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ABSTRACT The time and temperature dependencies of
the line area (MO) and position (MI) ofband HI at =760nm have
been measured with Fourier-transform infrared spectroscopy
in deoxymyoglobin (Mb) and continuously photolyzed carbon
monoxide myoglobin (MbCO). Below 200 K, the area of band
Im in the photoproduct Mb* increases with time even on time
scales of hours. This behavior indicates changes in the distri-
bution of activation enthalpy barriers for ligand rebinding
under extended illumination. The band position of Mb* shifts
to higher wavenumbers with increasing temperature up to 100
K owing to kinetic hole burning; the same protein coordinate
that controls the position of band Im also determines the
rebinding barrier height. The shift ceases above 100 K, im-
plying that more than one protein coordinate affects the height
of the rebinding barrier. Above 160 K, the line position in Mb*
shifts again and coalesces with the value of Mb for tempera-
tures above 200 K. The shift is accompanied by an increase of
the line area, reflecting a slowing of rebinding kinetics. Both
effects are explained in the framework of the model introduced
by Steinbach et al. [(1991) Biochemistry 30, 39884001]. Above
-160 K, the conformational relaxation Mb* -- Mb simulta-
neously shifts the line position of band mI and increases the
enthalpy barrier for ligand rebinding. Furthermore, equilib-
rium fluctuations lead to an averaging of the band position and
the rebinding enthalpy.

In heme proteins, photodissociation of a bound ligand leaves
the protein initially in a nonequilibrium state. Above =160 K,
this state relaxes toward the equilibrium structure, thereby
creating a proteinquake (1). Starting at the heme, the pro-
teinquake involves a sequence of conformational motions,
which are reflected in subtle spectral shifts. In the present
paper, we describe the motions and the corresponding spec-
tral changes after photodissociation of carbon monoxide
myoglobin (MbCO).
Mb is an oxygen storage protein with a molecular mass of

"18 kDa and protoheme as a prosthetic group (2-4). Small
ligands such as 02 or CO bind at the heme iron. In the
liganded state, the iron has spin 0 and lies close to the heme
plane. In the unliganded state (Mb), the iron has spin 2 and
lies ="0.4 A away from the mean heme plane. The globin
structure differs slightly in MbCO and Mb (5-7). Immediately
after photodissociation of MbCO, the globin is still in the
bound-state structure. A proteinquake then releases the
stored energy and leads to the Mb structure. For the present
discussion, we assume that the large-scale motions are de-
scribed by the scheme (1, 8, 9)

hpb FIM 2 FIM 1M
MbCO Mb** --* Mb* -+ Mbj - I'mb. [1]

Mb** is the state of the protein-ligand system immediately
after photodissociation. At temperatures above "'20 K, the
proteinquake rapidly progresses to the state Mbj, where the

iron has partially moved out of the heme plane, but much of
the globin is still in the bound-state structure (10-12). FIM 2
(functionally important motion) is the nonequilibrium motion
that leads from Mb! to Mb'; it presumably involves further
motion of the iron into its deoxygenated position and some
motion ofthe proximal histidine. We associate FIM 2 with the
shift of the activation enthalpy distribution observed after
photodissociation at temperatures between 170 and 220 K
(13, 14). The relaxation Mb*j- Mb (FIM 1) probably involves
a shift of the F-helix to which the proximal histidine is
attached. In contrast to hemoglobin, where the F-helix moves
by -1 A on relaxation from the ligand-bound to the deligated
structure, the shift in Mb is small, so that FIM 1 has not yet
been assigned to a particular experimental marker. Also, the
relaxation from Mb! to Mb may actually be more complex
than shown in Eq. 1 and may involve more than one pathway.
In view of these open questions it suffices here to discuss the
spectroscopic evidence for FIM 2 in myoglobin with Mb*
used for the unrelaxed and Mb used for the equilibrium
structure.
As a marker for FIM 2, we use band III, a near-infrared

