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ABSTRACT The rebinding kinetics of
CO to myoglobin after flash photolysis
is nonexponential in time below -180
K; the kinetics is governed by a distri-
bution of enthalpic barriers. This distri-
bution results from inhomogeneities in
the protein conformation, referred to as
conformational substates. Hole-burn-
ing experiments on the Soret and IR
CO-stretch bands test the assumption
that an inhomogeneous distribution of
conformational substates results in
inhomogeneously broadened spectra.
CO was slowly photolyzed at different
wavelengths in the Soret band at 10 K.
Both the Soret band and the CO-

stretch band A1, centered at 1,945
cm-1, shift during photolysis, demon-
strating that different wavelengths
excite different parts of the distributed
population. We have also done kinetic
hole-burning experiments by measuring
peak shifts in the Soret and A1 bands
as the CO molecules rebind. The shifts
indicate that the spectral and enthalpic
distributions are correlated. In the A1
band, the spectral and enthalpic distri-
butions are highly correlated while in
the Soret the correlation is weak. From
the peak shifts in the spectral and
kinetic hole-burning experiments the
inhomogeneous broadening is esti-

mated to be 15% of the total width in
the Soret band and -60% in A1. We
have previously measured the tilt angle
a between the bound CO and the heme
normal (Ormos, P., D. Braunstein, H.
Frauenfelder, M. K. Hong, S.-L. Lin,
T. B. Sauke, and R. D. Young. 1988.
Proc. Natl. Acad. Sci. USA. 85:8492-
8496) and observed a wave number
dependence of the tilt angles within the
CO-stretch A bands. Thus the spectral
and enthalpic distributions of the A
bands are coupled to a heterogeneity
of the structure.

INTRODUCTION

Proteins are highly complex systems; the complexity is a

direct consequence of their construction (1-3). Proteins
do not fold into a unique tertiary structure, but can

assume a large number of slightly different structures,
called conformational substates (CS) (1, 4-6). The con-

formational energy landscape of a protein consists of
many energy valleys separated by barriers (Fig. 1). The
valleys are the CS. Protein molecules in different CS
perform the same function, but possibly with different
rates (5, 7). Other complex systems such as glasses (8)
and spin glasses (9-1 1) also have a conformational energy
landscape exhibiting a large number of valleys.

Various experiments imply that CS are arranged in a

hierarchy of several tiers (7, 12). We denote with CS', i =
0,1, . . . substates of tier 0,1, . . . , arranged by decreasing
barrier heights between substates. Two tiers, CS0 and
CS', are shown in Fig. 1. At least three substates of tier 0
are observed in MbCO; they are characterized by their
CO stretch frequency (7, 13, 14) and by the tilt angle

between the heme normal and the bound CO (15, 16).
The three CS' substates, denoted by AO, A,, and A3 in Fig.
1, rebind CO with different rates (7, 17). Rebinding in
each CS0 is nonexponential in time, indicating that each
CS0 consists of a large number of CS' as also sketched in
Fig. 1. The next lower tier of substates, CS2, is suggested
by Mossbauer effect data (18) and by flash photolysis
experiments after prolonged illumination (7, 19).' The
inelastic neutron scattering (23) and the specific heat
data on metmyoglobin (24) are evidence for even lower
tiers of substates. The nonphotochemical hole burning in
apomyoglobin also demonstrates the heterogeneity of the
structure at low energy levels (25), but on a nonnative
system.

At physiological temperatures proteins fluctuate
among substates of all tiers. As the temperature is
lowered, transitions between substates become slower. In
a glycerol-water solvent, transitions among CS0 freeze
out at -180 K, among CS' at -160 K (26). Transitions
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'In reference 10 we erroneously took the shift of the near-IR band in
Mb near 760 nm (band III) as evidence for substates of tier 2. Agmon
suggested that kinetic hole burning might be the reason of the apparent
shift during rebinding (20). This mechanism has been verified by
Campbell et al. (21) and by Ansari (22). Nevertheless, CS2 appear to
be present (7, 18, 19).
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FIGURE 1 Origin of inhomogeneous broadening of the Soret and
infrared A bands of MbCO. (a) Schematic conformational energy
landscape of MbCO. The three well-defined valleys represent the A
substates characterized by infrared spectroscopy. (b and c) The conse-
quent inhomogeneous broadening of the absorption spectrum. Note that
while the Soret band is characteristic of the whole protein population,
the A, infrared band is characteristic only of a subpopulation.

