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Ligand binding kinetics to heme-proteins between 40 and 300 K point 1o 4 regulatory role of protein dynamics. A protein-specific susceptibilily

of the heme-iron reactivity to dynamic fluctuations emerges from the distribution of reaction enthalpies derived from flash-photolysis measurements

below cu, 180 K; we quantify itin terms of ‘intramolecular viscosily', postulating thal narrow low-lemperature enthalpy distributions correspond

to low internal viscosity and vice versa. The thermal evolution of ligand binding kinetics suggests, with other results, an interplay between

high-frequency transitions of the amino acid side chains and low-frequency collective motions as a possible regulatory mechanism ol prolein
dynamics.
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1. INTRODUCTION

The active site of a protein is normally well buried
inside the polypeptide folding so that no free access is
available for ligands or substrates to exchange between
the solvent and the interior of the molecule {1,2).
Thanks to structural fluctuations, ‘dynamic channels’
are formed between the active site and the external me-
dium and therefore function is guaranteed. In addition
to this essential role, dynamic fluctuations appear to
have also the more specific function of modulating the
reactivity of proteins [3] and for this reason a steadily
increasing number of scientists is attracted into this rel-
atively new research field.

A great deal of the experimental work done to date
on the correlation between protein dynamics and func-
tion rests on flash-photolysis measurements of the reac-
tion between heme-proteins and small ligands (e.g. CO
or O,) over broad temperature ranges. The need for
exploring temperatures that extend from physiological
conditions down to few K is related to the fact that the
energies involved in dynamic fluctuations of proteins
are generally small, well below &,;T at room tempera-
ture,

Correspondence address: E.E. Di lorio, Laberacorium fir Blochemie
I, Eidgenossische Technische Hochschule, Universititssirasse 16, 8092
Zurich, Switzerland

14

A detailed understanding of the link between dynamics
and function requires also a deep knowledge of the
three-dimensional organisation and of the structural
fluctuations that the protein undergoes at equilibrium
and during ligand binding. In this respest, the results of
X-ray crystallography and NMR inves-igations, com-
bined with molecular dynamics computer simulations,
are of paramount importance [3,4]. A great contribu-
tion to our understanding of protein dynamics is pro-
vided also by light absorption, resonance Raman, and
Mdossbauer spectroscopy investigations [5-11].

In this short review most of the attention will be
dedicated to experimental information obtained by
flash-photolysis measurements on carbon monoxide
binding to various proteins, studied at temperatures be-
tween 40 and 300 K. The essential features of the models
presently available to analyse kinetic measurements
over such broad temperature ranges will also be de-
scribed.

2, KINETIC BEHAVIOUR OF PROTEINS AT
CRYOGENIC TEMPERATURES

Since the pioneering work of the Urbana group on
carbon monoxide binding to sperm whale (Physerer cu-
todor) Mb at cryogenic temperatures [12], it is well
established that the kinetic behaviour of proteins, under
these thermal conditions, is characterised by non-expo-
nential time courses. This feature, later found to apply
to all heme-proteins investigated [13-17], has been ex-
plained in terms of sub-conformational heterogeneity
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arising from the fact that, at cryogenic temperatures,
structural fluctuations are no longer possible and there-
fore each protein molecule is unique in terms of its three
dimensional organisation and, in turn, of its ligand-
binding kinetics [12,18]. Another implication of the ab-
sence at cryogenic temperatures of structural fluctua-
tions is that, after photolysis, the ligand remains
trapped in the vicinity of the active site and rebinding
can only occur from within the heme pocket [12,18].
Based on this overall picture, in a flash-photolysis meas-
urement the fraction N(¢) of hemes that, at time ¢ after
photolysis, has not yet recombined with the ligand can
be described by

N(1) = [ § dk-ptkyexpl—k-] )]

where p(k)dk represents the probability of finding a
protein molecule in a state characterised by a reaction
rate between & and k+dk. For the analysis of experimen-
tal data the temperature dependence of & is assumed to
follow Arrhenius® law

k=k exp[~ H/RT] )

and the p(k) in Eq. (1) is considered, for simplicity, to
arise only from a distribution of enthalpy barriers, while
the pre-exponential &, is assumed to have a discrete
value. Under these conditions N(1) becomes

N()= § 5 dH-g(Flyexpl—k, exp(~ %)-r} ®

and the probability distribution can in principle be de-
rived, by numeric inversion of the integral, from the
experimental values of N(f), ¢, and 7. The numeric in-
version of Eq. (3) tends to be a highly unstable proce-
dure and therefore a parameterization of the g(#) distri-
bution becomes necessary. For this purpose several ap-
proaches have been proposed [16,19,20] allowing Eq.
(3) to be successfully used for the analysis of flash-
photolysis data [12-21].

