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Abstract

Tobacco mosaic virus (TMV) is an intensely studied model of viruses. This paper reports an investigation into the dissociation of TMV by
pH and pressure up to 220 MPa. The viral solution (0.25 mg/ml) incubated at 277 K showed a significant decrease in light scattering with
increasing pH, suggesting dissociation. This observation was confirmed by HPLC gel filtration and electron microscopy. The calculated
volume change of dissociation (A¥) decreased (absolute value) from — 49.7 ml/mol of subunit at pH 3.8 to — 21.7 ml/mol of subunit at pH
9.0. The decrease from pH 9.0 to 3.8 caused a stabilization of 14.1 kJ/mol of TMV subunit. The estimated proton release calculated from
pressure-induced dissociation curves was 0.584 mol H'/mol of TMV subunit. These results suggest that the degree of virus inactivation by

pressure and the immunogenicity of the inactivated structures can be optimized by modulating the surrounding pH.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Tobacco mosaic virus (TMV), a rod-shaped virus with
2130 protein subunits of 17.5 kDa and a 6.4 kb RNA
molecule, has been extensively investigated as a model of
viral assembly. The use of intact virus provides a unique
system for investigations of viral stability because of the
high number of protein—RNA interactions present during
TMYV uncoating [1-3]. Investigations of TMV destabiliza-
tion by alkaline solutions have shown a polar disassembly
from 5’ to 3’ RNA and the presence of several intermediates
[4—10]. The dissociation of TMV at pH values between pH
9.5 and 10.5 followed by separation of the products in
agarose gels has revealed a predominance of several dis-
tinct, stripped virus particles corresponding to about 93%,
68%, 61%, 39%, 31%, 24% and 16% of the total virus
length (~300 nm) [11]. Other investigations using different
methods have reported similar intermediates, with some
variation in number and size [10—12]. The role of protons
in the mechanisms of subunit association during the self-
assembly of TMV coat proteins has also been investigated
[13-15].
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The use of low temperatures, high pressure and chemical
agents to produce significant disassembly of TMV particles
provides a means of studying the thermodynamics of the
uncoating process and its modulation by changes in pH. This
approach also allows comparison with the behavior of TMV
coat proteins already extensively described in the literature.

Experiments done by Blowers and Wilson [16] using
urea to promote the disassembly of TMV particles have
shown that protein dissociation occurs predominantly from
the 5’ to the 3’-end of the RNA molecule, in a manner
similar to that observed for alkaline dissociation. In other
viruses, such as cowpea mosaic virus, a high hydrostatic
pressure in combination with urea has been used to show
that the RNA molecule stabilized the virus particle and
increased the reversibility of pressure-induced denaturation
[17].

Studies of other virus interactions indicate that the
subunit assembly is facilitated by specific interactions
between the protein subunits and an internal RNA sequence
[18=21]. In TMV, this RNA sequence, known as the
“assembly origin”, allows the nucleation necessary for
further elongation [22]. A consequence of this property is
that modifications in the RNA conformation and the occur-
rence of mutations and changes in the external conditions
may affect the initiation of coating, as well as the velocity of
aggregation through changes in the protein—RNA interac-
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tions, predominantly at the assembly origin. Extensive
experimental evidence indicates that TMV assembly
involves nucleation and fast elongation through the incor-
poration of a 20 S disk aggregate (38—42 coat protein
subunits) at the 5'-terminus of the RNA, and slower elon-
gation of smaller or single-coat proteins toward the 3'-
terminus [23,24].

We recently described some thermodynamic aspects of
TMYV dissociation by high hydrostatic pressure under sev-
eral conditions, including subzero temperatures and in the
presence of urea [25]. The dissociation of TMV particles
was detected as a decrease in the intensity of light scattering
by the virus in solution. The occurrence of denatured
structures was in turn discriminated by the red shift of the
fluorescence emission spectrum. These results indicated no
significant denaturation when pressure-induced dissociation
of the virus capsid occurred at low temperature and in the
absence of urea. Significant dissociation was observed at
subdenaturating concentrations of urea (2.5 M). Marked
denaturation was seen only at high urea concentrations or
at subdenaturating concentrations of urea in combination
with pressure.