charge-transfer transition at -760 nm ('13,000 cm-') (14-
21). Band III occurs only in the deligated form. Iizuka et al.
(16) found that at 4.2 K band III was red-shifted by 14 nm in
Mb* compared to Mb. At low temperatures, Mb* is meta-
stable and band III does not relax to its deoxyMb value. At
300 K, however, Xie and Simon (22) report that band III is
relaxed within 35 ps after photodissociation. Consequently,
the relaxation characterized by the shift of band III, presum-
ably FIM 2, must occur with an easily measurable rate
somewhere between 4 and 300 K. We observed an apparent
shift of band III starting at "40 K and interpreted it as
evidence for FIM 2 (1). However, Friedman and collabora-
tors (23) demonstrated that this shift did not reflect a struc-
tural relaxation but arose from kinetic hole burning (see
below) (13, 24). Nevertheless, band III must shift at some
temperature and reveal information about FIM 2. In the
present paper, we show that the relaxation Mb* -* Mb occurs
above "160 K and is accompanied by an increase in the
rebinding barrier at the heme iron (13, 14).

Methods and Materials

We exposed MbCO to continuous intense light. The compe-
tition between photolysis and rebinding led to deligated
molecules, which gave rise to band III. We measured ab-
sorption spectra e(v) of this band at various temperatures as
a function of the photolysis rate kL and exposure time tL.
From the spectra, the area and position of band III were
determined.
For the experiments, freeze-dried sperm whale Mb (Serva)

was dissolved in a mixture of 75% glycerol/25% 0.4 M
phosphate buffer (vol/vol), pH 6.6. The solution was deox-
ygenated and reduced with Na2S204 to give deoxyMb. MbCO

Abbreviation: FIM, functionally important motion.
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was obtained by stirring for several hours under a CO
atmosphere. The protein concentration of the samples was
-15 mM. For the measurements, a few microliters of the
protein solution was kept between two sapphire windows
(diameter, 13 mm) separated by a 75-gm-thick Mylar washer.
The windows were sandwiched inside a block of oxygen-free
high-conductivity copper that was mounted on the cold finger
of a closed-cycle helium refrigerator (model 22C; CTI Cryo-
genics, Waltham, MA). The temperature was measured with
a silicon temperature sensor diode and regulated with a digital
temperature controller (model DRC93C; Lake Shore Cry-
otronics, Westerville, OH). The MbCO sample was photo-
lyzed with light from an argon ion laser (model 543; Omni-
chrome, Chino, CA). The laser was operated at 250-mW
multimode output and emitted predominantly at 488 and 514
nm. The beam was split and focused with lenses on the
sample from both sides. The standard photolysis rate kL was
determined as -20 s-1 at low temperatures. Lower photol-
ysis rates were obtained by inserting calibrated neutral-
density filters into the laser beam. Transmission spectra in
the near infrared were collected between 12,000 and 14,000
cm-1 with a resolution of 8 cm-' on a Fourier-transform
infrared spectrometer (model Sirius 100; Mattson Instru-
ments, Madison, WI). We used a 250-W tungsten lamp as
light source, a quartz beamsplitter, and a silicon photode-
tector. For each spectrum, 400 mirror scans were performed
during 320 s. Absorbance spectra of Mb and Mb* were
calculated with MbCO background spectra taken in the dark
at the same temperature. The baseline was fitted with a cubic
polynomial and subtracted from the spectra. The area ofband
III was calculated from the absorbance e(v) as the zeroth
moment, MO = fe(v)dv. The band position was computed as
the first moment, M1 = fE(v)vdv/MO. The experimental
results are summarized in Figs. 1 and 2.

