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Activated processes are of central importance to
many biochemical phenomena, including ligand bind-
ing and enzyme catalysis [1,2]. A simple model for

such processes, provided by therotation (‘flipping”) of -

aromatic amino acid sidechains in the interior of
globular protein has been studied intensively by
experimental [3-—-8] and theoretical technigques
[9—12]. Energy minimization [9,10] and activated
trajectory [11,12] calculations have demonstrated
that the nature of the rotational transition and its
effective barrier are determined by the positions and
fluctuations of the protein matrix atoms surrounding
the aromatic ring. The importance of frictional effects
for the ring motion and for other processes involving
fluctuations in the protein interior has been pointed
out [11-15].

Recently, Wagner [16.17] has determined the
hydrostatic pressure dependence of the aromatic ring
rotation rates in the bovine pancreatic trypsin inhibitor
{PTT). Over the measured range (1 -1200 atm), inter-
pretation of the rate data for two of the rings (Phe
45 and Tyr 35)in terms of transition state theory [18]:
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vielded activation volumes, Aﬁ, of about 50 A% the
positive sign of avt corresponds to a decrease of the
rate with increasing pressure,

The cbserved magnitude of the activation volume,
on the order of that associated with protein denatura-
tion [19,20], provides an important test for the
theoretical interpretation of the ring rotaticn process
given previously [9—12]. For motion in the interior
of a protein, as for solution reactions [21] in general,

the pressure dependence of the rate constant is not
related directly to a physical volume change between
the reactant and transition state. Instead, it can be
dominated by the interactions between the reacting
species and the solvent environment, which in the
case of the ring rotations is provided by the surround-
ing protein atoms. To analyze the factors involved,
we make use of the Kramers formulation for an acti-
vated process in the diffusive limit [21-24]; this is an

approximation since dynamical calculations [11,12]
suggest that the ring motion is in the intermediate

damping regime [22,23]. Considering the ring flipping
as a one-dimensional problem defined by the ring
rotation angle, we can write the rate constant as [24]:
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where AHT is the effective activation enthalpy,
and wy are the vibrational frequencies in the initial
welland at the top of the inverted barrier, respectively,
and f, and [/, are the rotational friction coefficient
and moment of inertia of the aromatic ring. Previous
studies have shown that except for the moment of
inertia, all of the parameters in eqn 2 are determined
by interactions between the aromatic ring and the
surrounding protein matrix; the intrinsic torsional
potential of the ring is negligible [9—12]. Since com-
pression of the protein will tend to decrease the
distances between the ring and the matrix atoms, a
pressure dependence for the rate constant is expecied
from eqn 2. The changes in the activation enthalpy,
m, and the frictional coefficient, f., are expected
to be most important; we have:
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To estimate the order of magnitude of the two
terms in eqn 3, we make use of the known properties
of liquid hydrocarbons because the aromatic rings are
located in the hydrophobic regions of PT1; of interest
are the pressure dependence between 1 and 1000 atm
of the viscosity, i [25]}:

(a_ﬂ‘ln ) =8 X 10 atm™
ap JT=125°C

and the isothermal compressibility, 8 [26]:

- dinl ~ 4 1
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No measurements of the internal protein viscosity or
of its pressure dependence are available; analtysis of
the calculated picosecond dynamics [13] of the
tyrosine rings in PTT yields a viscosity about a factor
of two smaller than that of liquid hydrocarbons. Mea-
surements of the adiabatic compressibility of proteins
yield values in the range 1—5 X 107 atm™" for

the entire molecule [27,28]. We employ a slightly
‘Thigher value to take account of the fact that proteins
are inhomogeneous systems and that larger compres-
sibilities are expected for the hydrophobic regions,
relative to the more rigid portions that involve second-
ary structure.

By use of Stokes’ law, we have [(2 &n f)/(3p)] =
[(@ en 5)/(8p)]4; with the pressure dependence of 7,
given above, we find that the rate constant decreases
by a factor of 2.46 for an increase in pressure from
1 to 1000 atm; this corresponds by eqns 1 and 3 to
an effective activation volume of about 35 A% A
more physical picture of the viscosity effect can be
obtained by use of a collisional model employed
previously [13]. From the compressibility, the rela-
tive change A#/¢ in nonbonded interatomic distances
in the protein due to a change Ap in pressure is:

3AY/R= AV[V = —fr Ap @

For Ap = 10% atm, we have AR/¢ = —0.033. Since this
decrease in interatomic distances occurs in the small
gaps between the atoms, it leads to a substantial
reduction of the mean free path between collision

FEBS LETTERS

August 1981

partners. To estimate the resulting change in collision
frequency, we consider a specific arrangement of
atoms. A matrix atom is assumed to be located on a
line which passes through the center of a ring 8 or e
carbon atom and which is normal to the plane of the
ring. For the hard sphere radii of the matrix and ring
atoms, we use the values R, =1.354 (e.g.,an O or
Natom)and R, = 1.70 A, respectively [16]; the gap
between the surfaces of these atoms atp = I atm is
taken equal to the mean free path derived elsewhere
[13},Rg =0.15 A. Thus, the total distance between
atomic centersatp =l atmisR, =R, + R, +Rg =
3.20 A. At 1000 atm, R, is reduced to 3,094 A
according to eqn 4; this corresponds to a decrease of
Rg to 0.044 A. The collision frequency, 7%, which
varies inversely with the mean free path [13], thus
increases by a factor of 3.4 between t and 1000 atm.
Since the frictional coefficient in proportional to the
collision frequency [21-24], this model calculation is in
accord with the pressure dependence obtained above
for the pre-exponential factor in eqn 2. More generally.
it can be shown that for p << ﬁT", the collisional
model yields a rate constant that has an exponential
dependence on p with an apparent activation volume
AVE = prkpT(R/3R,).

The pressure dependence of the energy barrier
contribution to the rate constant can be estimated by
a similar argument. In earlier studies [9—12] it was
shown that the dominant contribution to the rotation
barrier comes from a smal} number of nonbonded
contacts between the ring and the surrounding pro-
tein matrix atoms and that relaxation of the protein
relative to the rotating ring leads to an important
reduction of the static barrier. Since the relaxation
is expected to be less effective in the compressed pro-
tein, an increased barrier will exist at higher pressures.
To indicate the magnitude of this effect, we use the
mean nonbonded contact distance found for Tyr 35
in the transition state geometry (2.90 A) and eqn 4
with the appropriate van der Waals parameters [9,13];
the resulting increase in the barrier height is ~1 kcal,
which corresponds to a rate constant decrease by a
factor of 5.3 and an effective activation volume of
75 A%,

The present analysis, although llustrative rather
than quantitative, indicates that the pressure depen-
dence of the aromatic ring rotation rates in the
interior of prateins is accounted for by the interac-
tions between the ring and the protein matrix atoms.
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Both the pre-exponential factor (increased viscosity)
and the barrier height (increased potential of mean
force) contribute. Thus, the large effective activation
volume deduced [rom the observed pressure depen-
dence does not imply a physical volume change (free
volume model) on the order of that determined
experimentally. Instead, it is the pressure dependence
of small packing defects, which have been shown to
play a role in initiating the ring rotation [11,12], that
are the essential elements in the apparent activation
volumes.
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