In this work, we have extended our study of TMV
particles by investigating the modifications in virus prop-
erties induced by pH and high hydrostatic pressure. The
occurrence of denaturation under these conditions was
analyzed using lifetime measurements and fluorescence
emission spectra. The methodology used to characterize
the dissociation process provides the first quantitative
analysis of the effect of protons on the assembly of the
TMV particle and allows an estimate of the energy and
volume changes at each pH. These observations, and the
analysis of factors such as the binding of urea at distinct pH
values, provide further insights into the structural changes
that modify the protein—protein and protein—RNA interac-
tions during TMV uncoating under specific surrounding
conditions.

2. Materials and methods
2.1. Chemicals

All reagents were of analytical grade. Distilled water
was filtered and deionized through a Millipore water
purification system (18 M) resistance). The experiments
were done at 4 °C with 50 mM acetate buffer for pH 4.2
to 5.5, 50 mM Bis—Tris—propane buffer for pH 6.0 and
6.5, and 50 mM Tris—HCI buffer for pH 7.0 to 9.0. The
pH of the solutions was adjusted at the temperature at
which the experiments were done. The Bis—Tris—propane
and Tris chloride buffers were chosen because they
showed negligible change in pH over the pressure range
studied. The pH of the acetate buffer was corrected by
subtracting 0.4 pH units from the adjusted pH over the
pressure range of 150—-220 MPa [26].

2.2. TMV purification

The virus was isolated from Turkish tobacco plants
infected with the common strain of the virus. The virus
was purified as described by Asselin and Zaitlin [27].

2.3. Light scattering and fluorescence under pressure

The high-pressure system has been described elsewhere
[28]. An ISS model HP high-pressure cell with sapphire
windows connected to a pressure generator (HIP) was used.
Light scattering at 340 nm was recorded in an Edinburgh FL
900 spectrofluorometer and was measured at an angle of
90° relative to the incident light using the same wavelength
for the excitation and emission monochromators. The in-
tensity of light scattering by native TMV under the con-
ditions described here was positively correlated with TMV
concentrations up to 1.0 mg of virus/ml (data not shown).
Because the experiments were done at TMV concentrations
considerably less than 1 mg/ml, we estimated the average
molecular weight based on the intensity of light scattering
(equation 17-32 in Ref. [29]) at pressure p, §,, and
calculated the degree of dissociation (o) as

% = (Si = Sp)/(Si = ) (1)

where Syand S; are the intensities of light scattering for the
dissociated and associated forms, respectively. The fluores-
cence data were obtained at an excitation wavelength of 285
nm and an emission of 300—400 nm.

The pressure system was automated and controlled by
software denominated ‘““Automa” written in Delphi 5.0
language and was compatible with Windows. A computer
controlled a series of devices, including (1) a servomotor
connected to an induction motor that was coupled to the
pressure generator, (2) the fluorometer monochromators for
excitation and emission, and (3) the step motors for the
excitation and emission slits. The software received infor-
mation from a pressure gauge via an analogic interface
connected to a 14-bit analogic—digital board that allowed
the control of pressure in real time, while data from the
photodetectors were obtained via an RS232 serial port. All
data were processed in ASCII format and displayed on x—y
plots. This automation allowed the experiments to be run
using preprogrammed pressure values at given incubation
times. The fluorescence and light scattering measurements
at each pressure were also obtained by programmed control
of the monochromators and adjustment of the excitation and
emission slits. The latter adjustment was necessary because
the light scattering signal was much more intense than the
fluorescence signal, and therefore needed to be collected
with narrower slits.

