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Two-Level Systems in Myoglobin Probed by Non-Lorentzian Hole Broadening in a
Temperature-Cycling Experiment

Atusi Kurita, Yutaka Shibata, and Takashi Kushida
Department of Physics, Osaka University, Toyonaka, Osaka 560, Japan

(Received 15 August 1994)

We have measured the broadening of persistent spectral holes in H2-protoporphyrin-substituted
myoglobin caused by temperature cycling between 4 and 70 K. Non-Lorentzian hole broadening
has been observed for excursion temperatures above 40 K. This effect has been explained by assuming
that the hole broadening is due to the transition-frequency shift of the chromophore by the random flips
of the two-level systems, and that the these systems in the interior and in the exterior of the myoglobin
molecule make different contributions to the broadening. From the analysis of the hole spectra, the
number and the coupling strength of the TLS’s in myoglobin have been determined.

PACS numbers: 87.64.Ni, 78.50.–w, 87.15.–v
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For an understanding of the protein state of matt
and protein functions, it is important to obtain a clea
picture of the low-energy excitations and their relaxation
in a protein. At low temperatures, many properties o
proteins are described well by treating proteins as glass
[1]. Proteins and glasses show structural relaxation ev
at very low temperatures, and the relaxation is model
by transitions between two metastable states in localiz
double-well potential systems, i.e., two-level system
(TLS’s) [2,3]. Thermally activated transitions betwee
the metastable states can be detected by hole-burn
spectroscopy of dye molecules doped in glassy materi
combined with a temperature-cycling technique. In th
method, thermally activated transitions below a certa
temperatureTc are probed by the irreversible broadenin
of a spectral hole burned at a low temperatureTb

after the temperature is once raised toTc and then
lowered to the original temperatureTb. The irreversible
broadening of the hole is considered to result from
shift of the transition frequency of the dye molecul
in response to a change in the local environment
the dye, which corresponds to the transitions in th
TLS’s. The inhomogeneous distribution of absorptio
lines that originally have a degenerate transition frequen
and spread in this way is called the spectral diffusio
kernel (SDK) of a hole spectrum. The SDK usuall
shows a Lorentzian shape, and its width broadens w
Tc. So far, a steplike broadening of holes as a functio
of temperature has been observed in proteins, which w
attributed to a small number of degrees of freedom in
protein [4].

In this Letter, we report a temperature-cycling
hole-burning experiment made on H2-protoporphyrin-
substituted myoglobin (H2PP-Mb). A hole was burned
at 4 K in the absorption band of H2PP near 620 nm,
and the excursion temperatureTc was varied up to about
70 K. For excursion temperatures above 40 K, the SD
was found to deviate from a Lorentzian shape. We inf
that this comes from the finite size of the protein. W
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analyzed the hole profiles by assuming different numb
densities and chromophore-TLS coupling strengths for t
TLS’s in the interior and in the exterior of the myoglobin
molecule. Hole shapes with a host matrix consistin
of two spatial domains have already been analyzed
Pack, Narasimham, and Fayer [5] and Kador [6]. Pac
Narasimham, and Fayer calculated the hole shapes i
case where dynamic properties of the host glass var
between the solvation shell and bulk regions. Kad
derived a formulation for temperature-cycled hole shap
or SDK’s assuming a dead volume for the TLS, aroun
the dye molecule. Both analyses demonstrated that h
shapes deviate from Lorentzian under certain condition
and Kador showed that it is possible to estimate, from t
non-Lorentzian SDK, the number density and the co
pling strength of the TLS’s with the dye. However, both
of them failed to observe such a deviation in dye-dope
polymers or organic glasses. In our system, the spa
around the chromophore is divided into two parts mo
distinctly by the protein surface. We extended Kador
formulation and fitted the non-Lorentzian SDK. By the
fitting, both the number and the coupling constant o
TLS’s in the protein were determined for the first time.