bands of the bound CO in carbonmonoxymyoglobin
(MbCO) and the Soret band in the visible region of
MbCO. There are three major CO stretch bands in
MbCO, Ao at 1,966 cm-, A, at 1,945 cm-', and A3 at
1,933 cm-' (7, 13). These bands are assigned to three
different CS0 called AO, Al, and A3 which we interpret as

three slightly different protein conformations (14, 15).
Here we concentrate on Al, the most intense band at pH 7
(7).
The functional marker comes from low-temperature

flash photolysis experiments (5-7). After photodissocia-
tion at temperatures below -160 K, the CO remains in
the heme pocket B. The resulting CO stretch bands are

identified as B substates and are blue-shifted from those
of the A substates. Rebinding in each of the pathways
B --A is nonexponential in time (7, 33). Rebinding
monitored in the Soret band is also nonexponential in time
(5) and probes a combination of the individual pathways
B - A (7, 34). The nonexponential time course for
rebinding is explained by assuming that proteins in dif-
ferent conformational substates have different enthalpic
barriers, with g(H)dH denoting the probability of a

protein having an enthalpic barrier between H and H +
dH. The fraction of Mb molecules that have not rebound
a CO at time t after photodissociation is given by

N(t) = fg(H) exp [-k(H)t]dH,

among CS2 become very slow near 160 K (7). The protein
thus experiences successive glass transitions as fluctua-
tions in the various tiers freeze out. Below 160 K, for
example, a given protein molecule will remain frozen in a

particular substate CS' within a particular substate
CS°(26), but fluctuations among CS2 may still occur. The
protein ensemble is then a static population of molecules
in various CS0 and CS'. Indeed, structural heterogeneity
is seen in the Debye-Waller factor in x-ray crystallogra-
phy (1, 3, 4, 27, 28). If the structural characteristics of
the protein are different in the different CS, the observed
bands should also reflect the heterogeneity. An inhomoge-
neous broadening of the absorption spectrum due to
distributed protein-pigment interactions in rhodopsin
was suggested earlier by Cooper (29). Based on Cooper's
ideas we demonstrated and determined the inhomoge-
neous broadening of the main absorption band of bacte-
riorhodopsin (30). Srajer et al. showed the Soret band of
Mb to be inhomogeneously broadened (31). Here we

demonstrate that spectral and kinetic hole-burning exper-
iments provide evidence for inhomogeneous broadening of
the spectrum of MbCO and yield insight into the relation-
ship between the function and the dynamic structure of
proteins by connecting functional, spectroscopic, and
structural properties (15, 32).
We employ two spectroscopic markers, the IR stretch

(1)

where k(H) = A exp (-H/RT) and the preexponential
A depends on the entropic barrier. The distribution g(H)
is characteristic of the static distribution of proteins over

the CS' and provides the functional marker.

MATERIALS AND METHODS

Spectral hole-burning
The existence of substates with different properties results in an
inhomogeneous broadening of the spectral lines of a protein ensemble.
The experimental technique used to observe this broadening is analo-
gous to the hole burning of dyes embedded in heterogeneous glass
matrices (35) and is an adaptation of the experiments and evaluation
used to demonstrate the inhomogeneous broadening of the absorption
spectrum of bacteriorhodopsin (30). These spectral hole-burning experi-
ments employ selective photolysis: In the linear photolysis regime where
the number of proteins photolyzed is proportional to the number of
photons, light of different wavelengths will photolyze different popula-
tions of the protein ensemble depending on the absorption coefficients at
the excitation wavelength. The resulting spectra have slightly different
shapes. The situation is illustrated in Fig. 2 a. If the protein sample is
photolyzed in successive small steps and the spectra are measured after
each step, the difference spectra between successive steps will shift.
Excitation wavelengths were chosen in the Soret band of MbCO, and
the spectral hole burning was monitored in both the Soret (method 1)
and infrared Al band (method 2) of MbCO. The protein sample was
cooled to 10 K, where CO rebinding to Mb is negligible on the time scale
of these experiments.
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FIGURE 2 Schematic representation of the two hole-burning tech-
niques. (a) Spectral hole-burning (methods 1 and 2). The band is
excited on the low-frequency side. The solid curve represents the
observed band; the cross-hatched area represents one of the many
underlying bands. The protein ensemble is photodissociated preferen-
tially on the low frequency side causing a shift in the observed band. (b)
Kinetic hole-burning (methods 3 and 4). The cross-hatched areas
represent two components with different rebinding rates. The case
illustrated is for the A, band: the high-frequency components bind
faster, resulting in a shift of the peak to lower frequency. In the Soret
band, the low-frequency side binds faster, resulting in a shift to higher
frequency.

