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For RNase A, with 2N = 8, T,y = 7193, i.e., 7191 interme-
diates plus the native and fully reduced species. We are in-
debted to Y. Isogai for this derivation and to R. A. Fredrickson
for a similar one.
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Effect of Hydrostatic Pressure on Lysozyme and Chymotrypsinogen

Detected by Fluorescence Polarization'

G. S. Chryssomallis, P. M. Torgerson,! H. G. Drickamer, and G. Weber*

ABSTRACT: The effect of hydrostatic pressure upon solutions
of chymotrypsinogen and lysozyme at room temperature has
been followed by employing a new technique [Chryssomallis,
G. S,, Drickamer, H. G., & Weber, G. (1978) J. Appl. Phys.
49, 3084] that permits the measurement of fluorescence po-
larization at pressures of up to 10 kbar. Lysozyme shows a
stable, reversible 60% increase in apparent volume when the
pressure is raised to 9 kbar. This can be given a simple in-
terpretation in terms of solvent penetration of the structure
at higher pressures. In contrast, the results with chymotryp-
sinogen are time dependent and only partially reversible on

FEnc perturbation of protein structure due to hydrostatic
pressure has been under investigation for several years by
various methods, including absorption spectroscopy (Brandts
et al,, 1970; Hawley, 1971; Zipp & Kauzmann, 1973), elec-
trophoresis (Hawley & Mitchell, 1975), and fluorescence
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release of the pressure. They involve conversion (¢,/, = 5 min)
to a form with a lower rotational rate at approximately 6 kbar
and return to a fast-rotating form at higher pressure. This
latter form persists on pressure release. The possibility of
generating what are clearly metastable conformations, not only
in chymotrypsinogen but also in flavodoxins [Visser, A. J. W.
G., Li, T. M,, Drickamer, H. G., & Weber, G. (1977) Bio-
chemistry 16, 4879}, indicates that there are unresolved
questions about the relative stability of protein conformations
which can be profitably investigated by high-pressure exper-
iments.

spectroscopy, either of the intrinsic tryptophans or of added
ligands (Heremans et al., 1974; Li et al., 1976a,b; Visser et
al, 1977). These investigations have demonstrated that
pressure can alter the affinity of proteins for small molecules,
either increasing or decreasing it, depending on the nature of
the binding site (Togerson et al., 1979). They also have shown
that pressure perturbs the environment of tryptophan, in-
creasing its exposure to the solvent as compared to the native
protein in the case of lysozyme (Li et al., 1976b). All these
data point to the appearance of large changes in the protein
structure at the higher pressures, and by analogy with the
denaturation reactions (Tanford, 1968), one must expect
considerable changes in the hydrodynamic properties. No data
on this point have been recorded, but the recent development
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of an instrument capable of measuring fluorescence polari-
zation at pressures up to 11 kbar (Chryssomallis et al., 1978)
has made the study of rotational motions of the protein pos-
sible, providing another source of information about its
structure. Knowledge of the polarization, coupled with the
fluorescence lifetime, allows calculation of the Debye rotational
relaxation time, itself dependent upon the size and shape of
the rotating element (Weber, 1953). The two proteins chosen
for this study are hen egg white lysozyme and bovine chy-
motrypsinogen A, for which data as regards their fluorescence
properties under pressure have been recorded (Li et al., 1976b).
Observations on the polarization of the intrinsic fluorescence
of the proteins as well as that of fluorescent conjugates of
suitable long lifetime are possible. The value of the former
is limited by the heterogeneous character of the emission
arising from the presence of several different tryptophans, by
the possibility of changes with pressure of the complex exci-
tation—polarization spectrum (Weber, 1960; Valeur & Weber,
1977), and by the short fluorescent lifetime which gives pre-
ponderant weight to local fast rotations of the residues (Munro
et al., 1979; Lakowicz & Weber, 1980) and lesser weight to
the slow overall protein rotations. Fluorescein conjugates of
both proteins are therefore used, since this probe has a high
quantum yield and a lifetime which is near optimum for
proteins in this size range.

