changes in
this degree of freedom are linked to global tertiary
structure changes [43].

Variation in the relative intensity of the ¥ (Fe-His)
is attributed [27,28] to variations in the azimuthal
angle of the proximal imidazole with respect to the
iron pyrrole nitrogen axis. An eclipsing orientation is
associated with the highest relative intensity due to a
maximum overlap of = electron orbitals from the
heme and the imidazole which creates the maximum
Soret band resonance enhancement for v(Fe-His)
{27]. Moving from an eclipsing conformation to one
that is off axis results in a decrease in relative inten-
sity of ¥ (Fe-His) due to a decrease in & overlap with
the accompanying drop in resonance enhancement.
Thus the second tier consists of CS with differing azi-
muthal angles ¢. Within the hierarchical Frauen-
felder model of the CS [35], each of the first tier CS
(corresponding to a specific tilt of the heme-histi-
dine unit) has an associated set of second tier CS

It is reasonable that changes in the wavelength of
band III can be due to changes in either tier of prox-
imal substates. The large wavelength changes in band
I1I in going from either Mb* to Mb or Hb* to Hb are
noticeably connected to the first tier of proximal CS,
whereas the KHB and optical pumping induces
changes in Mb* are to a large measure due to changes
in the population of contributing second tier CS at
least in myoglobin.

It is not surprising that population changes in either
tier can influence the wavelength of band III based
on the currently accepted assignment for band III
[20] in which an electron from the highest filled =
orbitals of the porphyrin is promoted to a half filled
d,, or d,, orbital of the iron. Variation in the energy
of that iron d orbital as a function of iron displace-
ment can been viewed as the likely origin of the

liquid helium

wavelength dependence of band III [22]). Empiri-
cally, smaller displacements are linked to a reduced
interaction given rise to a red shifted band III. In ad-
dressing not only the current issue but also issues per-
taining to how structure controls reactivity, the fun-
damental question is now centered on whether the
iron displacement is determined by factors other than
those related to the proximal parameters or whether
the proximal parameters in fact dictate the iron dis-
placement (as well as the orbital interaction). If the
iron moves out of the heme plane upon photolysis
because the high spin ferrous iron cannot fit into the
heme plane then the proximal parameters are at best
a secondary influence on the iron coordinate and
reactivity. On the other hand, calculations [44] show
that the heme core can accommodate a high spin fer-
rous iron (quintet state). The calculations indicate
that it is the repulsive interaction between the fifth
ligand (the proximal histidine) and the heme that
causes the iron to move out of plane. The mixing of
the repulsive potential with that of the quintet state
is what produces an equilibrium position that is non-
planar. Since in this picture it is the proximal param-
eters that are the determinants of both the repulsive
part of the potential and the iron displacement, all of
the spectral and structural elements under discussion
are intimately coupled. Elements of this model have
been discussed in detail in an earlier paper [27].

4.6. Mb*: structure and dynamics

Below 180 K, Mb* differs from Mb in having a red
shifted and broader band III and a higher frequency
but lower intensity »(Fe-His). The above analysis
indicates that in relation to Mb, Mb* has a less tilted
heme-histidine unit, a broader distribution of sec-
ond tier CS, and a distribution of second tier CS that
is skewed towards larger values of ¢.

