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Pressure dependence of fluorescence quenching reactions in proteins
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The effect of hydrostatic pressure (0-2.6 kbar) on the acrylamide quenching of the fluorescence of indole derivatives and several
single-tryptophan-containing proteins has been studied using phase fluorometry at 25°C. For the model system, N-acetyl-L-tryp-
tophanamide in water, there is essentially no pressure dependence of the quenching rate constant, &,. For the internal Trp residue of
ribonuclease T, and cod parvalbumin, there also is essentially no pressure dependence of the apparent k, at low pressure. Thus, the
activation volume, AV ¥, for these quenching processes is approximately zero. Such small AV# values are expected for diffusion-limited
reactions in water at this temperature. The low, apparent AF* values for the globular proteins characterize these quenching processes
as involving very small amplitude fluctuations in the protein structures. Only for the poised tetramer = monomer equilibrium of
melittin were we able to observe a significant effect of pressure on k  and this is due to the pressure-induced shift in the equilibrium

position,

1. Introduction

Hydrostatic pressure can be a very useful inten-
sive parameter for perturbing chemical reactions
[1-4). There have been a number of studies of the
influence of pressure, P, on the thermodynamics
of protein-ligand interactions and structural tran-
sitions in proteins [1,2,5]. In general, increased P
tends to cause oligomeric proteins to dissociate
and globular proteins to ‘denature’. The latter
effect usually occurs at several thousand bar. For
pressures below that for ‘denaturation’, one would
expect some perturbation of the dynamic proper-
ties of proteins. However, there have been very
few studies that may sense the effect of P on the
conformational dynamics of proteins [6—8]. Two
previous studies are the effect of P on the hydro-
gen isotope exchange kinetics of proteins [6] and
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the P dependence of the flipping of aromatic rings
(NMR relaxation) in bovine trypsin inhibitor [7].
Fluorescence solute quenching reactions are a
type of reaction that is amenable to P studies,
since the reaction is initiated by light and can be
monitored within a pressure cell with quartz
windows {3]. Only a few studies of the P depen-
dence of fluorescence quenching reactions have
been reported [9,10]. Quenching studies with pro-
teins have proved to be very valuable in assessing
the degree of solvent exposure of Trp residues
and, in cases where the fluorescent Trp residue is
located in the interior of proteins, the rate of
solute quenching reactions can be related to the
conformational dynamics of proteins [11-14],
Here we report studies of the P dependence of
the quenching of the intrinsic tryptophanyl (Trp)
fluorescence of globular proteins using the polar
quencher, acrylamide [11,12]. The proteins that we
have studied include ribonuclease T, and cod
parvalbumin, which possess single, internal Trp
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residues [13,15]. We have monitored the fluores-
cence quenching via lifetime measurements using
the phase/modulation method [16]. By measuring
fluorescence lifetimes, instead of steady-state in-
tensities, we avoid complications due to static
quenching and any artifactual changes in the fluo-
rescence signal due to P-induced changes in the
optical transmission of the pressure cell or prob-
lems in repositioning the pressure cell after the
addition of quencher to the sample.

2. Experimental
2.1. Materials

Ribonuclease T; from Aspergillus oryzae was a
gift from Dr. Frederick Walz, Jr, Kent State Uni-
versity. Cod parvalbumin was purified as de-
scribed elsewhere [13]. Monellin from Di-
oscorephyllum cumminsii, bee venom melittin and
N-acetyl-L-tryptophanamide (NATA) were ob-
tained from Sigma. Acrylamide was recrystallized
from ethyl acetate.