Kinetic hole-burning
If a spectral distribution is nonrandomly mapped onto the distribution of
enthalpic barriers g(H), the spectrum changes shape during rebinding
of CO to Mb after photodissociation (37). In other words, if different
populations of the ensemble of Mb molecules rebind with different rates
and have slightly different absorption spectra (Fig. 2 b), the difference
spectra will shift in time. This effect is known as kinetic hole-burning
(20, 21). Rebinding was monitored both in the Soret band (method 3)
and in the infrared A, band (method 4) of MbCO. The protein sample
was cooled to 40 K, where rebinding occurs on a convenient time scale
for these kinetic hole-burning experiments.

Sample preparation
Lyophilized sperm whale Mb from Sigma Chemical Co. (St. Louis,
MO) was dissolved in 75% (vol/vol) glycerol/water buffered to pH 6.9
with 0.1 M potassium phosphate. The sample was stirred under a CO
atmosphere for several hours, reduced with threefold excess sodium
dithionite, and stirred to form MbCO. The final protein concentration
was -5 ,uM for the Soret experiments.

FTIR experiments
The sample was placed between two CaF2 windows separated by a 6-,um
spacer. The infrared spectra were taken on a Mattson Sirius 100 FTIR

spectrophotometer with spectral resolution I or 0.5 cm-'. At 1 cm-'
resolution 1,000 scans were averaged, and at 0.5 cm-' resolution 500
scans were averaged. Both cases resulted in -600 s scanning time. In the
kinetic experiments at the earliest times, the number of scans was

reduced to improve temporal resolution. The sample temperature was

controlled with a closed-cycle helium refrigerator (model 21; CTI-
Cryogenics Div., Waltham, MA) and varied between 10 K and 300 K.

Soret experiments
Spectra in the visible were collected with a Cary- 14 spectrophotometer
upgraded by OLIS (Atlanta, GA) with a nominal spectral resolution of
0.1 nm. The sample was kept in a 10-mm plastic cuvette. Temperature
was controlled with a liquid He storage dewar (Janis Research Co.,
Wilmington, MA) and a temperature controller (Lake-Shore Cryogen-
ics Inc., Westerville, OH) between 5 and 300 K.

Photolysis
The sample was illuminated with either white or monochromatic light.
White-light excitation was achieved with a 250-W tungsten lamp (Oriel
Corp., Stamford, CT). The light was focused on the sample after passing
through a 15-cm pathlength water heat filter. Monocromatic light was
obtained from a 75-W Xenon lamp (Oriel Corp.) and passed through a

monochromator (Jarrel-Ash, Waltham, MA). The band width of the
exciting light was - I nm.