Materials and Methods

Lysozyme and chymotrypsinogen A were products of
Worthington Biochemical Corp. Their concentrations were
determined by using absorbances at 280 nm of 26.5 and 20.4,
respectively, for the 1% solutions. Fluorescein isothiocyanate
(isomer I) was a product of Sigma Chemical Co. Tris(hy-
droxymethyl)aminomethane hydrochloride (Tris-HC) buffer,
used since it exhibits only a slight dependence of its pK, upon
pressure (Neuman et al., 1973), was prepared from Trizma
base (Sigma).

Fluorescein labeling of proteins was carried out by adding
ca. 0.1 mg of fluorescein isothiocyanate in 0.05 M Tris—acetate
buffer, pH 8.0, to 5 mg of protein in 1 mL of the same buffer.
Free uncoupled fluorophor was eliminated by chromatography
on Sephadex G-25, followed by dialysis against 0.05 M
Tris—acetate buffer, pH 8.0. The concentration of bound
fluorescein was determined by using a molar extinction
coefficient of 42 500 at 490 nm (Gennis et al., 1972). Labeling
ratios in all cases were less than 0.2 fluorophor per protein.
For all experiments involving lysozyme, the protein concen-
tration was less than 10> M, and for those involving chymo-
trypsinogen, it was less than 2.5 X 1075 M.

Polarization values at 1 atmosphere were obtained with the
polarization photometer described by Jameson et al. (1978).
Isothermal Perrin plots at atmospheric pressure were con-
structed by varying the viscosity by addition of sucrose. Po-
larizations under pressure were measured with the instrument
of Chryssomallis et al. (1978). Since this polarization pho-
tometer measures relative rather than absolute polarization,
all pressure measurements used the known atmospheric value
as the starting point. Emission spectra at high pressures were
recorded with a photon-counting emission spectrometer (Li
et al.,, 1976a). Fluorescence lifetimes were measured with
single photon counting techniques. The apparatus (Klick et
al.,, 1977) was modified by using a nitrogen-filled light source
(Photochemical Research Associates, Inc., Model 510) which
produces a light pulse of approximately 3-ns width. Conse-
quently, lifetimes in the range of 3—4 ns require a deconvolution
routine. The decay of the fluorescence is detected by an
EMI9813QB photomultiplier tube.
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FIGURE 1: Perrin plots of lysozyme from intrinsic tryptophan
fluorescence: (O) 1 atmosphere results, excitation at 286 nm; (m,
A) pressure results, excitation at 286 nm; (O) 1 atmosphere results,
excitation at 300 nm; (@) pressure results, excitation at 300 nm.

Results

Intrinsic Lysozyme Fluorescence. The effect of pressure
on the intrinsic fluorescence polarization of lysozyme is shown
in Figure 1, as a Perrin plot. Expressing the results in this
way facilitates distinction of polarization changes caused by
the pressure-induced alterations in the protein structure from
those caused by the pressure-mediated solvent viscosity in-
crease. The results of an experiment at atmospheric pressure
are also shown for comparison. At an excitation wavelength
of 286 nm, the polarizaiton under pressure began to deviate
from the values at 1 atmosphere between 4 and 5 kbar, in
agreement with the first denaturation step observed by Li et
al. (1976b). The exact cause of this polarizaiton increase
cannot be assigned, since lysozyme contains six tryptophan
residues and their relative contribution to the fluorescence
intensity may be changing with pressure, and in addition, the
polarization spectrum of lysozyme changes very rapidly with
wavelength near 286 nm (Weber, 1960). Pressure-induced
changes in the polarization spectrum cannot be separated from
extrinsic effects. At an excitation wavelength of 300 nm,
however, the polarization of tryptophan is nearly constant with
wavelength. As shown in Figure 1, at this wavelength there
is little deviation between values at 1 atmosphere and under
pressure until about 8 kbar. This is the pressure region in
which a second denaturation step was observed by Li et al.
(1976b) by intrinsic intensity and spectral shift measurements.