2.4. Lifetime measurements

For these experiments, the samples were excited at 285
nm with an H,-filled FO00 flash lamp at a gas pressure of
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0.4 bar and a pulse frequency of 40 kHz. The emission was
analyzed at 320 nm in a model FS900 spectrofluorometer
(Edinburgh Instruments). Time-resolved fluorescence
decays were recorded and analyzed using software provided
by Edinburgh Instruments.

2.5. Gel filtration

Size exclusion HPLC was done with a Shimadzu
HPLC system. A prepacked SynChropack GPC 1000
column (250 X 4.6 mm, id.) (SynChrom, Linden, IN),
was used for gel filtration. Elution of the samples was
monitored by absorption at 280 nm. The void volume
(Vo) of the column was measured with TMV before the
application of pressure and the total volume (V) with a
solution of human albumin. Extracellular hemoglobin
(3300 kDa) from the annelid Glossoscolex paulistus [30]
was used as a molecular mass standard in the presence of
0.1 M calcium chloride.

2.6. Electron microscopy

Transmission electron microscopy was done in a Leo-
902 microscope. Negative staining was done with 1%
uranyl acetate. When mentioned, the samples were fixed
with 0.5% glutaraldehyde solution prior to negative stain-
ing. The samples fixed under pressure were prepared as
described by Silva and Weber [31], and the respective
controls were fixed at atmospheric pressure or after
pressure using the same procedure. The method of fixa-
tion consisted of a bottle-shaped sample cell with two
adjacent compartments, one for the sample and one for
the glutaraldehyde solution. The chambers were separated
by a vertical partition that did not reach the neck of the
bottle. Dodecane was used to complete the volume of the
cell followed by sealing with a compressible plastic cap.
During the experiment, the TMV sample was incubated at
high pressure and, at a given time interval, the sample
was fixed by inverting and shaking the chamber for about
10 min.

2.7. Theoretical considerations

The participation of protons in virus dissociation into
its subunits and genetic material [25] can be expressed as
follows

Ko
(P2130N)<—>2130P + N + l)D[fJr (2)

where P is the protein subunit, N the genetic material (in
this case, RNA), P;130N is the virus molecule, Kaotm
corresponds to the equilibrium constant of virus dissoci-
ation under reference conditions of atmospheric pressure
and pH=0, and vp is the total number of protons
released or absorbed during dissociation. Because this

equilibrium is likely to have several intermediate forms
that probably correspond to the “stripped virus particles™
mentioned above (e.g., Ref. [11]), the present consider-
ations will be restricted to an equilibrium involving
complete dissociation.

The introduction of protons in this equation is important
to explain the pH dependence of this process. Thus, if the
exposure of a subunit—subunit interface to the solvent
modifies the interactions of residues during protein dissoci-
ation, the average pK of the amino acids affected should
change, thereby generating a net proton release (vp>0) or
absorption (vp <0) or even an apparent proton independence
(UDZO).

The corresponding equilibrium relationship for Eq. (2) is

@ PP

atm [P2130N] (3)

This equation can be rewritten to show the behavior
expected for the species at pH values other than pH=0.
Thus,

ot K _ [P "
[H*]™ [Pa3oN]
and
AGPE = AGY, + vpRTIn[H Y]
— AGY,, — 2.3030pRTpH (5)

where KB is the equilibrium constant of dissociation at a
given pH and atmospheric pressure, AGR is the respective
Gibbs free energy change of dissociation, R is the gas
constant, 7 is the absolute temperature and AGY., is the
corresponding energy change of dissociation at pH=0. The
derivative form of Eq. (5) is equivalent to Eq. (20a) of Chu
et al. [32] used to analyze the proton effect on hemoglobin.
The relationship that correlates this dissociation constant
with the experimental pressure can be obtained based on the
volume change of dissociation, AV [33], which gives

AGIM = AGR,, + pAV (6)

where AG,,‘?H is the Gibbs free energy of dissociation at a
specified pH and pressure p.