2.2. Methods

Fluorescence lifetime measurements were made
with two different instruments. In our laboratory,
an SLM 4800 phase/modulation fluorometer,
equipped with a Pockels cell modulator from ISS,
was used. Samples were excited through an inter-
ference filter centered at 290 nm, and emission
was observed through a bandpass filter. A mod-
ulation frequency of 30 MHz was employed. p-
Terphenyl was used as a reference. Since a high-
pressure chamber was used, the reference mea-
surements were made before and at the end of the
experimental measurements. We find that the ref-
erence phase angle is very stable, for a period of
hours, with the Pockels cell modulator. The sec-
ond instrument for measuring lifetimes was the
Nd-YAG based phase/modulation fluorometer at
the Fluorescence Dynamics Laboratory at the
University of Illinois. This system uses the
harmonic overtones of the mode-locked laser as
the means of modulating the light beam. The
system includes a dye laser and a frequency dou-

bler, which enabled selection of an excitation beam
at 295 nm. Emission was observed at the A, of
the sample, using a monochromator. With this
system we used the scatter from the sample as the
reference. For the NATA and protein solutions, a
small amount of glycogen was added to produce a
scattered light signal (at 290 nm) that was about
equal to the fluorescence signal. By using scattered
light, alternate measurements of signal and refer-
ence were possible. For most measurements, a
modulation frequency of 57.2 MHz was used.

Increased pressure was achieved by use of a
high-pressure cell, designed by Paladini and Weber
[17]. Dr. William Mantulin, University of Illinois,
kindly allowed us the use of his high-pressure cell.
Pressure was generated by a piston screw pump
from High Pressure Equipment (Erie, PA). Fluo-
rescence lifetime measurements were made at
pressure intervals between 0 and 2600 bar. The
lifetimes were found to be reversible, upon in-
creasing and then decreasing pressure. In in-
stances in which this reversibility was not ob-
tained, the data were discarded.

Multifrequency phase/modulation data were
fitted to monoexponential, biexponential or con-
tinuous-distribution models with the nonlinear
least-squares program of Beechem and Gratton
[18]. This program was also used to perform a
simultaneous (global) analysis of data at several
pressures.

3. Results
3.1. Model systems

The effect of hydrostatic pressure on the fluo-
rescence lifetime (average of phase and modula-
tion lifetimes) of NATA, in the absence and pres-
ence of the quencher, acrylamide, is shown in fig.
1A. The 7 value decreases with increasing P in
this experiment. In other experiments with indole,
3-methylindole and NATA, and with a different
phase fluorometer, we have seen both slight in-
creases and decreases in 7 with P. Apparently the
absolute variation in 7 with P depends upon some
subtle characteristics of the fluorometer, the pres-
sure cell, the sample bottle or its exact position in
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Fig. 1. (A) Pressure dependence of the fluorescence lifetime of
NATA in water, in the absence (O) and presence of 40 mM (a)
and 80 mM (D) acrylamide. Closed symbols are measurements
made upon releasing pressure. (B) Plot of log kg vs. P.

the light beam, and we have not been able to
identify the cause of the differences. Nevertheless,
with each phase fluorometer we were able to ob-
tain reproducible patterns. Thus, we can compare
the P dependence of a sample, in the absence and
presence of quencher, to determine the P depen-
dence of the apparent quenching rate constant,
ky. The value of k, is calculated via eq. 1, where
7, and 7 are the respective lifetimes in the absence
and presence of quencher, Q.

K o(app) = (TO ) [Ql% (1)

The P dependence of the quenching by acrylamide
of the fluorescence of NATA and indole, in water
at 25°C, is shown in fig. 1B. Essentially no P
dependence is observed in either case.

The P dependence of k, can be interpreted in

terms of an activation volume, AV#, for the reac-
tion, as given by the following expression [3,4]

AVip
~ 2.303RT @)

where A is a pre-exponential factor (i.e., related to

log kygapp) =

the rate constant at near-zero pressure), and R the
gas constant (82.05 atm/mol per K). From the
plots in fig. 1B, AV* values of about 0.05 + 0.05
ml,/mol are found for the collisional quenching of
indole (or NATA) by acrylamide in water.

