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Peter E. Prevelige Jr.,* Jonathan King,* and Jerson L. Silva§
*Boston Biomedical Research Institute, Boston Massachusetts 02114 USA; tDepartment of Biology, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139 USA; §Departamento de Bioquimica, Instituto de Ciencias Biomedicas, Universidade
Federal do Rio de Janeiro, Rio de Janeiro 21941, Brazil

ABSTRACT The pressure stability of bacteriophage P22 coat protein in both monomeric and polymeric forms under hydrostatic
pressure was examined using light scattering, fluorescence emission, polarization, and lifetime methodology. The monomeric
protein is very unstable toward pressure and undergoes significant structural changes at pressures as low as 0.5 kbar. These
structural changes ultimately lead to denaturation of the subunit. Comparison of the protein denatured by pressure to that in
guanidine hydrochloride suggests that pressure results in partial unfolding, perhaps by a domain mechanism. Fluorescence
lifetime measurements indicate that at atmospheric pressure the local environments of the tryptophans are remarkably similar,
suggesting they may be clustered. In contrast to the monomeric protein subunit, the protein when polymerized into procapsid
shells is very stable to applied pressure and does not dissociate with pressure up to 2.5 kbar. However, under applied pressure
the procapsid shells are cold-labile, suggesting they are entropically stabilized. The significance of these results in terms of virus
assembly are discussed.

INTRODUCTION

The coat protein subunits comprising the capsids of spherical
viruses with T > 1 associate through the formation of non-
equivalent bonding interactions (Caspar and Klug, 1962;
Rossmann, 1984). Crystallographic studies have demon-
strated that these nonequivalent interactions are realized by
conformational changes within the protein subunits (re-
viewed in Rossmann and Johnson, 1989). Thus, chemically
identical protein subunits take up unique positionally de-
pendent conformations during the process of assembly. The
mechanism by which the plasticity required for successful
assembly is coded into the folded conformation of the mo-
nomeric protein subunit is fundamental to the understanding
of the viral assembly process.
The polymerization of protein subunits into large oligo-

meric structures, such as viruses, is generally accompanied
by an increase in system volume (Heremans, 1982; Weber
and Drickamer, 1983). This somewhat counterintuitive result
is due to the combined effects of the formation of solvent
excluding cavities at the intersubunit interfaces and the re-
lease of bound solvent (Silva and Weber, 1993). Solvent
release can increase interatomic distances (and thereby sys-
tem volume) by two mechanisms: the burying of nonpolar
amino acid residues is accompanied by replacement of
dipole-induced dipole bonds (water-amino acid interactions)
with London dispersion forces between the amino acids in
the interface and through the formation of intersubunit salt
linkages. Since the system volume increases upon polymer-
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ization, it is frequently possible to dissociate protein poly-
mers by the application of pressure. Dissociation of the pol-
ymer to its constituent subunits frequently occurs in the
pressure range from 1.0 to 2.5 kbar (Heremans, 1982; Weber
and Drickamer, 1983; Silva and Weber, 1993), where the
protein subunits themselves generally do not denature. The
effect of temperature on protein conformation is often ex-
plored to derive thermodynamic information about protein
stability. However, it is expected that the effects of pressure
will be equally informative and perhaps more readily inter-
pretable (reviewed in Silva and Weber, 1993).
To determine the effect of pressure on the conformation

of a viral coat protein, we have undertaken to study the effect
of pressure on polymerized and monomeric forms of the coat
protein of the Salmonella bacteriophage P22. This system
has the advantage that biologically active monomeric coat
protein can be prepared readily, along with the polymerized
form of the capsid. When mixed together in solution with the
scaffolding protein the subunits rapidly polymerize and ki-
netic and biochemical analysis has revealed details of the
assembly pathway (Prevelige et al., 1988, 1993). Further-
more, this protein is remarkable in that the polymerized form
undergoes remarkable changes in morphology triggered by
DNA packaging (Prasad et al., 1993).

Bacteriophage P22 is a double-stranded DNA containing
bacteriophage. Its morphogenetic pathway requires the for-
mation of a precursor procapsid which subsequently matures
to the capsid. The procapsid is composed of 420 molecules
of coat protein arranged around an inner core composed of
approximately 300 molecules of scaffolding protein (King
and Casjens, 1974). The phage DNA is packaged into this
preformed procapsid through a portal protein complex lo-
cated at a single vertex (Bazinet et al., 1988). As the DNA
is packaged, the scaffolding protein exits and recycles to
participate in further rounds of assembly. It is possible to
extract the scaffolding protein from the procapsid by mild
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treatment with GuHCl (Fuller and King, 1981). This process
leaves intact a shell of coat protein. A three- dimensional
reconstruction of the protein lattice of both the extracted
procapsid and the capsid has recently become available
(Prasad et al., 1993). The procapsid has an overall spherical
shape, with an outer diameter of 580 A. The coat protein
subunits are arranged on a T = 7 lattice, and within the
asymmetric unit of the lattice the subunit disposition in the
procapsid is markedly asymmetric, suggesting substantial
differences in bonding interactions among the subunits. In
the capsid which has packaged DNA the subunits remain
arranged on a T = 7 lattice, the subunits undergo substantial
conformational changes resulting in an overall expansion of
the lattice, closure of holes in the lattice, and the formation
of new intersubunit contacts (Prasad et al., 1993). This tran-
sition appears to be exothermic in nature (Galisteo and King,
1993), and it has been suggested that the energy derived from
this process may play a role in DNA packaging (Steven,
1993). Raman spectroscopy suggests that the differences be-
tween both successful subunit assembly into the procapsid
and procapsid expansion involve domain movement with
very little change in secondary structure (Prevelige et al.,
1993).
The results described in this paper suggest that the mono-