The equilibrium constant of dissociation derived from
Eq. (6) corresponds to

RT [P2130N]

KEH = K,ftl;exp(

(7)

pHp

The presence of pH and p in the equilibrium constant of
dissociation, KEH, and in the concentrations of species on
the right side of Eq. (7) indicates that these parameters are
pH- and pressure-dependent. Eq. (7) rewritten in terms of
the degree of dissociation, o, i.e., the ratio between the
amount of virus that dissociates relative to the total amount
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of virus, allows direct correlation with the experimental data
[25], as follows

pH _ p-PH
K" = KumeXp

<—pAV> B 21302130(02130,,2131 -

RT (1 —a)

where C is the total virus concentration and o is the degree
of dissociation observed at each pH and pressure. The
logarithmic form yields the linear relationships

p AV
In K})’H =In KM -2 ——
RT

©)

= 2130 In 2130 + 2130 In C + 2131 In o — In(1 — o)

Note that, here, we considered [ P]=21300C, [N]=aC
and [ P5130N]=(1 — 2)C. A plot of In K},?H versus p furnishes
a straight line, the linear and angular coefficients of which
are given by Eq. (9), and yields values for K25, that can be
used to calculate the values of AGEH and AV, The applica-
bility and the limitations of this approach are discussed

below.

3. Results

An initial analysis of TMV organization by electron
microscopy showed that the number of associated TMV
particles was much higher at pH 4.2 than at pH 9.0 (Fig. 1).
At high pH, the particles were shorter than for native TMV.
These results indicated an increase in the degree of disso-
ciation with increasing pH, which implied a vp>0 in Eq. (5).

To quantify this parameter, the light scattering by
TMV was examined at various pressures and pH values
(Fig. 2). The higher intensity of light scattering at low pH
and atmospheric pressure indicated greater stability of the
TMV particles. A shift from pH 3.8 to 9.0 resulted in a
significant decrease in light scattering which was partic-
ularly marked at pH>7.0. At higher pressures (up to 220
MPa), there was a significant decrease in the intensity of
light scattering to a level which was similar to that of the
buffer solution. A return to atmospheric conditions after
high pressure showed that the dissociated protein species
produced stable structures with a reduced tendency to
associate into the native TMV particle (Fig. 2, open
symbols).

The gel filtration results obtained at different pressures
and pH confirmed the significant dissociation caused by
high pressure (Fig. 3). At low pH values and atmospheric
conditions, the TMV eluted at the exclusion volume (V;) of
the column, while at alkaline pH, the elution profile corre-
sponded to more dissociated species. Incubation under
pressure significantly increased the number of dissociated
forms at high pH.

Electron microscopy of TMV fixed under 220 MPa at pH
6.5 and 8.0 and then returned to atmospheric pressure

Y, Fa

Fig. 1. Transmission electron microscopy of TMV at different pH values.
TMV (0.25 mg/ml) was incubated in 50 mM buffer solutions for 24 h at (A)
pH 4.2 in sodium acetate and (B) pH 9.0 in Tris—HCI. Negative staining
was done with 1% uranyl acetate. Bar=150 nm.

showed shorter particles at high pressure. At both pH
values, the dissociated protein species showed a reduced
tendency to associate after incubation under pressure, de-
spite the increase in particle size at atmospheric pressure
(data not shown). These results indicated the formation of
dissociated structures with low subunit affinities but some
stability.