Low-Temperature Phenomena

To untangle the phenomena displayed in Fig. 1, we first
discuss the low-temperature regime between 60 and 150 K
with the reaction surface shown in Fig. 3 (13, 25). In state A,
the CO is bound to the heme iron. After photodissociation,
the system moves to state B with the CO in the heme pocket.
From there it rebinds geminately (B -> A). The fraction, N(t),
of proteins that have not rebound a CO at time t after
photodissociation is determined by a distribution of enthalpy
barriers and given by

N(t) = fg(HBA)e-k(HBAT1 dHBA. [2]

Here g(HBA)dHBA is the probability of finding a barrier
between HBA and HBA + dHBA (25, 26). The enthalpy
distribution arises from the fact that the protein molecules are
frozen into different conformational substates having differ-
ent enthalpy barriers for rebinding. The solid curve in Fig. 4
shows g(HBA) for MbCO (13). Above 60 K, the rebinding rate
coefficient, k(HBA, T), is given by

k(HBA, T) = ABA(T/TO)e-HBA/RT,
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FIG. 1. Area and line position of band III in Mb as a function of
temperature. e, DeoxyMb; *, MbCO under continuous illumination
of the sample. Data were obtained from the first spectrum collected
immediately after exposing the sample to the photolyzing light. (a)
Area [zeroth moment Mo(T)], normalized to 1 OD-cm-' at 12 K;
-, calculation with Eq. 4; -- -, calculation with Eqs. 6-10. (b)
Band position [first moment M1(T)]; o, M1(T) predicted with Eq. 11.
For details, see text.

explicitly on temperature but also implicitly through the
temperature dependence of the photolyzed fraction, NB(T),
which for a two-state model is given by

NB = kL + (HBA T) dHBA, [4]

for illumination times tL >>1/kL. Mb molecules in substates
with k(HBA, T) > kL rebind the ligand after each photodis-
sociation and thus do not contribute appreciably to NB(T).
Proteins with k(HBA, T) < kL remain preferentially in the
photolyzed state. The condition k(HBA, T) = kL and Eq. 3
yield a boundary activation enthalpy

HL(T) = RT ln[ABAT/kLTO]. [5]

HL(T) for kL = 20 s-1 and T = 100 K is indicated in Fig. 4.
In a first approximation, molecules with HBA > HL(T),
represented by the hatched part of g(HBA), remain in state B
under steady illumination and give rise to band III. Since
g(HBA) for MbCO is well known (13, 25, 27), we can calculate
NB(T) with Eq. 4 and convert it into band areas MO(T) by

[3]

with the reference temperature To = 100 K and the preex-
ponential ABA = 6 x 108 s-1 for MbCO. Eqs. 2 and 3 together
with the barrier distribution g(HBA) describe very well the
rebinding of CO to Mb after a single photolysis flash.
The Band Area MO(T). The area of band III in deoxyMb

decreases continuously as the temperature increases. It is
reasonable to assume that band III of a fully photolyzed
MbCO sample exhibits the same temperature dependence as
deoxyMb. However, only photolyzed molecules contribute
to the band. Therefore, the zeroth moment depends not only

MO(T) = C(T)-NB(T), [6]

where C(T) accounts for the intrinsic temperature depen-
dence of the area of band III as determined from the mea-
surements on deoxyMb. The calculated MO(T), shown as a
solid line in Fig. la, has the same general behavior as the
measured MO(T) up to 150 K but disagrees quantitatively. It
also fails to describe the increase of MO(T) above 150 K.
Another problem emerges from Fig. 2. Eq. 4 implies that the
photolyzed fraction and thus MO(T) should reach a steady
state within tL = 1/kL, but MO(T) increases approximately
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FIG. 2. Area and position of band III for various temperatures as
a function of illumination time tL. (a) M1(T). (b) M0(T). (c) MO(170 K)
for three photolysis beam intensities; 0 OD corresponds to photolysis
rate kL = 20 S-1.

logarithmically up to 180 K. This observation suggests that
g(HBA) depends on the illumination time tL.
The observed behavior of MO(T) below 150 K can be

explained by an effect discovered by Chance and collabora-
tors (28, 29) and further studied by other groups (30-32). The
rebinding of CO to Mb at low temperatures slows after
prolonged illumination. Powers et al. (29) and Srajer et al. (32)
explain the slowing with movements of the CO to other states
in the pocket or protein matrix. Our own experiments (ref. 30;
unpublished data) lead us to explain the slowing by light-

kBS

H

11~~~~~~~ R
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FIG. 3. Effective enthalpyHofthe system Mb + CO as a function
of the reaction coordinate (rc).