mer of coat protein is only marginally stable when unpoly-
merized and that it derives substantial energy of stabilization
through the contacts within the lattice. Furthermore, we have
shown that the driving force for subunit assembly is entropic
in nature.

MATERIALS AND METHODS

Preparation of protein samples
The preparation ofprocapsids, empty shells, and coat protein monomers was
as previously described (Prevelige et al., 1988). The procapsids employed
were purified from Salmonella typhimurium strain DB7136 which had been
infected with P22 phage carrying 2- am/13- am mutations. The 2- mutation
blocks DNA packaging resulting in the accumulation of procapsids, while
the 13- delays lysis, thereby increasing the yield.

The coat protein monomer was stored as a 1.4-1.8 mg/ml stock solution
in 2 M GuHCl and dialyzed overnight at 40C against 50 mM Tris, 25 mM
NaCl, 2 mM EDTA pH 7.6 in Spectrapor 2 dialysis tubing prepared as
previously described (Prevelige and Fasman, 1983). The absorption spectra
of the proteins were recorded immediately before use both to determine the
concentration and as a check for light scattering. In the case of the protein
prepared at 1.0 mg/ml, the dialyzed sample was centrifuged in a Beckman
TL-100 centrifuge equipped with a TL-100.3 rotor at 48,000 rpm for 20 min.

Coat protein at 0.2 mg/ml in 5.5 M GuHCl was prepared by dilution of
the stock solution in 2 M GuHCl into 6 M GuHCl prepared in 50 mM Tris,
25 mM NaCl, 2 mM EDTA pH 7.6. The diluted protein was dialyzed as
described above.

Optical methods

Fluorescence spectra

In experiments where the pressure was altered, the pressure was changed
and then the sample allowed to equilibrate for 5 min before making mea-
surements. To determine whether the sample was at practical equilibrium,
we recorded sequential spectra without pressure changes at both the high and
low pressure limits. There was no time-dependent change in the fluores-
cence properties.

The high-pressure bomb, purchased from SLM-Aminco (Urbana, IL) has
been described by Paladini and Weber (1981). Fluorescence spectra were
recorded on a ISS 200 computer-controlled spectrofluorometer (Cham-
paign, IL).

Fluorescence spectra at pressure p were quantified by specifying the
center of spectral mass (vp).

(vp) = vi; F/, Fi
i i

(1)

where Fj stands for the fluorescence emitted at wave number va and the
summation is carried out over the range of appreciable values of F. The
degree of dissociation (ap) is related to (vp) by the expression:

, 1 + Q((vP)-(Vf)) 1
ap = (v - (v,)-, (2)

where Q is the ratio of the quantum yields of dissociated and associated
forms, (vp) is the center of spectral mass at pressure p, and (vf) and (vi) are
the corresponding quantities for dissociated and associated forms (Paladini
and Weber, 1981; Silva et al., 1986; Royer et al., 1986; Silva and Weber,
1988).

Fluorescence anisotropy

Fluorescence anisotropy measurements were made in a L-format polariza-
tion fluorescence. The corrections for the scrambling of the windows were
performed as described by Paladini and Weber (1981).

Tryptophan lifetime and rotation measurements

Lifetime and dynamic depolarization measurements were performed by a
multifrequency cross-correlation phase and modulation fluorometer which
uses the harmonic content of a high-repetition-rate, mode-locked Nd-YAG
laser. This laser is used to synchronously pump a dye laser whose pulse train
is frequency doubled with an angle-tuned frequency doubler (Alcala et al.,
1985). A detailed description of phase fluorometry lifetime measurements
and data analysis has been fully described previously (Gratton et al., 1984;
Lakowicz et al., 1984; Beechem et al., 1991). The quality of fits was assessed
by x2 values and by plots of weighed residuals. Excitation wavelength was
295 nm and the emission was observed through a long-wavelength pass filter
(WG 335) with a cutoff at 335 nm. For the lifetime studies at atmospheric
and high pressure, light scattering of the sample at 295 nm (interference filter
from Corion) was used as reference. The same results were obtained when
the measurements were performed at atmospheric pressure inside the pres-
sure bomb or in a regular cuvette and utilizing p-terphenyl in cyclohexane
in the reference cell.

Light scattering

Light scattering measurements were made in an ISS 200 spectrofluorometer
(Silva et al., 1989). Scattered light (320 nm) was collected at an angle of
900 of the incident light.