The corresponding degree of dissociation (o) obtained
from Eq. (1) applied to the data in Fig. 2 is shown in Fig.
4A. Here, oo was considered to be zero (0) for the TMV
solution at pH 4.2, at which there was a greater intensity of
light scattering, and «=1 at pH 9.0 and 220 MPa, at which
the light scattering was of lower intensity, similar to the
scattering seen with buffer. Fig. 4A clearly shows the
increase in the degree of dissociation with increasing pH
and pressure. At atmospheric pressure and pH 9.0, the TMV
solution already showed partial dissociation (~47%) of the
virus. Decreasing the pH increased the subunit affinity and
reduced the degree of dissociation to about 10% at pH 6.5.
In this case, the proton effect reduced the span of the
pressure dissociation curve with decreasing pH. This be-
havior is characteristic of a heterogeneous population of
protein species in solution and suggests that distinct virus
structures subjected to dissociation should predominate at
low and high pH values [30,34]. Fig. 4A and Eq. (6) also
indicate that an increase in pressure reduced the Gibbs free
energy of TMV dissociation, which implies a negative AV,
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Fig. 2. Effect of pressure on TMV dissociation at different pH values. The
TMYV solution (0.25 mg/ml) was incubated in the following buffers (all 50
mM): sodium acetate (pH 3.8, 4.8 and 5.1 at 150 to 220 MPa, previously
adjusted at atmospheric pressure to 4.2, 5.2 and 5.5, respectively, see
Materials and methods), Bis—Tris propane (pH 6.0 and 6.5) and Tris—HCl
(pH 7.0 to 9.0). The dashed lines, which correspond to the lower part of the
curves with acetate buffer, represent a region of pH higher than that
indicated in each curve. All measurements were done at a temperature of
277 K. The light scattering was measured after a 16 min incubation at each
pressure value (A.U.: arbitrary units). Excitation was at 340 nm and
emission at 337 to 343 nm. The total length of exposure to pressure was
about 4.5 h. The open symbols correspond to data obtained 16 min after the
return from 220 MPa to atmospheric pressure. Further measurements after
up to 2 h showed no change in the light scattering measurements. The
experiments were done in triplicate and the standard deviations were
smaller than the symbols.

To determine some important quantitative parameters
associated with the modifications in TMV during dissocia-
tion, we used the plot of In KEH versus pressure shown in
Fig. 4B. As mentioned above, AGRL and AV can be
estimated from the linear and angular coefficients of the
fitting in Fig. 4B by using Eq. (9) at each pH. As shown in
Fig. 5, AGPH decreased from 88.49 MJ at pH 3.8 to 58.43
MJ at pH 9.0 (Fig. 5). Thus, the decrease from pH 9.0 to 3.8
stabilized the virus particle by 30.06 MJ, corresponding to
14.1 kJ/mol of subunit. To extend the analysis of the pH
dependence of TMV dissociation, we used Eq. (5) to obtain
a linear fitting of the results obtained for AGRE versus pH,
as shown in Fig. 5. The linear coefficient furnished a value
of AGm equal to 119.43 MJ, whereas the angular coeffi-
cient yielded vp equal to 1246 mol of H'/mol of virus
particle, or 0.584 mol of H'/mol of TMV subunit. The
respective volume change of dissociation (Fig. 5, inset)
provided additional important information on the process
of dissociation. In this figure, the absolute AV values
decreased from —49.7 to —21.7 ml/mol of subunit at pH
3.8 and 9.0, respectively. These results for the AV values
indicated that intermediate virus structures with distinct
states of aggregation were formed in solution to generate
the AV decrease and accounted for the heterogeneous
character of the sample.

To investigate whether the structures formed in solution
suffered concomitant denaturation under the conditions

used, we examined the fluorescence emission spectrum
at various pH and pressure values (Fig. 6A). At pH 9.0
and 220 MPa, and at pH 4.2 and atmospheric pressure,
there was no significant red shift in the fluorescence
emission spectra (lines a and b), thus indicating negligible
denaturation. Intermediate conditions of pressure and pH
resulted in fluorescence spectra between these extreme
values and no observable red shift in fluorescence (not
shown). In contrast, the presence of 4 M urea at atmo-
spheric pressure and pH 7.5 resulted in a very significant
red shift of 2600 cm~ ' (line ¢). The inset in Fig. 6A,
which corresponds to the fluorescence spectra of Fig. 6A
normalized relative to the maximum intensity, clearly
shows the red shift induced by urea. These data were
similar to those previously obtained for TMV particles
[25] and indicated a lack of denaturation, even at the
extreme pH values used.