The preparation of H2PP-Mb has already been reporte
in a previous paper [7]. The protein was dissolve
in a water-glycerol mixture (volume ratio 1:3) with a
concentration of about 1 mM, and then contained in a
glass cell with a path length of 1 mm. The optica
density of the sample was about unity at 620 nm. Th
sample temperature was controlled with an accura
of 0.1 K in a He-gas flow-type cryostat. A linearly
polarized multimode dye laser with a bandwidth of abou
0.3 cm21 was employed to burn a hole (burning powe
3.5 mW, exposed area 0.06 cm2). The hole spectra were
measured at 4 K before and after temperature cycles
passing unpolarized light from a halogen lamp throug
a 1 m single monochromator with a resolution of abou
0.3 cm21, and then the sample. The time to measure
spectrum and the time to change the temperature w
© 1995 The American Physical Society 4349
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on the order of 10 min. In order to detect even subt
changes in the hole shape, hole spectra were measu
with a rather long signal averaging time. In particula
we ascertained that there was no drift in the baseline
the spectrum during the temperature-cycling experime
No further changes were observed in the hole spec
when the holding time atTc was prolonged to about
1 h or the cycling to the same temperature was repeat
Accordingly, it is certain that the change in the hol
spectra is not dependent on the time after the hole burn
but fixed by the cycling temperature.

Figure 1(a) shows the hole spectrum of H2PP-Mb just
after hole burning at 4 K and after temperature cyclin
to Tc  69 K. The initial hole shape is irrelevant to our
discussion although the experimental sensitivity of th
change is dependent on it. We notice that hole broaden
occurs mainly in the tail of the hole, while the full-
width at half maximum (FWHM) of the hole is hardly
increased by temperature cycling. The closed circles
Fig. 1(a) represent a Lorentzian curve convoluted wi
the original hole shape. The width of the Lorentzian wa
chosen so as to reproduce the FWHM of the experimen
data. The calculated spectrum deviates from the observ

FIG. 1. (a) Hole spectrum of H2PP-Mb burned at 4 K (dashed
line) and that after temperature cycling toTc  69 K (solid
line). The hole depth is normalized to unity. The closed circle
denote the convolution of a Lorentzian with the initial hole
shape. (b) The dashed line and curveB are identical with the
data in (a). CurveA is the hole spectrum of H2PP-Mb after
temperature cycling toTc  56 K. The closed circles denote
the fitting curves obtained from Eq. (4) with the paramete
listed in Table I.
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one in the tail part, and it is clear that the SDK of th
hole spectrum of H2PP-Mb is not a Lorentzian forTc

of ,70 K. This type of non-Lorentzian hole broadenin
was observed for excursion temperatures above 40
while the broadening was almost Lorentzian forTc below
30 K. We also carried out a control experiment in whic
the hole profiles of H2PP doped into an organic glass
DDG [DMF:DMSO:glycerol, volume ratio 1:1:3 (where
DMF and DMSO denoteN, N-dimethylformamide and
dimethyl sulfoxide, respectively)] with a concentration
of 1 mM were measured. As shown in Fig. 2, the hol
profiles of H2PP are fitted well by convoluting Lorentzians
with the hole spectrum before the cycling. Thus it i
indicated that the non-Lorentzian line shape of the SD
observed in H2PP-Mb is related to the particular structure
and relaxation of the chromoprotein system, and that t
dead volume around H2PP that was assumed by Kador ha
no relation to the non-Lorentzian SDK of H2PP-Mb.

Hole shapes in the temperature-cycling experiment c
be calculated if we know the SDK, which is expressed fo
a dye-glass system as [6]

Isnd 
1

2p

Z 1`

2`

dx einxisxd , (1)

with

isxd 

√Z
V

dR GsRde2iñsRdx

!N

, (2)

wheren is the light frequency,V is the sample volume,N
is the total number of flipping TLS’s in the sample,GsRd
is their spatial distribution with respect to the dye locate
at R  0 [

R
dR GsRd  1], and ñsRd is the interaction

potential between a TLS and a dye. In the derivation
these expressions, we have employed a stochastic mo
in which each TLS is assumed to have no correlation wi
any other and to flip randomly.

FIG. 2. Hole spectrum of H2PP in DDG burned at 4 K
(dashed line), and those after the temperature cyclings
Tc  37 K (curve A) and Tc  62 K (curve B). The closed
circles denote the convolution of Lorentzians with the initia
hole shape.
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As for the dye-TLS interaction potential, we adop
the dipole-dipole type interaction [6]. TheñnsRd is
approximately given as

ñsRd  2
2Dm ? mM

4p´0hc
1

R3
; 2b

cosu
R3

, (3)

where ´0 is the permittivity of vacuum,h is Planck’s
constant,c is the light velocity in vacuum,Dm is the
difference between the static dipole moments of a d
molecule in the excited and ground states,mM is the
change in the dipole moment of a TLS when it flips
and u is the angle betweenDm and mM . We assume a
random distribution foru. With this interaction potential
and a uniform spatial distribution of TLS’s, Eq. (1) gives
Lorentzian hole broadening [6]. Thus the results observ
for H2PP in DDG glass can be explained with this mode
by neglecting the dead volume around H2PP.