HPLC methods

HPLC was carried out in a Waters system. A prepackaged SynChropak
GPC500 column (250 X 4.6 mm inner diameter), obtained from SynChro-
pak, Inc. (Linden, IN), was utilized for the gel filtration of procapsid shells
and a TSK 3000 column was utilized for the gel filtration of the coat protein.
The system was equilibrated in Tris (50 mM)-sodium acetate (0.2 M) buffer
(pH 7.0), and sodium azide (0.5 g/l). A flow rate of 0.3 ml/min was utilized.
Sample elution was monitored by absorption at 280 nm. The column void
volume (VO) and total volume (V1) were determined with lambda phage DNA
and ADP, respectively.
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RESULTS

HPLC characterization of the coat protein

The monomeric coat protein in Tris buffer and the shells of
coat protein were analyzed by size exclusion HPLC before
spectral analysis (Fig. 1,A and B). The coat protein monomer
eluted in primarily as a single peak with an apparent mo-
lecular weight of -60,000Mr based on globular protein stan-
dards. This is in accord with the behavior previously de-
scribed (Fuller and King, 1981; Prevelige et al., 1988). The
small leading peak probably represents aggregated coat pro-
tein. The shells also eluted in a single peak within the in-
cluded volume of the column. The results show that the shells
do not contain significant quantities of coat protein mono-
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FIGURE 1 Size exclusion high performance liquid chromatography of

P22 coat protein and procapsid shells. Procapsid shells were run on a

GPC500 column (A) and refolded coat protein was run on a TSK 3000
column (B) as described in Materials and Methods.

mer, and likewise the monomers do not contain significant
amounts of polymerized forms of coat protein.

Steady-state fluorescence spectra of coat protein

The coat protein contains six tryptophan residues distributed
more or less uniformly through the primary sequence (Eppler
et al., 1991). The fluorescence spectra of empty shells of coat
protein and the spectra of monomeric coat protein were re-
corded (Fig. 2A). The spectrum of the empty procapsid shell
shows a small blue shift relative to that of the folded mono-
mer, indicating that the tryptophans are less solvent exposed
in the polymerized form in accord with the observations by
Teschke and King (1993).
Upon denaturation of the monomer with GuHCl there

is a substantial red shift in the tryptophan fluorescence
(Fig. 2 B). A similar change was observed when the mo-
nomeric protein was examined under a pressure of 2.6 kbar,
suggesting that pressure caused denaturation. The following
centers of spectral mass in wave numbers were determined
from the recorded spectra: shell (29,226 cmr-), folded
monomer (28,980 cm-1), GuHCl denatured reference state
(28,280 cm -1), protein under pressure (28,450 cm -'). These
changes in spectral mass, along with changes in light scat-
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FIGURE 2 (A) Tryptophan fluorescence emission ofP22 procapsid shells
(... ) and native P22 coat protein monomers ( ). (B) Tryptophan
fluorescence emission of native P22 coat protein monomers ( ),
guanidine-denatured ( ), and pressure-denatured coat proteins
(-* * *-). Spectra were recorded on an ISS 200 spectrofluorometer. The
excitation wavelength was 280 nm, and the excitation and emission band-
widths were 1 and 1 mm, respectively.
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tering were employed to follow the effects of pressure upon
subunit conformation.

The pressure stability of coat protein monomers

The stability of purified coat protein monomer at 0.2 mg/ml
to pressure at 10C and 20'C was examined (Fig. 3). At both
temperatures the pressure was varied from atmospheric to 2.6
kbar. In one experiment both fluorescence spectra and light
scattering were recorded and in a second experiment only the
fluorescence spectra were recorded. At neither temperature
was there significant change in the level of light scattering
during the course of the pressure cycle as would be expected
if there was significant aggregation.
At both temperatures as the pressure was increased the

fluorescence spectrum underwent a red shift (the center of
spectral mass decreased) indicative of increased solvent ex-

posure. This shift appeared to occur in two transitions as

monitored by fluorescence. At 200C the first relatively sharp
transition occurred at a very low pressure, with a midpoint
of approximately 0.25 kbar (Fig. 3 A). The second more

gradual transition occurred over a higher pressure range.

Two transitions were also reported in the renaturation curve

of the protein from GuHCl (Teschke and King, 1993).
At the lower temperature (00C) (Fig. 3 B), the first tran-

sition appeared more cooperative than it did at 20'C. Al-
though the same final center of spectral mass was obtained,
the relative contributions of the two transitions to the total
change also appeared to be temperature-dependent. At low
temperature a higher fraction of the total change is associated
with the first transition. The pressure at which one-half of the
total change in the center of spectral mass is obtained is
-0.45 kbar at 10C and 0.65 kbar at 20'C. This suggests that
decreasing temperature destabilizes the structure of the
monomer toward pressure.

Upon returning to atmospheric pressure, both samples re-

gained some of the original spectral characteristics, suggest-
ing that the process may be partially reversible (Fig. 3,A and
B). The changes induced in the high pressure range were

more reversible than those induced in the low pressure range.