The above analysis also suggests a relaxation path-
way for Mb*. The movement of the iron into the heme
plane upon ligand binding results in tertiary struc-
ture changes that are likely to involve the movement
or sliding of « helices (based on the changes in tier 1
parameters in going from Mb to Mb*). The tertiary
structure changes are driven by an enhancement of
the repulsive interaction between the heme and the
proximal histidine upon moving the iron to a more
planar position upon ligand binding. The enhance-
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ment of the repulsive interaction as the iron moves
in-plane for Mb, forces the histidine to assume a less
tilted orientation [26,39] which initiates the shift in
the helices. Resumption of the initial tilted orienta-
tion (associated with Mb) upon ligand dissociation
requires movement (sliding) of the helices in Mb*
subsequent to photodissociation. The structure of Mb
and ligand bound myoglobin is distinctly different.
Subsequent to photodissociation the structure of Mb*
is initially related to that of the ligand bound form.
Reorganization of the protein structure is required to
relax back to the equilibrium Mb configuration. At
room temperatures the structure and its environ-
ment are sufficiently mobile that relaxation of Mb*
to Mb is largely complete within 30 ps [41]. Below
the glass transition the global fluctuations of the pro-
tein are frozen out and reorganization of aspects of
the protein structure is limited or bound by the over-
all conformation of the protein that was frozen upon
cooling below the glass transition. As a result a pop-
ulation of Mb* can be trapped that has the initial ter-
tiary structure of the liganded globin. Starting at 2 K,
the following sequence of events subsequent to pho-
todissociation is envisioned. Prior to photolysis the
sample exists as a frozen distribution of tertiary
structures each having the iron in some position close
to or in the plane of the heme. Within picoseconds or
less of photolysis, the iron in each of the frozen CS
moves in response to the unbalanced repulsive inter-
action that stems from the proximal parameters de-
termined by the specific tertiary structure of the CS.
The final displacement of the iron in a given CS at
this temperature is uniquely determined by the prox-
imal parameters of the given CS. Thus for each fro-
zen CS (tertiary structure of the globin) there are at
least two well defined positions of the iron: one as-
sociated with the ligand bound species and one with
the five coordinate photoproduct. Additional relax-
ation to the extent that it occurs (primarily optical
pumping) involves the second tier of CS at least be-
low 100 K. We envision the relaxation as a corkscrew
type motion where the irons from the most in-plane
CS, which are the ones with the largest values of ¢,
move further out of the heme plane as the imidazole
ring undergoes a corkscrew type motion towards the
lower values of ¢ that are seemingly favored by the
proximal heme ppcket, The shifting of the distribu-
tion of the second tier CS towards larger values of ¢

in Mb* probably reflects a means of reducing the in-
crease in the repulsive interaction between the heme
and the histidine when the iron moves in-plane in re-
sponse to ligand binding.

4.7. Structure and reactivity

There is a large body of experimental and theoret-
ical data indicating that in general the binding of a
ligand to a five coordinate high spin ferrous heme is
accompanied by the movement of the iron from an
out-of-plane position to a more in-plane position. We
wish to consider how this observation in conjunction
with the structural insights from this study impact on
our understanding of how the protein structure con-
trols ligand binding including how the protein dis-
criminates between oxygen and carbon monoxide.

4.7.1. Proximal control of reactivity

If we assume that ligand—iron bond formation can
occur only when the ligand and heme are closely
spaced (proximate geminate pair, encounter com-
plex), then there are two limiting cases for the pro-
cess of going from the encounter complex to the heme-
bound ligand:

(1) The ligand forms a weak bond with the out-of-
plane iron which then moves to the more stable in-
plane configuration having a stronger iron-ligand
bond. Once the encounter pair is formed, there is lit-
tle or no barrier for bond formation since the steps
leading to the stable in-plane configuration are all en-
ergetically down hill.

(2) The ligand can only form a bond from within
the encounter complex when the iron is either in-plane
or less out-of-plane compared to the average dis-
placement associated with the starting heme species.
In this case the barrier for bond formation is related
to the probability that during the lifetime of the en-
counter complex, the heme undergoes a fluctuation
that creates a transient planar structure that exists long
enough for the bond to form.

We now consider how the proximal parameters in-
fluence the bond forming process in each of the two
limiting cases. As discussed earlier, the out-of-plane
displacement of the iron is caused by the introduc-
tion of a repulsive potential by the nonbonded inter-
actions of the proximal histidine with the heme. Both
a decrease in the frequency and an increase in rela-
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tive intensity of v(Fe-His) signifies an increase in
the repulsive interaction. This increase has the effect
of favoring a more out-of-plane configuration for the
five coordinate species and of making it energetically
costly to move the iron to an in-plane position. As a
first approximation the potential surface that deter-
mines the energetics of the iron can be viewed as a
harmonic potential [28,37], where the tertiary struc-
ture of a given substate determines both the spring
constant and the iron displacement. In this model,
the spectral parameters associated with v (Fe-His) are
a reflection of the proximal contribution to the spring
constant [13,24-27]. An increase in the repulsive in-
teraction, as reflected in either a decrease in the fre-
quency or an increase in the relative intensity of v (Fe—
His) indicates an increase in the spring constant. Thus
for a distribution of CS, there is a distribution of
proximal parameters each of which defines a proxi-
mal contribution to the spring constant. Further-
more, each of these CS with its specific spring con-
stant determines a specific mean displacement for the
five coordinate form of the CS. Each frozen CS has a
unique range of accessible displacements which are a
function of ligation state and temperature. For a given
ligation state of a specific CS, both the most probable
displacement distance and the range of fluctuation
driven excursions of the iron from that position are
functions of the proximal parameters within this
model. We emphasize that each CS in the second tier
(well defined tilt and azimuthal angles for the proxi-
mal histidine) has its own set of displacement and
fluctuation parameters.