RESULTS AND DATA EVALUATION

Method 1: spectral hole-burning in
the Soret, monitored in the Soret
MbCO was photolyzed in successive small steps with light
of two different wavelengths, and the spectrum was
measured after each illumination. The photolyzing wave-
lengths were 417 and 431 nm, where the slope of the Soret
band has the largest magnitude, and therefore the largest
difference between the spectra resulting from the two
excitations is expected. If the band is inhomogeneously
broadened, the difference spectra A(n) - A(O) shift as
the photolysis proceeds. Here A(n) represents the spec-
trum after the nth photolysis step and A(O) is the initial
spectrum. If excitation occurs at the low-wavelength
slope, then the difference spectra shift from lower to
higher wavelengths. Fig. 3 shows the peak regions of the
difference spectra that result while photolyzing the first
and second half of the population, respectively. The
opposite and symmetric shifts in the case of excitation
light at 417 and 431 nm prove that the Soret band is
inhomogeneously broadened. The small size of the shift
suggests a narrow inhomogeneous width. The method of
Rousseau (38) was used to determine the shift: If the shift
of the peak is much smaller than the line width of the
band, then the difference of the spectra before and after
the shift has the shape of the peak's derivative and its
amplitude is proportional to the shift. By comparing the
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FIGURE 3 The peak regions of the Soret difference spectra (Mb-
MbCO) after different amounts of photolysis at 10 K. The difference
spectra are normalized. 1: A - A(50%) - A(0%), 2:
A = A(100%) - A(50%). The percentages give the fraction that has
been photolyzed. (a) Excitation at 417 nm; (b) Excitation at 432 nm.

amplitude of the difference spectrum to the amplitude of
the shifting band, the shift can be determined. Here and
in the following, this method was applied to obtain all
spectral shifts. In the data presented in Fig. 3 the shift
between the difference spectra is 0.18 nm.

Method 2: spectral hole-burning in
the Soret, monitored in the IR CO
stretch band A1 of MbCO

The experiment is similar to that described in the previous
section: If the Al band is inhomogeneously broadened
owing to the distribution of protein properties that affect
binding and if there is a correlation between the Soret and
IR spectral distributions, then by following a photolysis
sequence as described above the absorption difference
spectra of the Al band should also show a shift. The
experiment was performed with photolysis light of 415
and 432 nm wavelength. Fig. 4 shows data with the
largest initial shifts. The difference in position of the
difference spectra at small (-20%) photolysis between
415 and 432 nm excitation is 0.2 cm-'. The result proves
that the A, band is inhomogeneously broadened and that

(cm'l)

FIGURE 4 Infrared difference spectra (Mb-MbCO) in the Al stretch
frequency region of bound CO after 20% of MbCO was photolyzed at 10
K. (a) Photolysis at 417 nm. (b) Photolysis at 432 nm.

the low (high) frequencies of the Soret band correspond to
low (high) frequencies of the infrared Al band.

Method 3: kinetic hole-burning in
the Soret band
Fig. 5 b shows the difference spectra [A(t) - A(0)],
where A (t) is the absorbance at different times t after
photolysis with white light at 40 K. A (0) is the absorb-
ance before the flash (Fig. 5 a). To demonstrate and
determine the shift, first the successive difference spectra
were normalized to each other, then the first one was

subtracted from the later ones. Fig. 5 c shows these
differences, characteristic of shifts in both the MbCO and
photodissociated Mb bands. From 60 to 15 x 103 s the
difference spectrum for the MbCO band shifted by 0.6
nm to larger frequencies. The shift of the photodisso-
ciated Mb band also shows kinetic hole-burning, consis-
tent with the results of Srajer et al. (31).

Method 4: kinetic hole-burning in
the A1 band
MbCO was photolyzed with white light at 40 K and
rebinding was followed in the infrared A bands. Fig. 6
shows the difference spectra [A(t) - A(0)] in the bound
CO stretch-frequency region. The spectra show the
"missing" bound ligands at different times. The shift
during rebinding is best seen in the case of the Al band,
which moves to lower frequencies. The spectra taken 10 s

and 3 x 104 s after flash-off differ by 1 cm-'. The width of
the difference spectrum increases from 7.7 cm-' at 10 s to
8.8 cm-' at 3 x 104 S.
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rebinding of CO after photolysis at 40 K. (a) The difference spectrum at
t = 10 s after photolysis. (b) The difference spectrum at t = 3 x 104 s
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demonstrate the shift. The apparent growth of A3 is due to the slower
CO rebinding in A3.