If the pressure-induced transition represented a unimo-
lecular process such as denaturation, the pressure required to
induce the transition should be independent of protein con-

centration. If it represented a transition involving the disso-
ciation of an oligomer, it would be expected to display a

concentration dependence. Therefore, we repeated the ex-

periment described above at a concentration of 1.0 mg/ml at
200C (Fig. 3 C). There was no significant effect of protein
concentration on the pressure midpoints of the transitions.
Once again, the transition as monitored by fluorescence ap-

peared to be at least partially reversible.
To determine whether the structural transitions induced by

pressure were in fact reversible, we examined the ability of
the coat protein to assemble into procapsids in the presence

of added scaffolding protein both before and after pressure

treatment. In both cases the subunits were competent for
assembly, although the rate of assembly with the pressure
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FIGURE 3 Pressure denaturation of P22 coat protein monomers. (A) Plot
of center of spectral mass vs. pressure at 0.2 mg/ml coat protein, 20'C. (B)
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return to atmospheric pressure. The dotted line in (C) represents the tran-
sition observed at 0.2 mg/ml 20'C for comparison.

cycled coat protein was somewhat decreased (data not
shown). The decrease in the rate of assembly is consistent
with the presence of some inactive protein.
A likely cause of irreversibility was aggregation of the

protein upon denaturation under pressure. To determine
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whether the protein was aggregating, the sample was ana-
lyzed by HPLC after pressure cycling. The bulk of the protein
eluted in the same position as the starting material; however,
the size of the leading peak, assumed to be aggregate, was
increased after pressure cycling (data not shown).

Since the pressure-induced unfolding appears to consist of
two transitions, it was possible that the aggregation accom-
panied only the one occurring at the higher pressure. To test
this hypothesis, we pressure cycled coat protein at 0.2 mg/ml
and 20'C up to 1.05 kbar and back to atmospheric as rapidly
as possible. In this case, although there appeared to be a slight
increase in the amount of reversibility, the denaturation was
still not wholly reversible.

Polarization measurements

The two transitions in the pressure-induced denaturation sug-
gested that the protein might unfold with distinct domains.
To obtain information about the hydrodynamic properties of
the protein during the pressure-induced unfolding, we fol-
lowed the transition by fluorescence polarization using in-
trinsic tryptophan fluorescence (Fig. 4). The steady-state po-
larization for the monomer of capsid protein was 0.208. This
relatively high value suggests that tryptophan residues are
mostly immobilized and that the polarization value reflects
the rotation motion of the whole protein. Under application
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FIGURE 4 Effect of pressure on the tryptophan fluorescence polarization
of P22 coat protein. (A) Polarization (-) and center of spectral mass (0)
of 0.2 mg/ml solution of coat protein at 20°C. (B) Polarization of coat
protein at 0.2 mg/ml at 20°C (0) and 1°C (0). Notice that the scales have
been shifted by 0.02 units. This is the difference in polarization due in-
creased solvent viscosity at decreased temperature.

of pressure, there was a dramatic decrease in the polarization,
apparently in a unimodal curve (Fig. 4 A). The final value
of polarization of pressure-denatured coat protein was 0.105,
close but not equal to that of guanidine-unfolded coat protein
(0.085).
The absence of two phases in the changes in polarization

is discrepant with the fluorescence emission data that present
two transitions. Fig. 4A also compares the polarization and
the fluorescence spectra changes. The decrease in polariza-
tion occur in a pressure range that corresponds to both phases
of the spectral changes. It can be concluded that each phase
of the spectral changes is followed by about the same am-
plitude in the changes of tryptophan rotations.
As was the case when the transition was followed by center

of spectral mass, denaturation occurred at a lower pressure
when the temperature was decreased to 10C. Because of the
lower temperature, both the polarization of the native protein
as well as the one from pressure-denatured protein were
about 0.02 units higher (Fig. 4 B). After decompression, the
value of polarization returned to 0.213 (20'C) and to 0.223
(1MC), indicating that recovery of the rotations was almost
completely reversible.

Lifetime of the excited state of coat protein
tryptophan fluorescence

The excited-state lifetime of the tryptophanyl residues in coat
protein was measured for the native, guanidine-denatured
and pressure-denatured states (Fig. 5). The lifetime deter-
minations were performed by multifrequency phase and
modulation fluorometry using the harmonic content of a
mode-locked laser (Alcala et al., 1985; Silva et al., 1992). For
the native state, the best fit to the data was obtained using two
discreet lifetime exponentials (Fig. 6A; Table 1). This decay
is rather unusual for a protein containing six tryptophans.
Even for single tryptophan proteins, the decay is usually very
complex (Beechem and Brand, 1985; Silva et al., 1992) and
fitting requires a lifetime distribution approach (Alcala et al.,
1987a,b) rather than a sum of exponentials. The high steady-
state polarization observed suggested that during the lifetime
of the excited state of the tryptophans, they do not exchange
between different environments, and this constancy of en-
vironment may be a contribute to the unusually homoge-
neous decay. Since there are six tryptophans with similar
environments, a reasonable possibility is that the tryptophans
may occur in clusters within the protein. This would reduce
the number of environments seen by the six tryptophan side
chains. An alternative possibility is that there are closely
spaced lifetimes which could not be discriminated. In fact,
it has been shown that the four or five lifetime decays of the
two tryptophan residues in lac (Royer et al., 1990) or trp
(Royer, 1992) repressors collapse to only two in the wild-
type proteins.
The addition of 5.5 M guanidine shifted the phase and