induced transitions among the conformational substates. We
assume that these transitions result in an effective distribu-
tion gL(HBA) that is shifted to higher barriers as indicated in
Fig. 4. The shift depends on T, kL, and (approximately
logarithmically) the exposure time tL. The shifted barrier
distribution gL(HBA) explains why MO(T) is larger than ex-
pected from the low-temperature g(HBA) between 90 and 150
K and why it depends on tL even for tL >> 1/kL.
The Position MI(T) of Band mI. Fig. lb shows M1(T) ofMb

and Mb*. Mb exhibits a continuous decrease of M1(T) with
increasing temperature between 100 and 250 K. The behavior
of Mb* is different. Between 10 and 120 K, the increase of
M1(T) of Mb* is caused by kinetic hole burning (13, 23, 24).
Protein molecules in different conformational substates have
their band III position at slightly different wavenumbers;
therefore, the band is inhomogeneously broadened. Sub-
states with low wavenumbers have low rebinding barriers
HBA and thus rebind faster. Under steady illumination, only
molecules with HBA > HL(T) contribute to the band position
M1(T). As the temperature is increased, HL(T) shifts to
higher barriers; consequently, the band position moves to
higher wavenumbers. In the model ofChampion and cowork-
ers (33), the enthalpy barrier HBA is related to the out-of-
plane distance c of the iron with respect to the heme plane.
Because band III is a charge-transfer transition involving

-.

FIG. 4. Activation enthalpy distributions for ligand rebinding in
MbCO. g(HBA) denotes the barrier distribution as determined from
flash photolysis experiments below 160 K; gL(HBA, T, t) is the barrier
distribution that is shifted because ofextended illumination; gR(HBA,
T, 00) gives the distribution g(HBA) after complete relaxation Mb* +

Mb. Hatched area of g(HBA) represents the molecules that spend
most of their time in the photolyzed state under steady illumination
(kL = 20 s-1) at 100 K. Stippled area is the fraction that adds to this
population if the distribution moves up to higher enthalpies. Hatched
area of gR(HBA, T, oo) shows the population that can be kept in the
photolyzed state at 200 K.
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both iron and porphyrin orbitals (15), it is also expected to be
sensitive to c. Thus, kinetic hole burning arises from the fact
that both HBA and the line position v are coupled to the same
coordinate c.
M1(T) ofMb* is essentially temperature independent in the

region 120-150 K. Therefore, kinetic hole burning saturates
around 120 K while HL(T) still increases. This observation
implies that the rebinding barrier HBA is not entirely deter-
mined by the out-of-plane distance of the iron, but by at least
one other coordinate, as has been suggested by Friedman et
al. (34).

The Protein Relaxation

Major changes in protein motions occur near 180 K (1, 25,
35-37). Such changes are observable in Fig. 1. MO(T) in-
creases again above 150 K and reaches a peak between 180
and 200 K. M1(T) also increases, and its value coincides with
that of deoxyMb at and above 210 K. These features can be
understood with the model of ligand binding that we intro-
duced recently (13).
The Band Area MO(T). The increase of MO(T) above 160 K

can be explained by the relaxation Mb* -+ Mb (13, 14). The
rebinding kinetics observed in flash photolysis experiments
above 160 K can be fitted by assuming that the entire g(HBA)
shifts, with each barrier increasing according to

HBA(t, T) = HO + AH*[1- e[K*(T)tl]. [71

Here t is the time after photodissociation. The rate coefficient
K*(T) does not follow an Arrhenius relation but can be
described by

K*(T) = A*e-[E*/RTf. [8]