3. THE LINK BETWEEN CRYOGENIC AND
PHYSIOLOGICAL TEMPERATURES

A correlation between the distribution of ligand bind-
ing enthalpies g(f), obtained from flash-photolysis
measurements at cryogenic temperatures, and the dy-
namic fluctuations of proteins under physiological con-
ditions is implicity assumed in the above interpretation
of the non-exponential time-courses for low-tempera-
ture kinetics. Qualitatively speaking this correlation is
confirmed by the finding that proteins with distinct
structural and functional properties also display distinct
enthalpy distributions for low-temperature CO binding.
Thus, myoglobins are generally characterised by broad
distributions that peak at enthalpies of at least 10 kJ/
mol, while hemoglobin chains have narrower g(H)
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Fig. 1. Thermal evolution of the CO-binding kinelics to phosphate-
free Carp Hb in 50 mM CI-Bis-Tris pH 8.2, containing 75% glycerol
(D¢ lorio, E.E,, Yu, W. and Noble, R.W., unpublished resulls).

peaked at around 5 kJ/mol {13,16,22]. Based also on
results oblained from light absorption spectroscopy
measurements as function of temperature, it has been
postulated that the peak position of the g(H) is primar-
ily determined by the packing of the protein matrix
around the active site, while its width is mainly deter-
mined by the ‘flexibility’ or ‘internal viscosity’ of the
macromolecule {16]. The low-temperature light-absorp-
tion properties and the CO-binding kinetics of the he-
moglobin subunits show that the & chains have a higher
*flexibility’ than the § [5.16] and, in view of this difTer-
ence, il has been proposed that cooperativity might re-
sult from the presence, within a protein, of domains
characterised by different ‘intrinsic viscosity’ [16,22].
The difference between the hemoglobin subunits in
terms of internal viscosity, as judged from low-tempera-
ture g( ), is further amplified by quaternary conforma-
tional changes of the tetramer. The a chains are a little
affected by the R—T transition, while the 8 subunits
respond to this quaternary conformational change with
a broadening and a shift to higher enthalpies of the low-
temperature g(H) (Di lorio, E.E., Yu, W., Calonder, C.,
Tavernelli, 1., Winterhalter, K.H., 1992, manuscript in
preparation).

The above experimental evidence is sufficient to state
the existence of a correlation between dynamic proper-
ties and low-temperature g(#) distribution for ligand
binding. Flowever, this link dces not provide any quan-
talive meuan of deriving the dynamic behaviour of a
protein, under physiological conditions, from its kinetic
properties at cryogenic lemperatures. Valuable infor-
mation in this respect can be obtained from an analysis
of the thermal evolution of the ligand-binding kinetics
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Binding

Fig. 2. Schematic representation of the sequential multi-barrier model,
Three processes are postulated for the ligand-binding reaction and are
indicated with the letters I, (internal), M (malrix), and S (solvent).

from cryogenic to room temperatures, A striking fea-
ture that emerges from this analysis is that, below ca.
180 K, the ligand-binding reaction speeds up as the
temperature rises, according to Arrhenius’ law, but
above this ‘critical point® there is'an inversion of the
trend and the overall reaction velocity decreases with
increasing temperature [18,23-25]. An example of this
behaviour is given in Fig. |, where CO-binding time
courses to carp Hb in the R state, at few representative
temperatures, are illustrated. Another peculiarity of the
thermal evolution of the ligand-binding kinetics is that,
while at cryogenic temperatures the traces, even though
non-exponential, are smooth, at higher temperatures
they reveal the presence of more than one process. In
the example of Fig. 1, already at 190 K two processes
can be easily identified and, starting from 230 K a third
one, exponential in time, sets in, The behaviour below
ca. 180 K is consistent with the idea that ligand binding
after photolysis oceurs in a *frozen protein’ and only
within the heme-pocket, as described above. To explain
the experimental results at higher temperatures two
major lines of thoughts have been followed, one based
on a sequential multibarrier scheme [18,24} and the
other on the so-called relaxationn model [25,26).