Now, we extend the above expressions to descri
spectral diffusion in myoglobin. A myoglobin molecule is
approximated by a sphere with radiusR0  1.7 nm, which
contains a dye molecule at its center. In reality, the dy
molecule, or the heme group, is not at the center of t
myoglobin molecule. This will give angular dependenc
to the spatial distribution of TLS’s. However, its effec
on the calculated hole spectrum is considered to be sm
When the properties of TLS’s inside and outside th
protein are different,isxd is given as

isxd 

"X
Nin

PsNindiinsxd

#
ioutsxd, (20d

with

ijsxd 

√Z
Vj

dR GjsRde2iñj sRdx

!Nj

, (200d

wherej stands for “in” or “out.” SinceNin may be dif-
ferent for each protein molecule, we have introduced t
distribution functionPsNind. For simplicity, we employ a
Poisson distribution forPsNind. This corresponds to an
assumption that the total number of TLS’s has no u
per limit, and they are activated independently of eac
other. As to the outside region, we use the relatio
limN°!`s1 2 AyNdN  exps2Ad, becauseVout is large,
and accordinglyNout is much larger than unity. The spa-
tial distribution GjsRd is assumed to be uniform in each
region. For the interaction between the dye and the o
side TLS’s, the interaction potential is considered to ha
the sameR dependence as Eq. (3) forR ¿ R0 even if the
protein shields the dye from the solvent. Then, substitu
ing Eq. (2′) into Eq. (1), we have

Isnd 
1

2p

Z 1`

2`
dx expfinx 2 Jinsxd 2 Joutsxdg , (4)

with

Jinsxd  N in

Z
Vin

dR GinsRd
£
1 2 e2iñinsRdx

§
 N inuin

Z `

uin

µ
1 2

sinu
u

∂
du
u2

, (5)
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Joutsxd  Nout

Z
Vout

dR GoutsRd
£
1 2 e2iñoutsRdx

§
 Noutuout

Z uout

0

µ
1 2

sinu
u

∂
du
u2

, (6)

whereuj  bjjxjyR3
0 , Nin is the average value ofNin, and

Nout  NoutVinyVout. Equation (4) implies that the SDK
is given by the convolution of inverse Fourier-transforme
spectra of exps2Jind and exps2Joutd. In each spectrum,
bj determines the lateral scale of the spectrum, whileNj

determines the spectral shape. The contributions ofJin

andJout approach Lorentzian whenN in ¿ 1 andNout ø

1, respectively. On the other hand, the contribution o
Jout approaches Gaussian whenNout ¿ 1 [6]. Thus, only
Jin with N in & 1 can yield the SDK that explains hole
broadening observed in H2PP-Mb in which the tail region
is raised compared with the Lorentzian. The deviatio
of Eq. (4) from the Lorentzian is prominent around
n  binR23

0 .
Under temperature-cycling condition,Isnd is a function

of Tc. Let Tn be the excursion temperature of thenth
cycle. Then we write SDK in the temperature rang
between Tn and Tn11 as Isn, Tn °! Tn11d, which is
defined byIsnd with Jjsxd replaced byJjsx, Tn °! Tn11d.
Here Jjsx, Tn °! Tn11d is given by Eqs. (5) and (6),
where Nj and bj are values for TLS’s that do not flip
belowTn, but betweenTn andTn11.

We made a least-mean-square fit to the data to estim
the parameter values. The fitting was made on Four
transformed data, i.e., in thex space. This method has
several advantages in that we can dispense with b
the Fourier transform of Eq. (4) and the convolution o
SDK with the initial hole spectrum, and the antisym
metric component of the hole spectrum that is due
drift, etc., is averaged by neglecting the imaginary pa
of the Fourier transformed spectrum. The parameter v
ues thus estimated are given in Table I. In Fig. 1(b
the closed circles denote the convolution of the calculat
Isn, 43 K °! 56 Kd andIsn, 56 K °! 69 Kd with the hole
spectra ofTc  43 K and Tc  56 K, respectively. We
see that the agreement between the calculated and
measured spectra is satisfactory in both the central a
wing regions. We further confirmed that the experimen
tal data in which the depth or the profile of the initially
burnt hole is different from that in Fig. 1 can also be re
produced well with the above parameter values.