modulation curves to higher frequencies (Fig. 5 A), and the
data could be fit to a double-exponential decay (Fig. 6 B).
The lifetime values in this case were shorter than those de-
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FIGURE 5 Tryptophan lifetime measurements of the native, guanidine-
denatured, and pressure-denatured states of coat protein. (A) Phase (solid
symbols) and modulation (open symbols) in the frequency range of 2-300
MHz were measured in the absence (circles) and in the presence (squares)
of 5.5 M guanidine. (B) Phase (solid symbols) and modulation (open sym-

bols) in the frequency range of 2-300 MHz were measured at atmospheric
pressure (circles) and at 2.5 kbar (triangles). The lines correspond to the
best fit for each set of data, using two discreet exponential for the native and
guanidine- denatured coat proteins and a single-component Lorentzian dis-
tribution for the pressure-denatured coat protein. Excitation was at 295 nm
and emission was observed through a WG 320 filter. Protein concentration
was 0.2 mg/ml.

termined for the native protein, as expected for solvent-
exposed tryptophan residues.

Having measured the lifetimes in both the native and
GuHCl- denatured reference states, we measured them in the
pressure-denatured state. Fig. 5B shows the phase and modu-
lation data for the coat protein maintained at 2.4 kbar pres-

sure. Similar to the case of the guanidine-denatured form, the
phase angles shifted to higher frequencies. However, the de-
modulation in the pressure-denatured state was only slightly
shifted to higher frequencies. Fitting the data to a sum of
exponential was unsuccessful, resulting in large x (Table 1).
The data could be satisfactorily fit to a Lorentzian distribu-
tion of lifetimes (Fig. 6 C). These data suggest that the con-

formation of the pressure-denatured state is different from
the guanidine-denatured state. The increased breadth of the
distribution might be indicative of presence of a complex
equilibrium among different intermediate conformations un-

der pressure, whereas in the presence of guanidine, the tryp-
tophan residues experience more monotonous environments
during the lifetime of the excited state.
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Measurement of rotation diffusion by dynamic
depolarization of tryptophan fluorescence

The rotation of the tryptophan residues in coat protein was

measured using the pulsed-laser multifrequency phase-
fluorometer (Gratton et al., 1986, Silva et al., 1992). Fig. 7
shows the differential phase and modulation data for coat
protein at atmospheric pressure (Fig. 7 A), in the presence of
guanidine (Fig. 7 B), and under pressure (Fig. 7 C). Least-
squares analysis of the data was performed as described by
Gratton et al. (1986). The best fit to the data for the monomer
at atmospheric pressure was obtained using a model that
assigns two rotational motions (Table 2). The slower motion
(rotational correlation time -cr = 25 ns) is the predominant
(f1 = 0.56) and corresponds to the rotation of the whole
protein. This value complies with that expected for the whole
spherical rotation of a globular protein of about 65,000 Mr.

90

72

54

36
cD
0~

18

0

90

72

54

36

0)

18

0

1 636 Biophysical Journal

_



Denatured States of Proteins

TABLE 1 Discrete exponential and continuous distribution analysis for lifetime data obtained for capsid protein

Two exponentials One exponential and one distributiont
Capsid
protein* T1 fl T2 f2 X2 T1 fl c2 w2 f2 X2

A 2.01 0.35 4.97 0.65 4.1 2.00 0.33 4.85 0.19 0.67 4.3
G 1.15 0.21 3.21 0.79 1.3 1.17 0.21 3.22 0.05 0.79 1.5
P 1.30 0.35 5.01 0.65 32.8 0 0.004 2.99 2.62 0.996 3.6

* A, native; G, 5.5 M guanidine-denatured; P, pressure-denatured.
* c, center; w, width; f, fractional intensity of the Lorentzian lifetime distribution.

The second rotation (TC2 = 0.39 ns, f2 = 0.44) probably cor-
responds to the local motions of the tryptophan side chains.
Since the slow rotation is the prevailing component, it results
in the high value of polarization experimentally observed.
The value of steady-state polarization of 0.208 is consistent
with the obtained correlation times and the two lifetime ex-
ponential components. Addition of guanidine drastically in-
creased the local motion of the tryptophan residues and abol-
ished any contribution from motion of the whole protein
(Table 2). This is consistent with the expectation that under
denaturing conditions, the tryptophan residues should be
substantially free to rotate. Similarly, pressure denaturation
resulted in an increase in local motion: the fraction of fast
rotation increased from 0.44 to 0.72 and the value of the
correlation time decreased from 0.39 to 0.1 ns (Table 2).
However, a fraction of the tryptophan is still less mobile, as
can be deduced from the persistent fraction of long rotations.
It is noteworthy that the value of the rotation correlation time
decreased to about 50% of the value of folded state.