Pressure Response of Fluorescein-Labeled Lysozyme. The
problems associated with intrinsic polarization changes can
be avoided by using a fluorescence probe with a constant
polarization spectrum. In addition, the labeling ratio must
be kept low enough so that very few protein molecules have
more than one probe attached. The pressure effect on
fluorescein-labeled lysozyme is shown in Figure 2. The 1-
atmosphere and high-pressure values began to diverge at about
6 kbar. The polarization increase can result from changes in
the rotational relaxation time or from shortening in the
fluorescence lifetime. For determination of the former from
polarization measurements, the latter is required. The lifetimes
are shown in Figure 3, along with the emission intensity of the
fluorescein-labeled lysozyme as a function of pressure. Using
a modification of the Perrin relation (Weber, 1953)

1/x-1/3=(1/x0~1/3)(1 + 31/py) (1)

where x is the observed polarization, x, is the limiting po-
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FIGURE 2: Perrin plot of fluorescein-labeled lysozyme at 1 atmosphere
(0) and under pressure (®). Excitation at 490 nm.
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FIGURE 3: Pressure response of fluorescein-labeled lysozyme: (M)

fluorescence intensity relative to 1 atmosphere; (@) fluorescence
lifetime.

larization, and 7 is the fluorescence lifetime, we calculated the
value of py, the harmonic mean of the Debye rotational re-
laxation time around the three principle axes of the inertial
ellipsoid. If the rotating body is approximated as a sphere,
its volume (¥) is the Stokes—Einstein volume, given by V' =
RTpy/3n. pyis then proportional to the volume of the rotating
element and to the viscosity. Since the viscosity of water as
a function of pressure is known (Bridgman, 1925, 1926), all
rotational relaxation times can be corrected to constant vis-
cosity, so as to uniquely reflect alterations in protein volume.
These results are shown in Figure 4 along with the known
compression of water (Bridgman, 1935, 1949). For the first
few kilobars, the protein shows an apparent volume decrease
approximately parallel to that of the surrounding solvent.
Beginning at 56 kbar, however, one observes a large increase
in the volume of the rotating element. After 10 kbar, the
volume increase of over 60% is complete. The rotational
relaxation times for lysozyme at several pressures calculated
from eq 1 are given in Table L.
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FIGURE 4: Relative rotational relaxation time of fluorescein-labeled
lysozyme vs. pressure. Dashed line indicates the specific volume of
water.

Table I
Debye rotational

pressure relaxation

sample (kbar) time (ns)
fluorescein-labeled 0.001 13.3
lysozyme 4.6 11.3
9.8 18.1
fluorescein-labeled 0.001 12.1
chymotrypsinogen 6.33 28.6
6.8 18.7
9.8 12.2

In all measurements on lysozyme, the fluorescence param-
eters reached stable values within the time needed to increase
pressure, usually 2-3 min. Also, the effect on lysozyme po-
larization was reversible. All parameters returned to their
starting values upon pressure release, and a repeated pressure
application gave an identical response.

Pressure Response of Fluorescein-Labeled Chymotrypsi-
nogen. The polarization behavior of fluorescein-labeled chy-
motrypsinogen at 1 atmosphere and under pressure is shown
in Figure 5. There is no apparent effect on the molecule up
to 5.5 kbar, but at 6.33 kbar, there is a large increase in
polarization. In contrast, to the case with lysozyme, however,
a stable value of polarization is not reached immediately but
exponentially approaches a stable value with a time constant
of about 5 min.