This AV* may seem surprisingly small for a
bimolecular reaction [3]. However, the quenching
is a diffusion-controlled reaction [12] and is limited
only by diffusion through the bulk solvent.
Whereas the viscosity, m, of most solvents in-
creases with P, the 5 of water is known to be
almost independent of P near 30°C [19,20]. In
fig. 2 is shown the dependence of log(1,/%) on P.
The viscosity of water increases by only 4% as P
increases from 0.001 to 2600 bar at 30°C. Thus, a
4% reduction in kg, would be expected from
this effect.

Compression of the solvent will also have a
small effect on the k- As P increases to 2600
bar there will be a 8% decrease in the volume of
the aqueous sample [21]. This, in turn, will in-
crease the concentration of the quencher by 8%,
which should result in an increase in kg, (if the
[Q] is not adjusted for the compression effect).
Thus, the two effects of P (i.e., viscosity increase
and compression of water) are both small and in
opposite directions. The effects partially cancel
and should give rise to only about a 4% increase in
Kqappy as P increases to 2600 bar (ie., these
effects can account for a AV* of about —0.01
ml/mol). In other words, these effects will not
produce a noticeable AV#¥ and the near-zero AV'*#
that we observe for the acrylamide quenching of
indole (or NATA) must mean that there truly is a
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Fig, 2. Pressurc dependence of the viscosity of water at 10, 30
and 90 ° C. Taken from the data of Wilbur et al. [19].
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negligible activation volume for the quenching
reaction.

3.2. Single-tryptophan-containing proteins

Next we studied the P dependence of the
acrylamide quenching of the single tryptophan
residues in the proteins ribonuclease T;, cod
parvalbumin and monellin. The Trp residues in
the first two are known to be buried inside these
small globular proteins [13,15]. The Trp of monel-
lin lies on the surface of this protein [22]. The
fluorescence decay of each protein is non-ex-
ponential at the pH studied (for ribonuclease T, it
is a single exponential at pH 5, but not at pH 7)
[15]. However, the departure from a single-ex-
ponential decay is not large for each of these and
the fluorescence lifetime values given below are
the average of the phase and modulation lifetimes
(at 30 or 57.8 MHz). Such an averaged 7 is
approximately equal to the weighted average life-
time for a multiexponential decay, which is ap-
propriate for calculating a ki, via eq. 1.

Shown in fig. 3A is the pressure dependence of
the fluorescence lifetime of ribonuclease T, in the
absence and presence of two concentrations of
acrylamide. The lifetimes are found to vary little
with P. In fig. 3B are shown plots of log k.,
vs. P for ribonuclease T,, parvalbumin and
monellin. As with the model systems above, there
is no significant variation of k,,,,) with P.
Activation volumes of 0.56 +£0.15, —0.10+0.2
and —0510.1 ml/mol for ribonuclease T,
parvalbumin and monellin, respectively, are
calculated from the initial slopes of these plots. A
slight upward trend is seen for the data for monel-
lin above 2000 bar.

The very low AV* values must be characteristic
of the rate-limiting step for the collision between
acrylamide and the Trp residues of these proteins.
For the surface Trp of monellin, presumably the
rate-limiting step is diffusion of acrylamide
through the bulk, and, in view of the small AV#
found for the model systems, it is reasonable that
the AV* for monellin is also small.

For the internal Trp residues in ribonuclease T,
and parvalbumin, two kinetic models have been
considered in the past for the solute quenching
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Fig. 3. (A) Pressure dependence of the fluorescence lifetime of
ribonuclease T, in the absence (top) and presence of 500 mM
(middle) and 780 mM (bottom) acrylamide. (B) Plots of log kg
vs. P for monellin (O), ribonuclease T, (©), and parvalbumin

().

reaction. These are the penetration model [23,25]
and the unfolding model [24). For the penetration
model, the apparent k, will be limited by the
stepwise diffusion of the quencher into the matrix
of the globular protein. This penetration process is
expected to be facilitated by rapid, small-ampli-
tude fluctuations in the structure of the protein
[11,14,23,25]. For the unfolding model, the ap-
parent k, will be equal to k4K, where k4 is the
rate constant for diffusion of the quencher through
the bulk solution and K, an equilibrium con-
stant for the segmental unfolding of a part of the
protein to expose the Trp residue to the bulk
[24,25].