Pressure dissociation of empty shells

The data described above suggest that the coat protein mono-
mer is highly sensitive to pressure. To determine the effect
of lattice contacts on subunit stability, we examined the ef-
fect of increasing pressure on shells of coat protein. Empty
shells of coat protein can be prepared from procapsids by
extraction of the scaffolding protein with 0.5 M GuHCl.
These shells are topologically closed and are composed
solely of coat protein. Empty procapsid shells at a concen-
tration of 0.2 mg/ml were subjected to pressure treatment and
monitored by fluorescence and light scattering.
The light scattering was initially 1.6 million counts at at-

mospheric pressure. As the pressure was increased to 2.25
kbar, the scattering progressively dropped reaching a final
value of 1.2 million counts. The center of spectral mass of
the fluorescence decreased in concert with the decrease in
scattering, from a initial value of 29,226 to 29,066. This
gradual drop in scattering is less than what would be expected
for dissociation of the shells into monomeric subunits. Most
of this drop is due to optical artifact due to window scram-
bling, and therefore it appears that empty coat protein shells
are highly resistant to pressure dissociation.
At a constant pressure of 2.25 kbar, the temperature was

lowered from 200C to -13°C (Fig. 8). This resulted in a
pronounced decrease in the light scattering to a value of ap-

proximately 7000 counts, suggesting that the shells had fully
dissociated into monomers. Fluorescence spectra recorded at
- 13°C and 2.25 kbar displayed a red shift in the tryptophan
fluorescence consistent with subunit denaturation (Fig. 9).
These results suggest that the procapsid shell is dissociated
by decreasing temperature, an observation consistent with
the hypothesis that the shells are stabilized by interactions
among nonpolar residues that are usually termed "hydro-
phobic" interactions.
As the temperature was raised from - 13°C to 20°C, main-

taining the pressure at 2.25 kbar, the light scattering remained
at a value of 7000 counts, indicating that there was no as-
sociation of the subunits. The fluorescence spectra remained
red shifted even when the temperature eventually reached
20°C, demonstrating that the protein was unable to refold
under pressure (Fig. 9). Upon release of pressure the spectra
underwent a blue shift, resulting in spectra that looked simi-
lar to the native forms of dissociated coat protein monomers
(Fig. 9).

Gel filtration of pressure-treated samples of coat
protein and shells

Size exclusion chromatography confirmed that the dissocia-
tion of the shells by low temperature and pressure led to the
monomers of coat protein. Fig. 10 shows the elution pattern
from a high molecular weight exclusion column (GPC500)
of the sample of shells that was treated by pressure (2.25
kbar) under low temperature (-14°C) and then returned to
200C and 1 bar. The control shells elutes in a position close
to the void volume of the column (Fig. 1). Most of the treated
protein eluted close to the total volume of the column, with
an elution position consistent with that expected for mono-
meric coat protein. The elution pattern of the pressure treated
procapsid shells was similar to that of the isolated coat pro-
tein monomers when analyzed using the TSK3000 column
(not shown).

DISCUSSION

In this work we demonstrate the occurrence of a significant
structural change in the monomeric coat protein subunit of
bacteriophage P22 at pressures as low as 0.5 kbar. The nature
of these changes-a red shift of the tryptophan emission, a
decrease in the polarization, and increased local motion of
tryptophan residues-suggest that the molecule is becoming
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TABLE 2 Rotation correlation times (I) for capsid protein

Capsid
protein* Tj fl T-r2 f2 i

ATM 25 0.56 0.39 0.44 2.6
GuHCl 1.1 0.37 0.21 0.63 2.4
Pressure 12 0.28 0.12 0.72 3.5

* ATM, native; GuHCI, 5.5 M guanidine-denatured; Pressure, pressure-
denatured.
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FIGURE 7 Dynamic depolarization of tryptophans in P22 coat protein.
(A) Atmospheric pressure; (B) guanidine-denatured; (C) 2.2 kbar. Differ-
ential polarized phase angles (0) and modulation ratios (0) were measured.
Curves represent the least-squares fits to the data. Excitation was at 295 nm
and emission was observed through a WG 320 filter. Protein concentration
was 0.2 mg/ml.

partially unfolded. This work is the third description of the
denaturation of a monomeric protein at pressures below 3
kbar. Eftink et al. (1991) and Royer et al. (1993) reported
pressure denaturation of staphylococcal nuclease and of a
series of mutants at pressures below 3 kbar. Most single-
polypeptide proteins are much less sensitive to pressure be-
cause of either smaller volume changes or larger free ener-
gies of denaturation (Silva and Weber, 1993). Despite these
exceptions, in general for monomeric globular proteins, the
pressure at which they denature is typically in the range of
5-12 kbar (for reviews see Heremans, 1982; Weber and
Drickamer, 1983; Silva and Weber, 1993).
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FIGURE 8 Dissociation of procapsid shell with decreasing temperature.
The light scattering at 320 nm from procapsid shells at 0.2 mg/ml was
recorded (arrow, top left), and then the pressure was increased to 2.25 kbar
at 20'C. The temperature was lowered as the scattering was measured (0)
and then returned to 200C (0).
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FIGURE 9 Tryptophan fluorescence emission of P22 procapsid shell (0.2
mg/ml) at atmospheric pressure ( ), at 2.25 kbar, 20'C (.), and at
2.25 kbar, -13'C (- ---).