The relaxation parameters for MbCO in glycerol/buffer, pH
6.8, were determined from fitting the rebinding kinetics
between 160 and 210 K by Eqs. 7 and 8 (13). AH* = 11 ± 1
kJ/mol is the maximum shift of g(HBA). The rate coefficient
K*(T) and the coefficient (3 = 0.24 ± 0.06 characterize the
temporal evolution ofFIM 2. The parameters A* and E* were
determined as log(A*/s-l) = 18 ± 3 and E* = 10 ± 1 kJ/mol.
We denote the thermally relaxed distribution by gR(HBA, T,
t). The fully shifted distribution, gR(HBA, T, 00), is sketched
in Fig. 4. The thermal relaxation Mb* -- Mb increases the
fraction of Mb molecules that have enthalpy barriers larger
than HL(T). To describe the effect quantitatively, we note a
simple relation. Fig. 4 implies that the photolyzed fraction
under steady-state illumination N3(T, HL)-i.e., the area of
the relaxed and shifted distribution above HL-is the same as
the unrelaxed one for HI(T) = HL(T) - AHBA(t, T). Low-
ering of HL(T) to HIL(T) corresponds approximately to a
lowering of the temperature from T to T', with

Tr/T = HIL(T)/HL(T). [9]

We therefore have

Nr(T) NB(Tr). [10]

Eqs. 6-10 permit us to use the experimentally measured band
areas MO(T) below 150 K to predict the values above 150 K.
One difficulty occurs in the evaluation of Eq. 7. The actual
time (t) that must be inserted into Eq. 7 is smaller than tL
because only a fraction of the Mb molecules relax during the
entire time without rebinding at least once. It will also depend
on temperature. Numerical estimates indicate that for 180 K
and tL = 320 s, (t) is -50 s. The computed MO(T) (shown in
Fig. la as the dashed curve) reproduces well the observed
MO(T) between 160 and 220 K. A complete treatment should

include the escape of ligands into the solvent. The rates of
these events are very small below 200 K so that they remain
undetected in single-flash photolysis kinetic traces (13, 25,
38). Steady-state experiments, however, where each mole-
cule is photolyzed many times during the measurement,
enhance the fraction of ligands moving out into the solvent
and give evidence for a solvent process above -170 K (32).
Below 220 K, the correction for this effect is small.
The Position Ml(T) of Band m. Above 150 K, M1(T)

increases again with temperature. We assume that the shift of
M1(T) is governed by the same motion as the shift of the
barrier HBA(t, T) and write in analogy to Eq. 7

Ml(t, T) = M1(0, T) + AMA[1 -e- (T)tP]. [11]

The maximal shift at pH 7, AM1 = 156 cm-1, is obtained by
comparing M1 for deoxyMb and photolyzed MbCO at 10 K.
M1(t, T) of Mb*, calculated with Eq. 11 and (t) = 50 s, is
shown in Fig. lb as open squares. It crosses the Mb data and
saturates -70 cm-1 higher after complete relaxation. This
behavior can be understood. In Mb, all molecules contribute
to the line. Therefore, the position is an average over the
whole ensemble. In Mb*, however, only the molecules with
the highest barriers in the ensemble contribute to the line
under steady-state conditions. The fact that the data for the
two samples coalesce above 200 K is evidence for protein
fluctuations in tier 1 of the substate hierarchy of MbCO (39)
at these temperatures. If a photodissociated MbCO molecule
fluctuates among different substates, both HBA and M1(T)
will change with time. Consequently, the line position be-
comes a time average over all accessible substates. These
protein fluctuations may already be noticeable at 180 K,
where the shift of M1(T) begins to flatten out.
Two remarks must be added. The first concerns the value of

AM1 at temperatures around 10 K. In our earlier paper (13), we
report AM1 = 116 cm-1. Other authors give values between 131
and 239 cm-1 (16-19). We have found that M1 depends on
solvent composition, pH, and protein concentration. The sec-
ond remark applies to substates of tier 0. Three such substates
contribute to band III; they rebind and relax differently (27, 30).
Therefore, the measurements described here should be re-
peated with samples containing the tier 0 substates with various
weights. We believe, however, that the main conclusions will
not be affected by this complication.