3.1. The sequential multibarrier model

The appearance at ca. 180 K of a second Kkinetic
process, in addition to that observed at cryogenic tem-
peratures (Fig. 1), is assumed to be associated with the
diffusion of the ligand through the protein matrix and
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Fig. 3. The relaxation model as proposed by Steinbach et al. [25]. At

low temperatures the ‘frozen’ protein inhibits a complete relaxation

of the heme. This results in a lower activation barrier between the

dissociated and the bound stutes, compared to when the heme is fully
relaxed (high T).

considered io be responsible for the progressive de-
crease of the overall ligand-binding velocity. The new
kinetic process is thought to arise from the penetration
of the ligand from the heme pocket into the macromol-
ecular matrix, due to increased thermal fluctuations
within the protein. A further temperature rise will cause
an additional increase of the internal mobility of the
protein and ligand molecules will start exchanging be-
tween the active site and the solvent, as shown by the
appearance of a third process. The sequential multibar-
rier model, schematically illustrated in Fig. 2, describes
the ligand-binding reaction in terms of one bound state
(A), and three dissociated states in which the ligand can
either be in the heme pocket (B), in the protein matrix
(M), or in the solvent (S). Within this model, the extrap-
olation of the kinetic behaviour from cryogenic to phys-
iological temperatures is based on the assumption that
ligand binding is regulated by the innermost kinetic step
(B—A) and that the rate coefficient for the physiologi-
cally relevant reaction is directly proportional to kga,
the average rate constant for the B—A process deter-
mined from the low-temperature g(#) [23,24].

The muliibarrier mcdel has the advantage of giving
a plausible explanation for the presence, at high temper-
atures, of three kinetic processes. However, the assump-
tion that the distribution of activation enthalpies is
practically temperature independent is certainly an
oversimplification; in the light of our present knowl-
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edge, it is hard to accept that the onset of molecular
fluctuations at around 180 K has the only effect of
allowing the migration of iigand molecules through the
protein matrix, without affecting the energy of the li-
gand-binding process at the heme.

3.2. The.refaxation mode!

Anocther approach to describe the thermal evolution
of ligand-binding kinetics is to relate the inverse propor-
tionality between temperature and reaction velocity, ob-
served starting around 180 K, not to the onset of the
matrix process, but to an increase of the free energy of
the reaction as a consequence of larger structural fluctu-
ations of the macromolecule. Agmon and Hopfield [26]
introduced first this concept and Steinbach at al. [25]
have re-elaborated it more recently. The envisaged sce-
nario, schematically illustrated in Fig. 3, is that at cryo-
genic temperatures ligand photolysis is accompanied
only by a partial displacement of the iron from the heme
plane, compared to the equilibrium-deoxy situation.
The different Jegree of heme-relaxation upon ligand
dissociation is thought to be characterised by different
ligand-binding free energies and therefore, at cryogenic
temperatures, the g(H) distribution is expected to peak
at smaller enthalpies compared to high temperatures.
To extrapolate from the low-temperature g(#) the li-
gand-binding kinetics above the critical temperature of
ca. 180 K, Steinbach et al. [25] have made the following
basic assumnptions: (i) the g(#) changesits peak position
as function of temperature, bul its shape is temperature
independent; (ii) the 44 between the ‘frozen’ and the
fully ‘relaxed’ states is proportional to the degree of iron
displacement from the heme-plane; this can be deter-
mined from the shift, between the low-temperature pho-
tolysed and the equilibrium-deoxy states, of the peak
position of the near-IR light absorption band, present
in the deoxy spectrum of heme proteins at around 760
nm; (iii) the relaxation from the low- to the high-temper-
ature heme-doming is non-exponential in time and does
not follow an Arrhenius’ temperature dependence. An
important feature of this model is that, above ca. 180
K, the velocity of ligand binding is not only tempera-
ture, but also time dependent [25].

Even though considering the shape of the g(/) to be
ur:affected by temperature is certainly an oversimplifi-

cation, the approach followed in the relaxation model

is more realistic than that used in the sequential multi-
" barrier scheme and allows a quantitative description of
the CO-binding kinetics to sperm whale Mb [25]. A
draw-back of the relaxation model, in its present form,
is that it cannot explain the presence of three kinetic
processes above ca. 220 K (Fig. 1) since only two se-
quential energy barriers are assumed, one discrete cor-
responding to the penetration of the ligand from the
solvent into the protein (S-»B) and the other, enthalpy
distributed, for the actual ligand binding to the heme-
iron (B—A).
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4, SOME PERSPECTIVES