In the first case where the ligand binds to the out-
of-plane iron, bond formation can be influenced by
the proximal parameters in two ways: the rate of
spontaneous dissociation of the meta-stable and sta-
ble bound forms and possibly the rate at which the
stable bond forms from the encounter complex once
the meta-stable bond is formed (where the meta-sta-
ble bond refers to the bond that is formed prior to
any movement of the iron towards the heme plane).
Both of these influences stem from the stability of the
bond decreasing with the increasing displacement of
the iron from the heme plane. Since there is no prox-
imal contribution to variations in the energetics of
the formation of the initial meta-stable bond (since
there is no initial movement of the iron) the energy
of the transition state is going to be relatively insen-

sitive to variations in the proximal parameters. The
magnitude of the subsequent drop in energy as the six
coordinate iron moves in-plane will depend upon the
proximal parameters as a result of the work done
against the spring. The insensitivity to the proximal
parameters of the transition state energies relative to
the stability of the final bond (after iron movement)
leads to the spontaneous dissociation rate being
modulated by proximal interactions. Those CS with
proximal parameters that strongly favor a displaced
iron will have a five coordinate structure with a large
iron displacement and a ligand bound structure that
has an iron-ligand bond that is destabilized by the
amount of work necessary to move the iron in-plane.
The latter favors an increase in the dissociation rate.

In the second case for bond formation, there is an
added influence of the proximal parameters. This
added influence is due to the requirement that to form
a bond, the iron must be in a more in-plane position
than the mean displacement associated with the five
coordinate form of the CS in question. Thus bond
formation proceeds through fluctuation driven mo-
tions of the iron that transiently take it to a position
where bond formation can occur. The rate control-
ling the bond forming process should therefore be de-
pendent upon the equilibrium fluctuations of the
specific CS which includes the cost in energy of mov-
ing the iron to the more in-plane position while it is
still five coordinate. Once the bond is formed the sys-
tem can self-trap as described above. The proximal
contribution to the barrier height controlling bond
formation would therefore be related to the energy
necessary to move the iron to the more in-plane po-
sition prior to binding. Since within this model the
binding occurs only during the time interval when a
transient intermediate exists, the binding rate must
be related to the probability that the needed displace-
ment occurs within some time window such as the
lifetime of the encounter complex. If at a given tem-
perature the fluctuation spectrum is such that there
is a very high probability of finding the iron at the
required position (i.e. the energy separation between
the mean displacement and the shifted displacement
is less than kT'), then the binding from the encounter
complex should appear barrierless. The proximal pa-
rameters influence the barrier height by modulating
the energy separation between the five coordinate
transition state form of a CS and the initial five co-
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ordinate form of the CS. For example a second tier
CS having a blue shifted band III and a low fre-
quency-high relative intensity v(Fe-His) should
have an encounter complex with a maximally dis-
placed iron. This CS would therefore have a larger
barrier than for a CS having a less “repulsive” set of
proximal parameters. If the proximal parameters are
sufficiently less repulsive i.e. a very red band III and
a high frequency v(Fe-His), then the iron is only
slightly displaced and there is only a small energy gap
separating the starting and transition state forms of
the five coordinate CS. As a consequence the onset of
zero barrier binding for this CS should occur at much
lower temperatures than for the previous CS.

4.7.2. A comparison of Mb*(0,) and Mb*(CO)

At liquid helium temperatures there are distinct
differences in the spectra of Mb*(O,) and Mb*(CO).
Most obvious are the difference in intensities due to
not being able to photodissociate more than ~40%
of the MbO, sample in contrast to the fully photodis-
sociated MbCO sample. Process I for both samples at
these temperatures is essentially nonexistant com-
pared to the rate of photolysis. In comparing the pho-
toproduct spectra, we see that relative to Mb*(CO),
Mb*(O,) has a band III that is missing the red edge
and a v(Fe-His) that has a higher relative intensity
and a slightly lower frequency. These observations
indicate that the distribution of CS that comprise the
photodissociated population of the MbO, sample is
different than that of MbCO. The former has a CS
photoproduct population that is missing those CS that
represent the CS found in Mb*(CO) that have the
least repulsive proximal parameters. With increasing
temperatures both samples show increases in the
steady-state population of ligand bound protein. For
CO which has a near unity QY of photolysis, the in-
creased presence in the cw spectra of CO bound pro-
tein signifies an increase in the rate of process 1. For
0., the increase is also due to a progressive decrease
in the QY with increasing temperatures as well as the
increased rate of process I. At any given temperature
below 180 K the O, sample displays significantly less
photoproduct than the corresponding CO sample.
Both samples show similar KHB effects both in band
IIT and in v (Fe-His) with increasing temperatures.
In every instance at a given temperature the O, sam-
ple displays a photoproduct spectrum that appears