440 460

0

E
-

:

A (nm)

FIGURE 5 Shift of the Soret band of MbCO during rebinding of CO
after photolysis at 40 K. (a) Successive absorption spectra. The spectra
were taken in logarithmically increasing intervals after photolysis; the
first and last spectra represent t = 30 s and t = 30 x 104 s after
illumination, respectively. The arrow indicates the direction of absorp-
tion changes during rebinding. (b) The successive Mb-MbCO differ-
ence spectra. (c) The difference of the difference spectra in b after
normalization. The first difference spectrum is subtracted from the later
ones. The arrow indicates the direction of the shift of the Soret band of
MbCO during rebinding. The shift in the Soret band of photodissociated
Mb during rebinding is also shown. The dashed line shows a spectrum of
partially photolyzed MbCO to locate the position of the peaks due to
MbCO and Mb.

Homogeneous and
inhomogeneous line widths
All the data presented point to inhomogeneous broaden-
ing of the spectral bands of MbCO. The four different

hole-burning experiments are spectroscopic markers of
different properties and represent distributions along
different protein coordinates. In the spectral hole-burning
monitored in the Soret band (method 1), the inhomoge-
neous broadening is directly responsible for the observed
shift. In the other three experiments, the selective pertur-
bation is achieved along a distribution different from the
one observed. In the spectral hole-burning with IR moni-
toring (method 2) the selective photolysis is performed
along the Soret spectral distribution. The shift and the
inhomogeneous broadening of the A, band is caused by
the coupling of the spectral distributions in the Soret and
the IR. Similarly, in the kinetic hole-burning experiments
(methods 3 and 4) the shift is determined by the distribu-
tion of the bands, the distribution of enthalpic barriers
g(H), and their mapping onto each other.

In order to estimate the homogeneous and inhomoge-
neous widths for the Soret and A, bands, we characterize
the correlations described in the preceding paragraph in
the following way: The protein substates of tiers 0, 1, and
2 (CS0, CS', and CS2) do not interconvert up to 40 K, the
highest temperature of our experiments, indicating the
absence of structural relaxations involving these tiers
(7, 17, 21, 22). Consequently, the observed spectral
bands are frozen into static distributions. We simulate the
line shapes of the observed bands by expressing them as

superpositions of many slightly shifted bands. We per-
formed the simulation with two line shapes. First, the
spectra were approximated with a Gaussian distribution
of Gaussian line shapes in wave number space:

A (v) = A(vo) f D(v', vo)S(v, v')dv', (2)
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where

1 ( vo)'2
D(v', PO) = exp2- 2

2rWih 2cih
(3)

and

S(v, v') = exp ( 2-4

Here oih iS the inhomogeneous and Q)h the homogeneous
width. D(v', PO) is the inhomogeneous broadening and
S(v, v') is the homogeneous spectrum. In the numerical
simulation the spectra were modeled as a sum of 11

Gaussians S(I, v'), whose amplitudes at t = 0 are Gaus-
sian distributed by D(v', v0). In modeling the spectral
hole-burning, we assumed wave-length-independent
quantum yield. Hence, the reaction was simulated by
taking the probability of absorbing a photon by a particu-
lar subpopulation of proteins to be proportional to the
absorption of that population at the exciting wave num-

ber. In the case of the spectral hole-burning experiment
where the Al band was monitored, we assumed that the
inhomogeneous distribution of the Soret band is simply
(linearly) mapped onto the distribution of the Al band.
The mapping is not necessarily simple, and we will discuss
this point in the next section.

In the simulation of the kinetic hole-burning, we

assumed that the mapping between the enthalpic barrier
distribution for the Al substate (7) was matched to the 11

spectral components according to the initial distribution
of the Al band, and the rebinding was generated with 11

average rates. The matching was selected such that the
simulation yielded peak shifts of the observed direction.
In the Soret band, the low frequency side rebinds faster
while in the Al band the high-frequency side rebinds
faster.

In the simulations, pairs of homogeneous and inhomo-
geneous widths for the initial spectra were generated by
fixing one of the widths and letting the fit determine the
other. Good fits could be obtained with a wide range of
widths. The simulation was then run with these different
pairs of widths and the pair that resulted in the observed
apparent shift of the difference spectra was selected.
When simulating the spectral hole-burning monitored in
the infrared A, band (method 2), the Soret parameters,
i.e., WLih and Wh, determined by the spectral hole-burning
monitored in the Soret (method 1) were used and only the
parameters of the Al band were varied. Table 1 gives the
results of the simulation.