One important goal in biochemistry and molecular
biology is the understanding of the structure-function
relationships in proteins. Based on our present knowl-
edge, the three-dimensional folding of a polypeptide is
not sufficient to decide how the functional properties of
the active site are determined and regulated; it is not
even clear why proteins are so large. Answers to these
basic questions will possibly be available once a descrip-
tion of biochemical processes, based on the interplay
between structure, dynamics and function, will be possi-
ble. Computer simulations of protein dynamics will play
an increasingiy important role, but the results of simula-
tionc will have to be tested at the experimental level.
Flash photolysis will remain an essential tool in this
respect, since it allows the analysis of proteins over
broad temperaturs ranges and while they are ‘function-
ing’ and not just in a ‘resting state’. The possibility of
extracting detailed information about the dynamics of
structural fluctuations from flash photolysis n:easure-
ments is therefore of paramount importance and the
heme-relaxation model proposed by Steinbach et al. [25]
represents a good starting point for the development of
more general approaches. The available experimental
information can help in defining the direction in which
to move along this main line of thought.

In remarkable agreement with the results on CO-
binding kinetics, Md&ssbauer spectroscopy measure-
ments on sperm whale Mb [11] show that the thermal
evolution of the mean sqare displacement <x*> of the
heme-iron follows Debye’s law up to about 180 K, just
like an ordinary solid, but that its susceptibility to tem-
perature drastically increases above this point. Also a

-study on the temperature dependence of the Soret light

absorption band of sperm whale Mb, adult human Hb,
and its & and § chains demonstrates that the coupling
of the porphyrin z—2" electronic transition with high-
frequency modes of the tetrapyrrole, detected by reso-
nance Raman spectroscopy, and with low-frequency
modes that involve the entire protein, is characterised
by sirong anharmonic contributions above ca. 180 K
[5]. Asclearly stated by the authors of this investigation,
“anharmonicity of nuclear motions is an obvious pre-
requisite for jumping among conformational substates
of the protein”. Deviations above ¢a, 180 K from the
harmonic thermal behaviour of atomic fluctuations in
proteins have also been shown by inelastic neutron scat-
tering measurements [27] and by computer simulations
[28,29). The picture that emerges from all these results
is that in proteins a new set of intramolecular motions
start to be populated around 180 K.

The averaged mean square displacements of the back-
bone atoms and of the amino acid side chains in sperm
whale Mb become tempeiature independent below ca.
80 K, while depending on temperature in an aproxi-
mately linear way above this value [11]. A discontinuity
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at around 80 K has also been observed in the thermal
evolution of the CO-binding kinctics to a number of
heme-proteins [16] (Di Iorio, unpublished results).

A plausible explanation for these observations is that
80 K and 180 K represent respectively critical tempera-
tures for rotational transitions of amino acid side chains
and for low-frequency collective motions. An interde-
pendence of the two sets of motions, probably mediated
by secondary interactions, is very likely and would ra-
tionalise the hierarchical organisation cf structural fluc-
tuations proposed by Ansari et al. [30). On the other
hand, X-ray diffraction analysis of sperm whale Mb,
carried between 40 and 300 K. show that structural
fluctuations involve diffusion-like collecitve motions
which are completely abolished upon freezing of the
hydration water or drying of the sample [11]. The same
conclusion is also reached by molecular dynamics simu-
lations [29].

In the light of this interpretation, it appears that at-
tributing the increase in the ligand-binding enthalpy
above ca. 180 K to the relaxation of the heme, as pro-
posed by Steinbach et al. [25), represents a limitation to
the general applicability of the results obtained from
protein dynamics investigations on heme proteins, The
concept of ‘internal viscosity’, introduced above to de-
scribe the difference in the dynamic properties between
the myoglobins and the hemoglobins subunits, com-
bined with the scenario just outlined, provide the start-
ing conditions for the development of a new relaxation
model. A recent investigation by Ansari et al. [31] on the
kinetics of CO-binding to sperm whale Mb as a function
of solvent viscosity represents a very promising step in
this direction.

The interplay between high-frequency local modes
and low-frequency collective motions, mediated by sec-
ondary interactions, appears to be an efficient mean for
the control of protein reactivity through dynamic fluc-
tuations. Relatively high energies can be dislocated over
large areas of the molecule and therefore regulation can
be achieved without interfering with protein stability.
This could also explain why proteins are so large. In
keeping with this view, a recent study on the dynamic
properties of the horse myoglobin fragment including
residues 32 to 139 (ca. 2/3 of the native molecule) shows
that the structural oscillations occurring in this ‘mini-
Mb’ upon ligand binding and dissociation are too large
for the system to be energetically and functionally effi-
cient [32].
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