more “hole burned” than the corresponding CO
sample and therefore looks more relaxed (vide su-
pra). The overall pattern suggests that at liquid he-
lium temperatures the O,—CO differences arise from
KHB in the O, sample due the population of unpho-
tolyzable CS. The alternative explanation, that the
binding of O, fails to generate those missing CS,
makes it rather difficult to explain why the QY ap-
pears distributed (cannot be increased with ex-
tended or repetitive pulsing even at 4 K) [15]. We
will therefore proceed on the assumption that the
missing CS are associated with the nonphotolyzable
part of the CS population and that the low QY is due
to ultrafast ( < 30 ps) recombination as implied from
femtosecond studies. We are left with the task of un-
derstanding why those CS that for CO have the fast-
est rates for barrier controlled process I, undergo what
appears to be an ultrafast barrierless recombination
for O,. The “red edge” CS in question have proximal
parameters that indicate a reduced repulsive inter-
action which is associated with a reduced spring con-
stant and a small iron displacement.

In an earlier paper we noted {15] that O, but not
CO appears able to form a stable bond with a non-
planar iron. Theoretical calculations support that
conclusion. Whereas CO can only form a stable bond
with the singlet state of the ferrous iron (low spin),
calculations by Goddard and Olafson [44] show that
for O, the most stable bond is formed with the triplet
state (intermediate spin) iron. Other calculations by
Karplus [45] indicate that both the triplet and sin-
glet contribute to the formation of the iron-oxygen
bond. Goddard also shows that O, can form a stable
albeit weaker bond with the quintet state (high spin).
The important point about the theoretical calcula-
tions is that the combination of the electronic poten-
tials with the repulsive potential of the fifth ligand
results in the minima of the three spin states being
shifted to differing degrees along the iron displace-
ment axis. The quintet state is the most stable at large
iron displacements. The energy separation between
the three states decreases as the iron moves closer in-
plane with the triplet being closer to the quintet. The
greater the repulsive interaction, i.e. the steeper the
potential, the greater is the energy separation among
the states. For a shallow repulsive potential of the kind
one might expect for the red edge CS, the iron is
slightly displaced in the five coordinate species. Un-
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der these conditions the quintet and the triplet can
be rather close in energy. Since oxygen can bind to
the triplet, there should be iron displacements for
which bond formation can occur without a barrier.
For CO, however the requirement that the bond
forming state be the singlet necessitates the motion
of the iron further in-plane in order to access the sin-
glet. This requirement means that the transition state
for the CO will be destabilized relative to that of ini-
tial five coordinates CS resulting in a proximal con-
tribution to the barrier for bond formation. Thus for
these “red edge” CS the formation of the iron ligand
bond falls into case (1), and case (2) for O, and CO,
respectively. These arguments are reminiscent of
conclusions by Szabo [46] regarding the nature of
the transition states for the two ligands. Szabo de-
rived his conclusion from the relative sensitivity of
the on and off rates to protein structure for the two
ligands.

The above analysis suggests that under certain cir-
cumstances CO can behave like O,. The binding of
CO should revert to the barrierless limit for those CS
where the iron is essentially in-plane. Agmon and
Hopfield predicted such an effect [37]. Such behav-
ior has been observed for cryogenically trapped
MDbCO at pH =3 where a large fraction of the sample
cannot be photodissociated with a 30 ps laser and
process I occurs over a time scale that starts with pi-
coseconds [47,48]. The switch for CO in this in-
stance is explained [47] in terms of a protonation
induced lengthening and weakening of the Fe~His
bond that creates a population of photoproducts with
nearly in-plane iron.

Increasing the temperature from 4 K results in an
increase in the fraction of “nonphotolyzable” MbO,
as well as an increase in the rates of process I for both
CO and O,. There have been other explanations for
the origin of the low QY for O, at cryogenic temper-
atures. Frauenfelder and co-workers [17] have put
forth a reasonable explanation based on what they call
process I*. The ultrafast recombination is claimed to
be due to rebinding to those CS that have not under-
gone the full iron relaxation commensurate with the
particular substate. Since at these cryogenic temper-
atures the iron has not relaxed for some fraction of
the population of CS, fast recombination can occur.
If the ultrafast population is derived from unrelaxed
CS, then as the temperature increases the yield of un-