Comparison of the properties of the pressure denatured
monomer with those of the GuHCl-denatured monomer sug-

gests that the conformations of the two denatured forms are

not the same. The fluorescence lifetime data and measure-

ments of tryptophan rotation suggest that in GuHCl virtually
all structure is abolished, while under pressure residual struc-
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FIGURE 10 Analysis of pressure- and temperature- dissociated procapsid
shells by HPLC. Procapsid shells from the experiment described in Fig. 8
were applied to a GPC500 HPLC column and analyzed at 20'C. The ex-

cluded volume (VO) and void volume (V,) are marked by arrows. The dashed
line shows the control incubated at atmospheric pressure.

ture remains. In this respect, P22 coat protein behaves similar
to Arc repressor (Silva et al., 1992; Peng and Silva, 1993) and
staphylococcal nuclease (Royer et al., 1993), in which the
pressure-denatured form is different from the temperature-
and chemical-denatured forms.
When the monomeric subunits are incorporated into the

procapsid lattice, they become very resistant to pressure de-
naturation. Once polymerized, they do not dissociate or de-
nature even at pressures as high as 2.3 kbar. This increase in
the stability of the coat protein monomer upon polymeriza-
tion suggests that much of the stabilization energy that keeps
the protein in a folded conformation is derived from inter-
lattice contacts. This is in accord with the detailed calori-
metric studies on bacteriophage T4 (Steven et al., 1992) and
P22 (Galisteo and King, 1993; M. Galisteo, personal com-

munication). For both those systems, the purified coat protein
subunits shows only marginal temperature stability; how-
ever, when polymerized, the stability is greatly increased. In
this respect the procapsid shells behave similarly to R17
phage particles which also cannot be dissociated by pressures

of 2.5 kbar at room temperature (Da Poian et al., 1993). The
R17 capsid protein dimer can be completely dissociated by
pressures below 2.0 kbar. In all viral capsids with T > 1, the
subtriangulated icosahedron requires that the protein sub-
units adopt position dependent conformations. The intrinsic
instability of the monomer may allow the subunit to display
the flexibility necessary for assembly. In view of the efforts
being made toward the development of subunit-based vac-

cines, it will be of interest to determine how closely the

stability and conformation of monomeric viral coat proteins
parallels that in the assembled virion.
The procapsid shells dissociated as the temperature was

decreased. They dissociated in a sharp transition which was
centered at approximately - 100C. The result demonstrates
the importance of entropic contributions to stabilizing the
procapsid lattice. It has been recently found that some ag-
gregates only dissociate by pressure at subzero temperatures
(Foguel et al., 1992; Foguel and Weber, unpublished obser-
vations). In several cases of monomer-oligomer equilibria,
the cause of association is the increase in entropy (Weber,
1993; Silva and Weber, 1993). It has previously been sug-
gested that the primary force for formation of the procapsid
was entropic in nature (Fuller and King, 1981), but as those
experiments were based on in vitro procapsid assembly it was
difficult to exclude the possibility that the kinetics of as-
sembly were substantially reduced at low temperature. The
higher entropy of the protein in the shells may be a result of
the monomers containing solvent-exposed nonpolar side
chains which become sequestered from the solvent during the
formation of the procapsid shell. The native state of the
monomer itself was less stable at lower temperatures (Figs.
3 and 4), indicating that the equilibrium between pressure-
denatured and native states of the monomeric coat protein is
also entropy-driven. It is likely that the pressure-induced de-
naturation of the monomer is also the result of exposure of
a substantial amount of nonpolar residues to the solvent.

There are two possible means by which the dissociation
could occur: one is actual cold denaturation of the protein
subunit within the lattice resulting in disruption of the lattice,
and the second is disruption of the lattice, followed by de-
naturation of the subunit. If the monomeric subunits and the
assembled lattice existed in an equilibrium reaction, exam-
ining the concentration dependence of the temperature dis-
sociation would distinguish between these possibilities.
However, in the absence of scaffolding protein, the coat pro-
tein monomers will not assemble into procapsids. Direct ex-
perimental evidence for this is seen by the fact that when
procapsid shells are taken to high pressure and low tem-
perature, they dissociate. When the sample is returned to
atmospheric pressure and 20'C, they do not form procapsids.
If indeed the role of the scaffolding protein is to switch the
coat protein subunit into a conformation active for assembly
as has been suggested, pressure treatment of the subunit re-
sults in resetting of the switch.