In this figure, the point designated A was measured at 6.33
kbar immediately after raising the pressure, a procedure which
requires about 2 min. The point marked B was obtained after
holding this pressure for 0.5 h. The same time dependence
is seen in the intrinsic tryptophan fluorescence of the unlabeled
protein (inset, Figure 5). The effect is therefore not a con-
sequence of the labeling. When the pressure is raised to 6.8
kbar, the polarization decreases with the same time constant.
Again, the point marked C was measured immediately upon
reaching the designated pressure, and that marked D was
obtained after 0.5 h. Above this pressure, stable polarization
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FIGURE 5: Perrin plots of fluorescein-labeled chymotrypsinogen: (O)
1 atmosphere results; (@) pressure results. Arrows indicate slow drift
from initial to final values at 6.33 and 6.8 kbar. Inset: Intrinsic
tryptophan emission intensity vs. time at 6.4 kbar for 2.4 X 10° M
chymotrypsinogen.
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FIGURE 6: Perrin plot of pressure-denatured fluorescein-labeled
chymotrypsinogen: (¢) 1 atmosphere results; (#) results upon
reraising pressure.

values are reached immediately, and there is a further slight
polarization decrease. At the same pressure where polarization
begins to deviate from the behavior of the native protein, the
ratio of scattered light monitored at the exciting wavelength,
490 nm, to fluorescence also begins to increase. This ratio has
increased by a factor of 10 at 7.5 kbar and still further above
this pressure. Rotational relaxation times for fluorescein-la-
beled chymotrypsinogen are also given in Table 1.

Also in contrast to lysozyme, the pressure denaturation of
fluorescein-labeled chymotrypsinogen is not fully reversible.
The scattering of the exciting light decreases markedly on
decompression, but at 1 atmosphere, it is still greater than the
initial scattering. However, no obvious precipitation or loss
of material was observed. The 1 atmosphere and pressure
polarization results for a sample previously subjected to 10
kbar are given in Figure 6. The pressure-response and 1-
atmosphere behavior are both different from those of native
chymotrypsinogen. The rotational relaxation time from Figure
6 is larger by factor of 2.3 than that of the native protein, and
the atmospheric behavior is no longer linear. In addition, all
measurements are now immediately stable, in contrast to the
slowly stabilizing values observed for the native protein in the
critical region of 6 kbar. The rotational relaxation time under
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FIGURE 7: Relative rotational relaxation time of fluorescein-labeled
chymotrypsinogen vs. pressure.

pressure for fluorescein-labeled chymotrypsinogen (Figure 7)
illustrates the differences from lysozyme. First, the rotational
relaxation time is nearly constant over the first few kilobars.
Second, there is no smooth transition over a several kilobar
range. Rather, the relaxation time shows a transient behavior
OVEr a narrow pressure region.

Discussion

The results with lysozyme are unequivocal in showing a large
reversible increase of the order of 60% in the apparent hy-
drodynamic volume between 6 and 10 kbar. The two possible
causes of this effect are either an actual increase in the hy-
drodynamic volume of the protein or a restriction in the local
probe motion on the protein surface due to denaturation,
Swelling of the protein due to water penetration is consistent
with the observation by Li et al. (1976b) that pressure de-
naturation of lysozyme is accompanied by a red shift in
tryptophan fluorescence, indicating exposure to a medium of
higher dielectric constant. Alternatively, lysozyme is a protein
consisting of two lobes, one on either side of the cleft which
defines the active site. Movement of these two lobes, making
the molecule more prolate, could also contribute to the ob-
served relaxation time. However, in globular proteins, an
increase in the apparent volume of over a factor of two has
virtually never been observed to arise from simple changes in
the frictional coefficient or from the freezing of the local
rotations of the attached label, and it is therefore reasonable
to assume that the larger part results from a real increase in
volume of the rotating unit. This can be easily rationalized
in terms of infiltration of the structure by water at the higher
pressures. This penetration of solvent into the structure would
in turn result in the decrease or disappearance of packing
defects in the protein (Richards, 1979), which is, in our view,
the main cause of the negative AV? observed in this reaction
(Liet al., 1976b). At the same time, the observations show
quite clearly that the increased contact of protein and solvent
does not lead to the appearance of important modes of local
rotation. These would result in a decrease in py, below its value
at atmospheric pressure, as happens, for example, in the N-F
transition in bovine serum albumin (Weber & Young, 1964).
The observation also supports the existence of multiple inde-
pendent pressure denaturation steps, since the larger polari-
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zation changes occur in a pressure region somewhat different
from either of the two denaturation steps observed by Li et
al. (1976b) using intrinsic tryptophan fluorescence.