For the unfolding mechanism one would expect
a contribution to the apparent AV?* from the
protein unfolding transition. The unfolding (de-
naturation) of a globular protein is usually char-
acterized by a volume change, AV¥ of -30 to
—100 ml /mol {1,2], depending on the size of the
protein. This roughly corresponds to a decrease of
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about 1% in the total molar volume of a globular
protein as it unfolds. This negative AV® is thought
to be due to the existence of packing voids in the
folded state and to the solvation of apolar side
chains (upon unfolding). Thus, a AV* of similar
magnitude would be expected if the solute quench-
ing of an internal Trp residue occurs by an unfold-
ing mechanism. The observed values AV?* = 0 are
not consistent with such a mechanism, or at least
the result requires the unfolding transition to be
very limited in extent.

The near-zero AV* for parvalbumin and
ribonuclease T, are consistent with a penetration
model, in which the small-amplitude conforma-
tional fluctuations occur with little change in the
total volume of the system. If ‘holes’ are transien-
tly created in one region of the protein to facilitate
quencher penetration, then other regions (of the
protein or surrounding solvent) must become more
densely packed. The ‘mobile defect” hypothesis of
Lumry and Rosenberg [26] is an appropriate model
for understanding our results. Other recent studies
also support the penetration model for the inter-
pretation of solute quenching data {25,27].

3.3. Melittin tetramer = monomer equilibrium

The results presented to this point show no
significant P dependence for the acrylamide
quenching of the fluorescence of either model
aqueous systems or globular proteins. To demon-
strate that a P dependence (and non-zero AF¥)
can be observed when one exists, we performed
the following studies with bee venom melittin and
its monomeric and tetrameric forms.

At low ionic strength and neutral pH, melittin
(2.8 kDa) is a monomer, M, with a random coil
structure. At high ionic strength (i.e., 2 M NaCl),
melittin exists as a tetramer, T. The T = M equi-
librium can be shifted by varying ionic strength,
within this range, or by varying the melittin con-
centration or pH [28,29]. Thompson and Lakowicz
[30] also demonstrated, using fluorescence ani-
sotropy measurements, that the T=M equi-
librium can be shifted to the monomeric form by
increased hydrostatic pressure. They analyzed their
data to obtain AV?= ~150 ml/mol for the dis-
sociation of the tetramer to four monomers. (This
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Fig. 4. (A) Pressure dependence of the fluorescence lifetime of
melittin monomer (O) and tetramer (O). ( ) In the
absence of quencher; (--- - - - ) in the presence of 127 and 221
mM quencher, for monomer and tetramer, respectively. (B)
Plots of log &k, vs. P for melittin monomer (0O) and tetramer

(©).

negative AV® was observed at low P; at higher P
the apparent AV® was found to become more
positive.)

The accessibility of the single Trp residue of
melittin to the quencher acrylamide is larger for
the monomeric state (K, =9 M~!) than for the
tetrameric state (K, = 3.5 M™!) [27]. Thus, this
T=M equilibrium of melittin was selected to
demonstrate a P-induced change in the apparent
rate constant for acrylamide quenching. If, for
example, we start with a poised T=M equi-
librium (which, we will call a mixture), achieved
by using an NaCl concentration of 0.5 M [30], and
then increase P, we should shift the equilibrium
toward the monomeric state and should observe
an increase in the apparent acrylamide k.