In addition, we performed the simulations with Voig-
tian line shapes, where the spectrum is a convolution of a

Gaussian (the inhomogeneous distribution) and a Lorent-
zian (the homogeneous spectrum) (7, 39). The results of

TABLE 1 Gaussian homogeneous and inhomogeneous
line widths of MbCO

Homogeneous Inhomogenous
Spectral band/method* width (wh) width' (Wih) Wih/lWh

cm' cm'
Soret band/method 1 269 41 0.15
(Spectral hole-burning)

Soret band/method 3 272 13 0.05
(Kinetic hole-burning)

IR Al band/method 2 3.7 0.7 0.19
(Spectral hole-burning)

IRAl band/method4 3.2 2 0.63
(Kinetic hole-burning)

Simulation using Eqs. 2 and 3 of text.
*Methods are described in text.
t Errors are on order of ± 20%.

the simulations agree to within 10% for the two cases,
indicating that the widths are not very sensitive to the
actual line shape. The independence of the line widths of
the choice of line shape is not unexpected since only peak
positions were followed. In the spectral hole-burning
experiments (methods 1 and 2), excitation occurred at
half maximum so only the central regions of the spectra
were investigated. Also, the line broadening of the differ-
ence spectrum in the IR kinetic hole-burning experiment
may be the result of nonsymmetric line shapes. For
symmetric spectra with symmetric distributions, one
would expect a narrowing of the distribution together
with a line-narrowing of the measured difference spec-
trum as rebinding proceeds if the population of the
photolyzed distribution is "eaten away" from one side
(20, 37). However, if the distribution is not symmetric, or
the component spectra within the distribution do not have
equal width, broadening can occur.

DISCUSSION

Conformational substates
The results presented here show that the spectral lines in
MbCo that were studied, both in the visible (Soret band)
and the infrared (CO stretch bands), are inhomoge-
neously broadened. This observation adds further support
to the concept of conformational substates (5, 6). The
experiments yield homogeneous line widths in the range
of the total width of the bands. The hole-burning experi-
ments result in only slight shifts of the spectra in contrast
to the narrow holes observed at much lower temperatures
on apomyoglobin containing cholorophyllide (25). Our
experiments demonstrate the heterogeneity of the protein
spectra that are frozen in the temperature range 10-40 K.
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Although the rate of rebinding limits our ability to detect
the effect, it may be present up to temperatures where the
relaxation of CS' and CS0 substates sets in, 170-190 K
(26).

Connections among spectroscopic
and functional heterogeneities
Not enough information is available to connect the indi-
vidual spectral and enthalpic distributions to specific
protein coordinates. However, some overall features can

be recognized. In the work of Champion and collaborators
(31, 40), both the enthalpic barrier distribution and the
inhomogeneous broadening of the Soret band of deoxy
Mb are attributed to a distribution of the iron position in
the heme normal direction, and the doming of the heme in
the deoxy state. The data presented here indicate that the
situation is more complicated. Even in MbCO, where the
heme is not domed, there is a correlation between the
enthalpic barrier distribution and the spectral distribu-
tions, both in the Soret and A, band, indicating that
structural features present in the bound state are involved
in the enthalpic barrier distribution. The values shown in
Table I allow us to estimate the correlations of the
distributions along the different protein coordinates. If
the simple correlations assumed in the simulations using
Eqs. 2 and 3 were true, the inhomogeneous widths of the
Soret and the Al bands obtained in each pair of experi-
ments would be equal. The total inhomogeneous width is
directly measured only in the spectral hole-burning moni-
tored in the Soret (method 1). The other methods are