There are two transitions in denaturation of the monomer
as followed by the shift in the center of spectral mass, one
occurring at low pressure and one occurring at high pressure.
Similar results have been obtained for renaturation of the coat
protein monomer from GuHCl (Teschke and King, 1993).
The first transition becomes more cooperative and accounts
for a greater degree of the total fluorescence change at low
temperature. The increased cooperativity of the pressure-
induced transition suggests that the protein is not only de-
stabilized at low temperature, but also that the ensemble of
molecules are more energetically homogenous. The changes
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in conformation resulting from this energetic homogeneity
are subtle since there are no appreciable differences in fluo-
rescence or CD (data not shown) at atmospheric pressure
over this temperature range.

Through the use of hydrostatic pressure, we can derive the
denaturation equilibrium constant and the volume change of
upon denaturation. The effects of pressure on the interaction
between two distinct protein subunits or between intramo-
lecular protein segments are expected to be of the same na-
ture. The Gibbs free energy and the equilibrium constant for
either reaction will depend on the volume change according
to

Kd(p) = K~exp(pAVIRT). (3)

Ifwe introduce the degree of extent of reaction at pressure
p(ap), we can deduce the following general equation for a
dissociation or a denaturation process:

ln(aW/(1- ap)) = p(AV/RT) + ln Ko/nnC(n-1), (4)

where C is the total protein concentration and Ko is the dis-
sociation or denaturation constant. In the case of a denatur-
ation process, the order of reaction (n) is equal to 1, and,
therefore, the equilibrium does not depend on protein con-
centration:

ln(ap/(l - ap)) = p(AVIRT) + ln(KO), (5)

where

Kp= /(1 - a),

where a is the degree of denaturation.
Eq. 5 permits the calculation of the standard volume

change (A V) and the denaturation constant (K.) at atmo-
spheric pressure. For the fluorescence data, each transition
provided a set of parameters. The sharper transition in the
low pressure range has a larger volume change (100 ml/mol)
than the second transition (A V = 40 ml/mol). However, the
equilibrium denaturation constants (KO) are within the same
order of magnitude: 0.05 for the first transition and 0.1 for
the second. Both constants are relatively small reinforcing
the idea that the coat protein is marginally stable. The volume
change of the first transition is characteristic of the disso-
ciation of globular subunits. Since the coat protein is mo-
nomeric and we did not find concentration dependence, the
more likely explanation is that this phase consists of domain
denaturation. The large volume change points to an inter-
action that should be very similar to the one that stabilizes
subunits in an oligomeric protein. The transition at higher
pressures (with smaller volume change) is more likely a glo-
bal melting of the structure.
The lifetime studies on the native coat protein monomer

suggest that there are remarkably few different environments
of the tryptophan residues. Such homogeneity suggests that
they may be clustered in the protein. As the protein denatures
with increasing pressure, the tryptophan residues seem to
exist in a larger number of environments. One possible ex-
planation for this effect is that the structure is unfolded to the

FOLDED

-

Rl = 25 (0.56)
R2 = 0.4 (0.44)

UNFOLDED

Rl = 1.1 (0.37)
R2 = 0.21 (0.63)

PARTIALLY
UNFOLDED

K

Rl = 12 (0.28)
R2 = 0.1 (0.72)

FIGURE 11 Model for the pressure and GuHCl-induced dissociation of
coat protein. The folded monomer denatures completely in the presence of
GuHCl, whereas under pressure the subunit partially unfolds resulting in the
partial exposure of the tryptophan residues. The clustering of the tryptophan
residues accounts for their relatively homogeneous lifetimes.

extent that the clustering is perturbed, but not to the point
where all the tryptophans see a uniform environment. This
interpretation fits nicely with the observation that even at 2.2
kbar, it seems that there is a significant fraction of domain
rotation as measured by dynamic depolarization. Fig. 11
shows a sketch of the denaturation promoted by guanidine or
by pressure. The pressure-denatured form may consist of two
compacted partly folded globules connected by a polypeptide
link.
Why then does the protein open up with increasing pres-

sure without completely unfolding as it does in GuHCl. Pri-
marily, the interactions stabilizing elements of secondary
structure (helices and 13-sheet), are hydrogen bonds which
are relatively insensitive to pressure. This is due to the fact
that hydrogen bonds are permanent dipoles, and the replace-
ment of protein-protein hydrogen bonds by protein-water hy-
drogen bonds is accompanied by rather small volume
change. On the other hand, the replacement of weak bonds
in the protein-protein interactions (London dispersion forces)
by protein-water interactions is accompanied by a large vol-
ume change. Therefore, the elements of tertiary structure
which are stabilized primarily by Van der Waals interactions,
electrostatic interactions and relatively less by hydrogen
bonds, are more pressure sensitive than those of secondary
structure, and the tertiary structure is more easily perturbed
than the secondary structure. This suggests that the use of
pressure may be a way to populate partially unfolded inter-
mediates under neutral solvent conditions. Indeed there are
two recent reports wherein pressure has been used to popu-
late a partially unfolded conformation of a protein (Silva
et al., 1992; Peng et al., 1993).
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