The dynamic fluorescence of TMV at different pH
values was determined in order to analyze the environ-
ment around tryptophans under these conditions. Fig. 6B
shows a continuous increase in the measured lifetime with
increasing pH at atmospheric pressure and at 220 MPa.
The average change in the tryptophan environment rela-
tive to the increase in lifetime was from 2.88 to 3.51 ns
at pH 4.2 and pH 9.0, respectively. At 220 MPa, these
lifetime values increased from 2.90 to 4.30 ns over

A

Absorbance 280 nm

Elution Time (min)

Fig. 3. Gel filtration HPLC analysis (GPC1000 column) of TMV
dissociated by pressure at different pH values. A volume of 100 pl of
TMV (0.25 mg/ml) was injected and eluted at a rate flow of 0.3 ml/min.
Dashed line: TMV at atmospheric pressure. Continuous line: TMV after 100
min at 220 MPa. (A) pH 6.5, in 50 mM Bis—Tris—propane buffer, and (B)
pH 8.0 in 50 mM Tris—HCI buffer. V, and V; are the void volume and final
volume, respectively, and Ec is the elution point of extracellular
hemoglobin (3300 kDa) from G. paulistus [30].
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Fig. 4. (A) Degree of dissociation based on the light scattering data shown
in Fig. 2 and Eq. (1). (B) Plot of In K,‘,’H versus pressure, where In
Kf,H:213O In 2130+2130 In C+2131 In o — In(1 — ). The symbols, solid
lines and dashed lines represent the experimental results obtained under the
conditions described in Fig. 2. The straight lines are the corresponding
linear fits of these data at each pH.

approximately the same pH range, whereas in the pres-
ence of 4 M urea and at atmospheric pressure, the values
increased from 3.16 to 7.67 ns.

4. Discussion

The dissociation experiments at different pH values and
pressure indicated that, during subunit disassembly, the
virus particles underwent structural changes in their subunits
that led to a net release of protons. An alkaline pH facilitated
dissociation by reducing the observed subunit affinity
(AGPH). A similar pH dependence observed in several
processes involving protein aggregates, including the disso-
ciation of hemocyanin [35] and the dissociation and oxy-
genation of human hemoglobin [32], indicates that protons
play an important role in the regulation of protein function
and dynamics by modifying the predominant structures in
solution. Other modulators, e.g., calcium ions, exert a
significant effect on the stabilization of multiprotein assem-
blies, such as hemocyanin and annelid extracellular hemo-
globin, and induce reassociation in pressure-dissociated
molecules [35,36].

To quantify the intensity of these modifications for
protons in TMV dissociation, the results obtained for the
plot of AGEE versus pH were described using a linear model
based on a single virus structure subject to dissociation.
However, the experimental data showed a biphasic re-
sponse, which suggested at least two distinct viral structures
or states of aggregation, with each predominating at distinct
extremes of pH (Fig. 5). This hypothesis was reinforced by
the changes observed in the AV values. In this context, the
number of protons released upon dissociation (0.584 mol of
H"/mol of TMV subunit) should be considered as an
average value between the acid and alkaline sides. Such
behavior has been observed in several systems and provides
clues about the formation of dissociated structures or
denaturated protein states [30,34]. An estimation of the
proton release in the two phases based on the distinct
angular coefficients at low and high pH (dashed lines, Fig.
5) yielded 0.643 and 0.248 mol H'/mol of subunit under
acidic and alkaline conditions, respectively. Although dis-
sociation of the virus can be analyzed by considering more
than two structural species in solution, this approach is
limited by the difficulty in interpreting the light scattering
for the average particle size at each pressure. Hence, a two-
state process is still the simplest approach for this analysis.