First we measured the P dependence of the
fluorescence lifetime of the monomeric (0.01 M
Tris-HCI, pH 8) and tetrameric (2.0 M NaCl, pH
8) forms of melittin, as shown in fig. 4A. This was
done in the absence and presence of acrylamide,
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Fig. 5. (A) Pressure dependence of the fluorescence lifetime of

a mixture of melittin monomer and tetramer (0.5 NaCl, pH

8.0). ( ) In the absence of quencher; (------ ) in the

presence of 173 mM acrylamide. (B) Plot of log &, vs. P. The
initial slope gives 4V* = —15 ml/mol.

in order to allow determination of the apparent
for each state as a function of P. In fig. 4A we
report average (7, + 7,)/2 values determined at
57.2 MHz. The decay of both the M and T states
is nonexponential and a more correct approach is
to obtain and analyze multifrequency phase and
modulation data. This more complete analysis will
be presented below. In fig. 4B are shown plots of
log k, vs. P for the M and T states the melittin.
As with other proteins, we find essentially no
(initial) P dependence for the solute quenching of
the M and T forms. A slight increase in log k,
data for the T form is seen at high P. We do not
have sufficient data at this time to decide whether
this is a real effect (i.e., P-induced dissociation of
the tetramer, even at high salt) or if it is just
experimental error.

Subsequently, we performed a similar P depen-
dence study with a solution of melittin which was
poised at the T =+ M equilibrium (0.5 M, 100 pM
melittin, 0.01 M Tris-HC], pH 8). As shown in fig.
5A, at ambient P the average ((7, + 7,,)/2) life-
time, obtained at 57.2 MHz, is midway between

the average 7 for the M and T forms. As P is
increased, the average = of the mixture increases
and approaches the average = for the M form P
between 1000 and 2000 bar., From the average 7
obtained in the presence of acrylamide we de-
termined the apparent k, as a function of P (see
fig. 5B). At ambient P, the apparent & is midway
between that for the M and T states. As P is
increased, the apparent k, increases and ap-
proaches that of the M state. From the initial
slope of the plot of log k, vs. P, a A¥* of about
—15 to —20 ml/mol is obtained at low P.

Thus, our P dependence acrylamide quenching
studies can report a non-zero AV when one
exists, and this makes believable our near-zero
AV'* reported above for simple globular proteins.

A couple of concerns regarding these studies
with melittin are that (i) the fluorescence decays
of both the M and T states of melittin are nonex-
ponential and single-frequency, average T values
may introduce some error, and (ii) the observed,
initial AV?* is a complex value and is only par-
tially weighted toward the AV® for the T=M
transition, and, in principle, it should be possible
to extract the AV? for the T = M transition from
the data in fig. 5. We will address the first matter
here and the second matter in section 3.4.

We have collected multifrequency phase and
modulation data for the M and T states of melit-
tin. These data can be fitted by a double-exponen-
tial decay. In table 1 we list best-fit values for =,
and a; for the M and T states. For a mixture of
states in 0.5 M NaCl, as many as seven fitting

Table 1

Discrete lifetime fits for multifrequency phase/modulation
data for melittin

Conditions for monomer; 0.01 M Tris-HCl buffer, pH 8.0; for
tetramer, 2.0 M NaCl, 0.01 M Tris-HCl, pH 8.0; for mixture,
0.5 NaCl, 001 M Tris-HC, pH 8.0; 25°C in all cases. All
lifetimes in ns. Errors of +0.5 and +0.005 were used for the
phase and modulation measurements in the calculation of x?2
values.

n k) o X
Monomer (P =1 bar) 1.64 3.96 0.501 2.8
Tetramer (£ =1 bar) 099 2.79 0.834 51
Mixture (P =1 bar) 1.20 3.53 0.725 34
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Table 2

Lorentzian distribution fits to multifrequency phase /modulation data for melittin

See table 1 for conditions. Central lifetiines, 7 and width, A, are in ns.

7 4, 73 4, a X
Monomer, P =1 bar 2.54 1.23 - - 1.0 31
Tetramer, P =1 bar - - 105 - 0.70 0.0 52
Mixture, P =1 bar 2.89 1.08 1.21 0.48 0.485 39
Mixture, biomodal, global fit for
P=1 2.65 1.00 1.15 0.62 0.442 52
P =800 bar 0.596
P =1600 bar 0.601
P = 2400 bar 0.269
Mixture, unimodal fit
Q=0, P=1bar 1.46 1.16 - - 1.0 30
P =800 bar 1.83 1.09 - - 1.0 2.6
P =1600 bar 191 1.00 - - 1.0 30
Mixture, unimodal fit
0=0173 M, P=1 bar 0.99 048 - - 10 18
P =800 bar 1.00 0.37 - - 1.0 53
P =1600 bar 1.08 0.19 - - 1.0 6.2

parameters would be needed to give a double-ex-
ponential fit for each state.