relaxed CS should decrease and the QY should in-
crease which is contrary to what is observed. Even if
one postulates different relaxation rates for the dif-
ferent CS with the “red edge” CS relaxing the slowest
in order to account for the absence of a detectable
pumping effect for the QY, there should still be a de-
crease in the fraction nonphotolyzable CS with in-
creasing temperatures if the process depends on the
relaxation rate of the iron subsequent to photodisso-
ciation. Alternatively the correct temperature depen-
dence is obtained from the assumptions that all the
CS undergo relaxation upon photodissociation, that
different CS have different mean displacements of the
iron for the photoproduct, that at any given temper-
ature there is a group of CS that have the iron suffi-
ciently in-plane for barrierless recombination and that
as a result of the increase in the amplitude and fre-
quency of the thermally driven fluctuations of the iron
displacement coordinate with increasing tempera-
tures the number of CS that fall within the barrierless
group increases.

The model presented above also predicts that other
recombination processes should appear in addition
to process 1. For the O, ligand at some intermediate
temperature between 4 K and the glass transition
there will be a fraction of the Mb* CS that undergo
ultrafast barrierless recombination, a fraction (the
bluer band III CS) that undergoes recombination via
process I since motion of the iron is required to form
the transition state, and a fraction in a gray zone with
a fluctuation spectrum that contains occasional jumps
in the iron position which allows barrierless recom-
bination to occur. If on the time scale of the fastest
decade of process I there is no interconversion of
substates, then as long as the depletion of the gray
zone population of Mb* via the fluctuation induced
barrierless process occurs faster than the process I
mediated recombination, it should be discernible as
a separate process. If process I which is governed by
the distribution of barriers determined by the mean
displacements of the CS, is much slower than the de-
pletion of the gray zone fluctuation induced recom-
bination then the latter process should have a time
dependence that directly reflects the fluctuation
spectrum of the gray zone CS. HbO, has several gem-
inate recombination processes. There is one very
prominent process that decays over a few hundred
picoseconds and accounts for 40 to 60% of the re-
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combination. Our preliminary results [15] indicate
that this process remains relatively unchanged from
ambient temperatures down to below 150 K. At 100
K it is no longer detectable. It appears that it stops
rather abruptly in contrast to the progressive slowing
expected for process I recombination. It is possible
that this fast phase of recombination is an example
of the fluctuation induced gray zone recombination.
This process is not observed for Mb. A possible ex-
planation based on the difference in the Raman spec-
tra of Mb* and Hb*, is that the distribution of proxi-
mal parameters for Mb* contains fewer gray zone
values.

The absence of the 100 ps geminate phase at room
temperature in MbO, [13,15] and several lower ver-
tebrate HbO,s [13,49] has been explained
[13,39,41,49] in terms of the respective photoprod-
ucts having a lower frequency v(Fe-His) than for
HbA. In addition those hemeproteins that display a
reduced or absent 100 ps geminate phase also show a
reduced or absent 100 ns geminate phase as in the
case of Mb. The yield for both geminate processes ap-
pears to correlate with the proximal parameters as re-
flected in ¥(Fe-His) [27]. A current view [3,13] of
the origin of the 100 ps and 100 ns geminate pro-
cesses is that the faster one corresponds to process I
involving the encounter complex (contact pair) and
the nanosecond one originates from much more sep-
arated ligand heme species (there is evidence to sug-
gest that the ligand may be localized at the back of
the heme pocket [50]}). An interesting but by no
means proven alternative interpretation of the am-
bient temperature geminate processes is that the sub
5 ps process is the barrierless process involving the
red edge CS (no interconversion of CS on this time
scale), the 100 ps process is the gray zone fluctuation
mediated barrierless process (either no interconver-
sion within either tier or interconversion of only the
second tier CS) and the nanosecond process is the
barrier controlled process I but with the distribution
of barriers averaged by large scale fluctuations that
interconvert the second and first tier proximal CS. It
must be assumed that the fluctuation driven inter-
conversion of the CS takes place on a time scale that
is longer than the 100 ps process but less than 100 ns.
The fluctuations driving the gray zone process are
different in that they modulate the displacement of
the iron within a given CS. The time course for the

gray zone process represents the depletion of the gray
zone CS which would have to occur faster than the
interconversion of the CS by the more global fluctua-
tions. These slower global fluctuations might also be
responsible for mediating the movement of the li-
gand away from the immediate vicinity of the iron.
It should be noted therefore that this alternative as-
signment is not mutually exclusive with the idea that
the slower process involves a more separated gemi-
nate pair than for the faster processes.
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