Summary and Conclusion

The experimental data presented here provide evidence for
three dynamic phenomena in MbCO. Extended illumination
increases the barrier for rebinding; thermal relaxation also
increases this barrier, and equilibrium fluctuations average
the barrier heights and open pathways for the photodissoci-
ated ligands to escape from the proteins into the solvent. The
three phenomena occur at different temperatures. The light-
induced transitions take place even below 10 K, thermal
relaxation starts at -160 K, and the equilibrium fluctuations
begin around 180 K.
While no detailed model for the light-induced transitions

exists, the two other dynamic phenomena are explained
within the framework of a hierarchy of conformational sub-
states (1, 30) by a model that we introduced recently (13). In
this model, we describe the time dependence of the thermal
relaxation of the globin structure after photodissociation (14)
by a stretched exponential (Eq. 7) and the temperature
dependence of the rate coefficient by a Ferry law (Eq. 8). The
model describes the behavior of the charge-transfer band at
760 nm at all temperatures and provides support for the
existence of two crucial tiers of substates-tiers 1 and 2. Tier
1 involves large-scale motions that are responsible for open-
ing pathways through the protein matrix. Motions in tier 2

Biophysics: Nienhaus et al.
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(FIM 2) are responsible for the increase of the height of the
rebinding barrier at the heme iron after photodissociation and
for the shift of band III above -160 K.
Our spectroscopic data give little information about the

structural rearrangements that occur in the relaxation pro-
cesses. The x-ray structures ofdeoxyMb (6, 7) and ligated Mb
(5, 40, 41) suggest a structural explanation for FIM 2. While
only very small differences exist between the positions of
most atoms in the ligated and deligated forms (42), the
position of the heme iron clearly changes. Its distance from
the mean heme plane is 0.03 A in MbCO (5) and 0.35 A in
deoxyMb (6, 7). At low temperatures, motions of the protein
are restricted. Therefore, it is likely that photodissociation
leads to the structure Mb* where the iron has only partially
moved out of the heme plane. At higher temperature, the
protein becomes increasingly flexible and is able to relax into
the equilibrium deoxyMb conformation.
A high-resolution x-ray structure analysis of photolyzed

MbCO could support this scenario but has not yet been
performed. Raman spectroscopy offers support for the hin-
dered mobility of the heme iron in the photoproduct Mb* at
low temperatures. From the shifts of Raman lines in the
high-frequency region ("1500 cm-'), Rousseau and Argade
(8) concluded that the heme core of Mb* is expanded com-
pared to deoxyMb (2.027 versus 2.020 A at 4.2 K) (8). This
expansion can be explained by the increased repulsion be-
tween the occupied (d.2-y2) orbital of the high-spin iron and
the pyrrole nitrogen orbitals because of incomplete relax-
ation. Additional support comes from the increased fre-
quency of the iron histidine stretch mode in Mb* (233 cm-1)
compared with deoxyMb (225 cm-l) at 4.2 K (43). In Mb*, the
frozen protein matrix does not allow the imidazole side chain
to pull the iron out of the heme plane as much as in deoxyMb.
Therefore, the optimal bond length and strength can be
established, which is reflected in a large iron-histidine stretch
frequency.

In our recent paper (13), we inferred the conformational
relaxation Mb* -* Mb from the temperature dependence of the
flash photolysis rebinding and from studies of the kinetic hole
burning of band III. Here we have added direct spectroscopic
evidence for the conformational relaxation, as reflected in the
area and position of band III above "160 K. While this paper
focuses on the effects of protein motions on the final binding
step, the entry and exit of the ligand is another crucial process
in which dynamic effects are of utmost importance. Austin and
collaborators (44) have recently obtained information about this
step by monitoring the stretch frequency of the photolyzed CO.
More work will be needed to obtain a detailed picture of the
dynamic interplay between the protein and the ligand migrating
into and out of the heme pocket.
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