Alternatively, we have fitted our lifetime data
to a Lorentzian distribution of decay times [31].
As shown in table 2, a good fit is obtained with a
distribution centered (7) at 2.54 ns, with a full-
width-half-maximum (4) of 1.23 ns, for the M
state, and 7=1.05 ns and A=0.70 ns for the T

a4
-

In (

0 1000 2000 3000
PRESSURE , bar
Fig. 6. Pressure dependence of In(a*/1— a)) for the melittin
T = M equilibrium. (@) Obtained from initial K, data; (0, 4)
taken from anisotropy studies of Thompson and Lakowicz
[30]. For the latter points the upper set corresponds to 100 uM
melittin and the lower set to 200 pM melittin, both at 0.5 M
NaCl Our values (®, X) are from studies at 100 gM melittin,
0.5 M NaCl.

state. Likewise, for mixtures (0.5 M NaCl) the 7
from a unimodal distribution fit, in the absence
and presence of quencher, can be used to obtain
an apparent k . This approach is an improvement
over the use of only single-frequency lifetime data,
but, as shown by the symbol 4 in fig. 5B, it yields
approximately the same pattern for the apparent
q° R
3.4. AV? for T == M transition in melittin

Thompson and Lakowicz [30] used the P de-
pendence of the fluorescence anisotropy of melit-
tin to determine the AV° for the tetramer dissocia-
tion. Here we show that the apparent acrylamide
k, can also be used to determine the AV°. First
we present a few relationships which describe the
tetramer dissociation.

T=4M (3)
M _ M

== ™I+ [T] Ml “
_IMI* _ 4eiM] _

“T T T ) ®)

din kK, -—-ay°
dP ~ RT (6)
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Here a,, is the fraction of total melittin that is in
the monomeric state. If a, can be obtained, a plot
of In Ky (or In o /(1—a,)) vs. P will yield
Ave.

Values of «,, can be estimated from the fluo-
rescence quenching results in fig. 5 as follows. Let
us assume that the apparent Stern-Volmer quench-
ing constant is approximately equal to

st(app) nd fthv,l + mesv,m (7)

where K, , and K, are the quenching constants
for the T and M states (which can be obtained
separately), and f, and f the fractions of the
total emission that are due to the T and M states,

respectively. From known X, and K ,, values,
one can determine f, as
fi= Koviapp = Kov (8)
o 1- st,t/st,m
which is related to a,, as follows
L0
am=1+_ﬂ(fm__l) : (9)
2,

where &, and @, are the relative quantum yields
of the M and T states (which we assume to be the
same), respectively. From X, ,,, values obtained
from the data in fig. 5 for the T = M mixture, we
obtained a,, values, which were then plotted as In
(a? /(1 — @) vs. P in fig. 6 (filled circles).

Also shown in fig. 6, as open symbols, are
values obtained by Thompson and Lakowicz [30]
using steady-state fluorescence anisotropy mea-
surements, made as a function of P. From the
initial slope through our values we find AV °=
—150 + 30 ml/mol. This value is in agreement
with that reported by Thompson and Lakowicz.
We also find that the AV® becomes more positive
as P is increased above 2000 bar. Between 1 and
1600 bar, an increase in P shifts the equilibrium
toward the M state, but this shift appears never to
become complete. A further increase may induce
association, but our data are too limited at this
time to prove this point.