The results with chymotrypsinogen are more difficult to
interpret. The large increase in scattered light simultaneous
with the deviation of the polarization from that of the native
protein indicates that aggregation is occurring. This is sup-
ported by the increased rotational relaxation time measured
at 1 atmosphere for previously pressurized chymotrypsinogen.
The curvature apparent in the 1-atmosphere plot is indicative
of the presence of more than one rotational relaxation time.
Ordinarily, this curvature exists, one relaxation time being that
of the protein and the other that of local motion of the attached
probe. For that situation, however, curvature is only evident
at much larger viscosities, that is, closer to the T'/n origin than
those employed in our experiments. Curvature at the lower
viscosities, as seen in Figure 6, is indicative of a population
of relatively similar rotational relaxation times. It is therefore
not possible to separate the change in rotational relaxation time
caused by a change in conformation of the single-chain protein
from those caused by aggregation. Such self-association has
been previously observed for chymotrypsinogen at 1 atmo-
sphere (Hancock & Williams, 1969; Osborne & Steiner, 1972;
Tung & Steiner, 1974). However, higher protein concentra-
tions than those used here are necessary, and the aggregation
is a reversible process. If pressure merely enhanced the affinity
of chymotrypsinogen toward itself, the aggregates should
dissociate rapidly upon returning to atmospheric pressure. This
supports the conclusion that association is a consequence of
the altered conformation of the protein under pressure. The
present results are in contrast to those of Li et al. (1976b),
who uniformly observed reversible pressure effects on chy-
motrypsinogen. The most likely reason for the discrepancy
is that in the experiments of Li, insufficient time was allowed
at high pressure for significant aggregation to occur. Irre-
versible effects of the pressure upon the protein conformation,
that still await for an explanation, were noticed in flavodoxins
by Visser et al. (1977). Our preliminary conclusion is that
the conformation reached at high pressure can persist, either
apparently helped by aggregation (chymotrypsinogen) or even
without it (flavodoxins). Further investigation of this problem
would be of value regarding an often posed but still incom-
pletely solved question, the persistence of various protein
conformations. The different behavior of lysozyme and chy-
motrypsinogen between 1 atmosphere and 6 kbar should be
noted. Lysozyme appears highly compressible in this range,
approximately equal to that of water (Figure 4). Chymo-
trypsinogen, on the other hand, appears incompressible (Figure
7). Measurements on the adiabatic compressibilities of several
proteins, including both lysozyme and chymotrypsinogen, by
Gratton (E. Gratton, unpublished experiments) and Gekko
& Noguchi (1979) have yielded values at room temperature
of between 10 and 20% of the value of water. The rotational
relaxation time of lysozyme in the first few kilobars is de-
creasing faster than the bulk protein volume and must
therefore be due to changes in the fluorophor rotation due to
other causes. Chymotrypsinogen, however, appears as nearly
incompressible, in agreement with the adiabatic compressibility
data.

In conclusion, polarization measurements are capable of
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detecting changes in the overall rotational rate in proteins
under pressure not directly detected by other spectroscopic
techniques. In the case of lysozyme, the high-pressure increase
in py arises from an important (60%) increase in particle
volume. The transient in the order of minutes in the increase
in polarization observed in the chymotrypsinogen case, both
in the native fluorescence and in that of conjugates, offers
evidence of the complexity of the reactions by which equilib-
rium is reached when the pressure is raised. As pointed out
above, both inter- and intramolecular effects may be involved.
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