In Table I, we notice that only about 0.24 ( 0.16 1

0.08) TLS’s flip, on an average, in each Mb molecule in

TABLE I. Parameters for fits to the hole-burning data o
Fig. 1.

Temperature bin scm21 A3d bout scm21 A3d N in Nout

43 K ! 56 K 4.5 3 103 8.0 3 102 0.16 1.2
56 K ! 69 K 3.8 3 103 6.2 3 102 0.08 3.8
4351
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the temperature interval from 43 to 69 K. (The relative
uncertainty in the estimation ofbin andNin is about 10%.)
It should be noted thatNin does not include the number of
the protein TLS’s which flip an even number of times dur
ing the temperature cycling. Thus the number of prote
TLS’s which can flip in this temperature range is estimate
to be about 0.5 (7 0.24 3 2). In a previous paper, from
a measurement of hole filling in a temperature-cycling ex
periment, we speculated that H2PP-Mb has a few TLS’s
that cause the nonphotochemical hole-burning effect [8
It was also suggested that the number of active TLS’s
Mb is about 3 in the temperature interval between 0 an
100 K based on a specific heat measurement at low te
peratures [9]. These results are consistent with the pres
estimation. Hence, it is tempting to consider that th
broadening in the wing of the hole in the 43–69 K tem
perature range is induced by only one kind of TLS in Mb

In the above analysis, we assumed that TLS’s in th
protein interact with the dye via electrostatic interaction
and each TLS has the same coupling constantbin. We
also assumed that the dispersion of the frequency sh
of the dye molecule comes from the spatial distributio
of TLS’s and the random direction ofDm with respect
to mM . However, if the ordered structure of a protein is
taken into account, it seems more natural to assume th
the TLS is located in a well defined region of the protein
or that the transition in the TLS corresponds to a globa
conformation change and is delocalized within the protein
Moreover it is possible that the dominant mechanism o
the dye-TLS interaction is not electrostatic but elastic
Even in these cases, the dispersion of the frequency sh
exists because each protein molecule occupies a differe
substate in a hierarchically arranged phase space, and w
give similar hole spectra. One TLS with a fixed frequenc
shift gives an SDK as

Iinsnd 
n
2

dsn 1 Dnd 1 s1 2 nddsnd 1
n
2

dsn 2 Dnd ,

(7)

wheren is the average number of flipping TLS’s,Dn is
the frequency shift by the TLS flipping, anddsnd is the
delta function. This SDK withn 7 N in, Dn 7 binR23

0 ,
and additional broadening byJout roughly reproduces the
experimental data. However, to get agreement as fine
with the SDK of Eq. (4), it is necessary to give a finite
width to the first and the third delta functions in Eq. (7)
and accordingly three parameters (n, Dn, and the width)
are needed for the inside TLS’s. Since the structure
TLS’s and the dye-TLS interaction in a protein are no
known at present, we have adopted the model of Eq. (
with two parameters (Nin and bin) as one of the most
simple models. In any case, a definite result derived fro
4352
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our experimental data is that the frequency shift of the d
by the flipping of a TLS in the protein is on the order o
binR23

0 . If we assume the dipole-dipole interaction an
adopt 0.214 D as the value ofDm, which was obtained
for chlorin in poly(vinylbutyral) [10],mM is estimated to
be,1.9 D. This value is similar to the dipole moment o
typical polar molecules such as H2O (,2 D) and is several
times larger than that of a TLS activated around 5
(,0.6 D), which was estimated from dielectric constan
data [9]. The values ofbout andNout in Table I may be
less accurate than those ofbin and N in. However, it is
certain that, for TLS’s in a protein, the coupling constan
b is larger, and the number density is smaller compar
with TLS’s in the solvent of the protein.

As described above, we detected deviations from
Lorentzian hole shape by the use of a multimode las
and a monochromator. Here, we stress that a multimo
laser is much more advantageous than a single-mode la
for our purpose. That is, even if we make the sam
experiment using a single-mode laser of a wide tunab
range, it will be difficult to detect the deviation of the
SDK from a Lorentzian. With a single-mode laser, th
hole area is very small even if a deep hole is burne
because the hole is narrow. If the initial hole area
small, the change in the tail region of the temperatur
cycled hole spectrum is also small and hardly discernib
because the structure in the tail region of the SDK is n
sharp. On the other hand, a multimode laser can burn
large hole. Thus, laser light that is not single frequenc
but sufficiently narrow to resolve the hole broadening
the tail region is optimum for the detection of the prese
type of hole broadening.
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