The P-induced shift of melittin from the T to
M state can also be seen in the multi-frequency
phase and modulation data in fig. 7. The left-most

90
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Fig. 7. Multifrequency phase modulation data for mellitin

monomer (O, ®), tetramer (8, O) and mixture in 0.5 NaCl at 1

bar (A, 4) and 800 bar (v, ¥). Closed symbols, phase angles;

open symbols, modulation ratios. The solid lines represent a

simultancous global fit of these data sets, plus two additional

data sets for the mixture at 1600 and 2400 bar. The parameters
for the global fit are given in table 2.

and right-most patterns in this figure are data for
melittin monomer (O, @) and tetramer (O, W), re-
spectively. Fits of these data to double-exponen-
tial and Lorentzian distribution decay models are
given in tables 1 and 2. Data for the poised
T = M mixture, in 0.5 M salt at 1 bar, are shown
as the triangles (a, A) in fig. 7. As P is increased
to 800 bar, the pattern for the mixture shifts to the
left, as shown by the inverted triangles (v, v).
That is, the apparent phase and modulation life-
times increase and approach those of the mono-
meric state. We have performed a simultaneous
nonlinear least-squares fit for data sets obtained
for the mixture at 1, 800, 1600 and 2400 bar. The
fit was accomplished by using the program
GLOBAL, written by Beechem and Gratton [18].
As shown in table 2, this global fit yields 7, = 2.65
ns, 4; =1.00 ns, 7,=1.15 ns and 4, = 0.62 ns.
The a; value, which is the fraction of light that is
absorbed by the monomeric species of melittin, is
found to increase as P is increased from 1 to 1600
bar; as P is increased to 2400 bar, a, decreases.
Thus, these multifrequency lifetime results are in
qualitative agreement with the above acrylamide:
quenching studies. ’
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4. Discussion

Our studies show that the apparent AV?, for
acrylamide quenching of the fluorescence of Trp
residues in proteins, is approximately zero for
several proteins. This is consistent with the action
of small-amplitude fluctuations in the structure of
a protein (for internal Trp residues) or the solvent
(for surface Trp residues) to facilitate the quench-
ing process. Only when a poised two-state transi-
tion is perturbed by pressure, such as the melittin
T = M equilibrium, do we find a significant change
in the quenching rate constant with pressure and
an apparent negative AV *. Dissociation of melit-
tin can be considered a model for the unfolding
mechanism for the quenching of internal Trp re-
sidues in proteins. If such a mechanism is utilized,
the studies with melittin suggest that a negative
AV* should be observed for the quenching reac-
tion. The near-zero AV* we find for several pro-
teins favors the penetration mechanism for solute
quenching.

It is difficult to offer further interpretation
regarding these near-zero AV*. Carter et al. [6]
also reported a small AV* (3 + 2 ml/mol) associ-
ated with the ‘protein’ component of hydrogen
isotope exchange kinetics (ie., the difference in
AV?# between the protein and a polypeptide) with
proteins. However, Wiithrich et al. [7] reported a
large AV* of 30 ml/mol for the flipping of
aromatic rings in pancreatic trypsin inhibitor and
Karplus and McCammon [32] rationalized this
—AV* in terms of the compressibility of the pro-
tein, They assumed a compressibility value for the
protein equal to that of an apolar organic solvent.
Proteins have a heterogeneous structure and ex-
perimental (adiabatic) compressibility values for
proteins are known to be significantly lower
(1/5-1/10) than those for either water or organic
solvents [2]. Gekko and Hasegawa [33] have tabu-
lated compressibility values, ranging from —1.11
to 10.9x10™"? c¢cm?/dyn for a large group of
proteins. It is believed that oily regions in proteins
make the largest (positive) contribution to the
total compressibility and that a-helix regions and
other relatively stiff, hydrogen-bonded regions
contribute much less to the compressibility. So it
is difficult to relate a global, thermodynamic

property (compressibility) to specific dynamic
events and it is possible that there will be different
effects of pressure on different events and regions
in a protein. Also, Gekko and Noguchi [34] have
made the important observation that about 3-6%
of the volume of a globular protein exists as cavity
space. Movement of these cavities may provide a
mechanism for penetration by solutes, such as
fluorescence quenchers.
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