Weber [37] proposed mechanisms to incorporate other
protein forms in the dissociation of high protein aggregates
by considering that water molecules in contact with the
dissociated species would change the species’ structures by
interacting with hydrophobic regions. This in turn would
lead to the appearance of new protein structures with low
subunit affinities. The formation of these structures would
be controlled by a process that would take into account the
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Fig. 5. Effect of pH on the Gibbs free energy of TMV dissociation, AGEL.
These results were obtained from the linear fitting shown in Fig. 4B as
applied to Eq. (9). The dashed lines correspond to the linear fits of the two
pH ranges, 3.8 to 7.0 and 7.5 to 9.0. Inset: Volume change of dissociation at
different pH values. The corresponding virus concentration in Eq. (9) that
allowed an estimate of AGPY values to be obtained from the linear
coefficient of the fitted curves in Fig. 4B was 0.25 mg/ml (corresponding to
C=0.625 ~oM). The gas constant used to calculate the AV values was
R=8.314x 10" ° MJ/mol/K. The temperature of the solutions analyzed
was 277 K.
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Fig. 6. (A) Effect of pH on the fluorescence emission spectrum at 220 MPa
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emission wavelengths were 285 and 300-400 nm, respectively. Inset:
Fluorescence spectra normalized by the maximum intensity. (B) Effect of
pH on the lifetime of TMV tryptophans at atmospheric pressure, at 220
MPa, and in the presence of 4 M urea at atmospheric pressure.

length of exposure of the free subunits to water molecules.
This description of the energy and dynamics of high protein
aggregates can explain the results obtained here, as well as
related findings such as the high degree of association
observed during a fast cycle of compression/decompression
and the progressive decrease in reversibility as the duration
of analysis is increased [35,37]. The results obtained for the
energy change of dissociation and for the return to atmo-
spheric conditions after compression indicated that, at high
pH and high pressure, these low affinity structures predomi-
nated in solution, and that their rate of formation was
affected by pH and by the pressure of the sample.

The TMV destabilization with increasing pH appears be
related to three sites of electrostatic repulsion, with the
involvement of carboxylate groups: Glu50 and Asp77 from
one subunit, Glu95and Glul06 from adjacent subunits, and
the RNA binding site, in which Aspl16 is close to one of

the RNA phosphates [38,39]. Culver et al. [40] demonstrat-
ed that site-directed mutagenesis of Glu50 and Asp77, in
which these amino acids were replaced by Gln and Asn,
respectively, resulted in alkaline stabilization and a signif-
icant loss of infectivity. In this case, most of the proton
contribution for the stoichiometry observed (0.584 mol of
H'/mol of TMV subunit) probably came from these three
groups.

The AV values obtained during pressure dissociation
indicated a heterogeneous behavior, with a reduction in
the absolute values from —49.7 to —21.7 ml/mol of
TMV subunit as the pH increased from 3.8 to 9.0. The
signal and magnitude of the volume changes in response to
pressure in biological processes have been extensively
discussed [41,42]. For most proteins analyzed at low and
moderate temperatures, the volume change is negative [43]
and the magnitude of the AV values is related to the
protein’s susceptibility to compression [44—46]. A compar-
ison of several dimeric proteins has shown a relative
increase in the volume change per mass of protein in smaller
dimers. This phenomenon can be explained by a relatively
higher number of buried amino acids being exposed to the
solvent upon dissociation [47]. The decrease in volume
during dissociation can be attributed to: (1) the disruption
of salt bridges and consequent hydration, leading to orga-
nization of the solvent (electrostriction): (2) the exposure of
nonpolar and polar residues followed by hydration: and (3)
the solvent occupation of free spaces corresponding to
imperfect protein packing [48]. The results obtained here
for TMV dissociation at different pH values indicate that a
rise in pH may increase the exposure of sites containing
charged groups and polar and hydrophobic residues, and
may expose buried cavities previously involved in solvent
organization and that were filled with solvent. This would
reduce the value of AV for dissociation. A similar depen-
dence of AV values on pH has also been observed for the
unfolding of RNase A [49] and for apocytochrome b562
[50], with negative values at 293 K changing from — 97 ml/
mol at pH 3.92 to — 60 ml/mol at pH 10.