indirect: The selection from the inhomogeneous popula-
tion of proteins is done according to a particular protein
coordinate, i.e., the spectral distribution of the Soret if the
effect of the hole burned in the Soret band is observed in
the IR, and the enthalpic barrier distribution in the
kinetic hole-burning experiments. The resulting perturba-
tion of the distribution is measured along a different
coordinate. Table 1 shows that the inhomogeneous width
of the Soret band obtained by method 3 is one third that
obtained by method 1. Thus, the mapping between the
Soret spectral distribution and the enthalpic barrier dis-
tribution is not as simple as assumed. In the case of the Al
band, both inhomogeneous widths involve assumptions
about mapping of the two distributions. However, the
total inhomogeneous broadening of A, obtained by
method 4 is 2 cm-' while method 2 results in a value three
times smaller. The values indicate that the correlation
between the distributions of the Soret and of the A, band
is not very strong. We conclude that the spectral distribu-
tion of the Al band and g(H) strongly depend on the same
protein coordinate, while the spectral distribution of the
Soret band is dominated by another coordinate. The

mutual correlation of all of these distributions points to
the complexity of the interactions among different parts
of the protein. Fig. 7 summarizes the different distribu-
tions observed and their correlations.
The nonuniform mapping between the different distri-

butions may also explain an apparent contradiction in the
qualitative features of the results from the different
methods. Since the spectral hole-burning experiment as

observed in the IR (method 2) established a red-to-red
and blue-to-blue correlation between the spectral distri-
butions of the Soret and Al bands, one might think that
both bands should shift in the same direction during
kinetic hole-burning (methods 3 and 4). However, since
the correlations among the distributions summarized in
Fig. 7 are not very strong and different in the different
cases, the opposite shift of the two peaks during rebinding
of CO is not contradictory.

It has to be emphasized that while the Soret band
reflects the whole MbCO population, the A, infrared
band is characteristic of a CS0 subpopulation of the
molecules. In other words, the inhomogeneous broadening
of the Soret includes CS0, while that of band A, does not.
This fact is illustrated in Fig. 1. Examination of the IR
difference spectra of the hole-burning experiment moni-
tored in the infrared (method 2) in the range of all A
bands shows that the relative intensities of the A bands
depend on the excitation wavelength (data not shown).
The Soret band therefore is a sum of slightly shifted
bands that belong to the three CS populations character-
ized by the A bands. The Soret band that corresponds to
Ao is shifted from that of A, by 0.4 ± 0.1 nm to the blue,
while this value for A3 is 0.6 ± 0.15 nm to the red.
The spectral hole-burning experiment monitored only

g(H)

g(H)

5 10 15 20 H
m

weak strong
correlation // correlation

weak
I Soret correlation I A

g(v)j / \g(v) /

FIGURE 7 Summary of the spectral distributions and their correlations
investigated in this work and their relation to the conformational
substates and enthalpic barrier distribution g(H).
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in Al shows that the Soret band has inhomogeneous
broadening also due to lower tiers (CS', CS2, . . .); how-
ever, they are not resolved. At both CS' and lower tiers
(CS', CS2, . . .) the correlation between the spectral dis-
tribution in the Soret and A bands is such that high
frequency in the visible corresponds to high frequency in
the IR.

The structural marker: orientation
of CO in MbCO
The infrared CO stretch bands have been used to deter-
mine the tilt angle a between the heme normal and the
bound CO (1 3, 14). The method involves measurement of
the linear dichroism after photoselection. The angle a
provides a simple, direct parameter that characterizes the
different A substates: a(Ao) = 150 ± 30, a(A,) = 280 +
20, a(A3) = 330 ± 40. The different A substates label
proteins with slightly different structures near the heme
pocket and, possibly, slightly different overall structures.
Measurements with good signal-to-noise ratio show that
the tilt angle is wave-number dependent in the Ao and A,
bands. (The effect probably also exists for the A3 band).
For example, the tilt angle of the A, band centered at
1,945 cm-l changes from 260 at 1,940 cm-' to 300 at
1,950 cm-' (15). The spectral and functional heterogene-
ity of the A bands is thus coupled to a heterogeneity of the
structure.
The results presented here suggest the following pic-

ture: Within a single CS0 substate of MbCO, the distribu-
tion of enthalpic barriers, the distribution of stretch
frequencies of bound CO, and the distribution of tilt
angles of the bound CO are correlated. With this new
insight into the characteristics of conformational sub-
states in myoglobin, we move closer to the goal of
understanding the relationship between the dynamic
structure and function of proteins (15, 41).
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