Analysis of the AV values obtained indicated that, at low
pH, a more constrained viral structure predominated in
solution because the absolute values for the volume change
of dissociation were higher. At more alkaline pH, weaken-
ing of the protein interactions allowed further replacement
of water molecules in the viral structure and reduced the
volume change of dissociation. A similar phenomenon
involving a decrease in AV with TMV dissociation in
increasing concentrations of urea has already been described
[25].

The denaturation of viral solutions by hydrostatic pres-
sure up to 200 MPa is not usual. Rotaviruses, for instance,
showed no detectable denaturation at high pressure but
underwent significant inactivation in a few minutes [51].
However, the presence of urea, even at a low concentration
(1.0 M), caused important denaturation. Additional experi-
ments done using the bacteriophage R17 showed a very low
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red shift with a pressure increase from 0.1 to 250 MPa,
corresponding to 150 cm™ ', whereas the presence of urea
increased the red shift by pressure to 1000 cm™ '. The
fluorescence emission spectra for the effect of pH on
TMYV assembly showed a similar behavior to that observed
for the pressure effect. Thus, increasing the pH of the
solution facilitated protein dissociation over the pH range
analyzed but was unable to produce a significant amount of
denaturated structures in the absence of urea. The fluores-
cence emission spectrum data indicated a similar polarity for
tryptophan in the associated and dissociated forms at any
pH. In contrast, urea caused a significant red shift in the
spectrum, indicating greater polarity.

Analysis of the tryptophan lifetime has been used to
study the amino acid environment and the effects of the
RNA molecule on the stability of viral particles [52]. These
authors compared the middle and bottom components of
cowpea mosaic virus, isolated by centrifugation, with the
top component formed by empty capsids (and therefore,
RNA-free). The tryptophan lifetimes were shorter in the
presence of RNA (1.8 and 2.8 ns for the middle and bottom
purified components, respectively), while for the RNA-free
top component, the lifetime was larger (4.2 ns). These
results suggested a reduction in the overall dynamics of
the virus particle mediated by the RNA molecule particles
[52]. Analogously, the present investigation detected an
important pH-mediated modulation of TMV stability. Thus,
the observed reduction in lifetime decay at low pH values
suggested that the increase in external proton concentration
reduced the overall dynamics of the viruses and increased
viral stability by simultaneously reinforcing the protein—
protein and protein—RNA interactions.

Because the initial evidence for the involvement of
protons in the assembly of TMV subunits reported by
Sreenivasaya and Pirie [53], many efforts have been made
to provide a plausible explanation of the mechanisms
involved in this process and their regulation. The approach
used here to obtain the average number of protons involved
in viral dissociation provides crucial information concerning
the role of this effector in virus uncoating. The importance
of these results arises fundamentally from the diversity of
biological processes that use this effector as a common ion
in more than one reaction step. This diversity allows the
relative energy states or formation of different protein
structures in solution to be modulated by changes in pH,
depending on the number of protons involved in each step
of the reaction.

The evidence that pH modulates dissociation by high
pressure without significantly modifying the dissociated
protein structure suggests that ideal conditions for virus
inactivation by pressure should be determined in order to
improve their immunogenicity and the efficiency of inacti-
vation. The investigation of pressure-mediated inactivation
in even more complexes viruses has revealed a series of
detailed molecular events. Recent studies of vesicular sto-
matitis virus, a membrane-enveloped virus, using fluores-

cence microscopy have shown that pressurized viral
particles retain their fusogenic properties with the cell
membrane without causing infection [54]. This observation
suggests a mechanism of inactivation by pressure. The
present results reinforce the expectations in this field and
suggest that pressure-inactivation can be a powerful tool for
producing antiviral vaccines, for sterilization and for study-
ing the properties of proteins during aggregation and dena-
turation processes.
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