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Ionic-strength-dependent transition of hen egg-white lysozyme at low pH
to a compact state and its aggregation on thermal denaturation

Kodali Ravindra BABU and Vinod BHAKUNI

Division of Membrane Biology, Central Drug Research Institute, Lucknow, India

(Received 11 November 1996/19 February 1997) — EJB 96 1680/3

Equilibrium acid-induced unfolding of hen egg-white lysozyme has been investigated by a combina-
tion of optical methods, size-exclusion chromatography, and differential scanning calorimetry. The results
showed the presence of a partially folded state of hen egg-white lysozyme at pH 1.5, characterized by a
substantial secondary structure, a large solvent exposure of non-polar clusters, and significantly disrupted
tertiary structure. A large enthalpy was also associated with the conversion of the acid-unfolded state to
a fully unfolded state. Size-exclusion chromatography and 8-anilino-1-naphthalenesulphonic acid-binding
studies showed an ionic-strength-induced transition of the partially folded state to a compact conforma-
tion. Furthermore, an ionic-strength-dependent aggregation on thermal unfolding of the partially folded
intermediate was also observed. These observations provide insights into the possible features responsible
for the stabilization of intermediates in the folding of hen egg-white lysozyme.
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The extent of unfolding of denatured states of proteins under
different conditions has long been of interest because of the pos-
sible relevance of their conformations to the protein folding
pathways. Studies have been focussed on the conditions that dis-
rupt the cooperative folding of the protein but allow substruc-
tures to persist. Recently, it has been demonstrated that residual
structural preferences, which range from local clusters of side
chains to highly ordered side chains to highly ordered subdo-
mains, persist in denatured states of proteins (Kim and Baldwin,
1990; Dobson, 1991, 1994 ; Redfield et al., 1994 ; Ptitsyn, 1995;
Arcus et al., 1995; Shortel, 1996). Hence, there has been a grow-
ing recognition of the importance of the compact denatured and
partially folded states of proteins, as determination of their struc-
ture and thermodynamic properties may provide critical insight
into the mechanisms of protein folding. The characterization of
these structures and the factors involved in their stability would
provide important insight into the interactions responsible for
their formation as well as their role in protein folding.

The importance of electrostatic interactions in determining
the stability of a protein has long been recognized (Tanford,
1970). pH is known to influence the stability of a protein by
altering the net charge on the protein, and many proteins dena-
ture at extreme pH because of the presence of destabilizing re-
pulsive interactions between like charges in the native protein
(Creighton, 1993; Tan et al., 1995). Extremes of pH do not al-
ways completely denature the proteins but result in denatured
states that are partially unfolded as compared to the fully un-
folded ones observed in the presence of high concentrations of
guanidine hydrochloride (Goto et al., 1990; Fink et al., 1994).
This is maybe due to the fact that the driving force for unfolding
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Abbreviation. DSC; differential scanning calorimetry.

Enzyme. Lysozyme (EC 3.2.1.17).

of proteins in acid is repulsive forces between ionized residues
in the protein, which may fail to overcome interactions such
as hydrophobic forces, salt bridges, and other factors that favor
folding. The exact behavior of a given protein at low pH is a
complex interplay between a variety of stabilizing and destabi-
lizing forces, some of which are sensitive to the environment.
Salt-dependent conformational transitions at acidic pH from a
largely unfolded state to an intermediate conformational state
have been reported for several proteins (Goto and Fink, 1989;
Goto et al., 1990; Ohgushi and Wada, 1983; Arakawa et al.,
1987), which suggests that salt-dependent conformational transi-
tions at acidic or alkaline pH regions may be a general property
of many proteins.

Denaturation of c-type lysozyme occurs without any
thermodynamically stable intermediate forms (Tanford, 1970;
Khechinashvili et al., 1973; Cooper et al., 1992). The thermody-
namic and folding behavior of c-type lysozymes under equilib-
rium conditions agree well with a cooperative two-state model
(Radford et al., 1992). However, under conditions far from equi-
librium, the existence of a transient species has been suggested
for hen egg lysozyme on the basis of refolding studies (Miranker
et al., 1991). Furthermore, at least one, and possibly more, inter-
mediate states with characteristics of molten globules, notably
ordered secondary structure without specific tertiary interactions
as monitored by near- and far-ultraviolet circular dichroism,
were reported to be formed during folding of c-type lysozyme
(Radford et al., 1992; Miranker et al., 1991). Recently, the exis-
tence of an equilibrium partially folded state of human lysozyme
at low pH has been reported (Haezebrouck et al., 1995). The
population of this intermediate state was found to be strongly
dependent on pH and temperature and had at least some charac-
teristics of the molten globule state of homologous a-lactalbu-
min and of kinetic intermediates observed in the folding of c-
type lysozymes. No such partially folded intermediate at low
pH has been reported for hen egg lysozyme (Haezebrouck et al.,
1995; Cooper et al., 1992). This prompted us to look into the
structural details of hen egg lysozyme at low pH.
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In the present work, we have carried out a comparative study
on the structural as well as thermodynamic properties of hen egg
lysozyme at pH 7.0 and pH 1.5. At pH 1.5, hen egg lysozyme
has a substantial secondary structure, a large solvent exposure
of non-polar clusters, and a significantly disrupted tertiary struc-
ture. Furthermore, a large enthalpy is associated with the conver-
sion of acid denatured lysozyme to a fully unfolded state. These
observations suggest the presence of an equilibrium partially
folded intermediate of hen egg lysozyme at low pH and this
intermediate seems to be more ordered than most other molten
globules discussed in the literature. Studies on the effect of ionic
strength on the partially folded intermediate showed its ionic-
strength-dependent transition to a compact conformation and ag-
gregation on thermal denaturation.

EXPERIMENTAL PROCEDURES

Materials. All the chemicals used were purchased from
Sigma and were of the highest purity grade. Hen egg-white lyso-
zyme was purchased from Sigma and its purity was checked by
SDS/PAGE followed by silver staining. It was found to be
greater than 95% pure.

Circular dichroism. CD measurements were made on a
Jasco J-500C spectropolarimeter at 27 °C. 0.1-cm and 1-cm path-
length cuvettes were used for 190—250 nm and 250—350 nm,
respectively. The solvent spectrum was determined and
subtracted from the protein spectrum. The concentrations of hen
egg lysozyme samples was typically 20—30 uM for the far-ul-
traviolet and 80—90 uM for the near-ultraviolet regions. Molar
ellipticities, & (in deg - cm? - dmol™"), are reported.

Differential scanning calorimetry. All calorimetric scans
were performed with a Microcal MC-2 differential scanning cal-
orimeter. The calorimetric unit was interfaced to an IBM PC
microcomputer using an A/D converter board (Data Translator
DT-2801) for automatic data collection and analysis. The protein
concentration of each sample used for the calorimetric experi-
ments was about 2—3 mg/ml, unless specified otherwise; a
1.3-ml sample was introduced into the sample cell and a similar
amount of buffer was introduced into the reference cell. Samples
were scanned at a rate of 60°C/h, unless otherwise mentioned.
The samples were degassed for 15 min at room temperature be-
fore being scanned in the calorimeter. Data reduction and analy-
sis were performed with software developed by Prof. Ernesto
Freire (Bhakuni et al., 1991).

8-anilino-1-naphthalenesulphonic acid fluorescence mea-
surements. Fluorescence spectra were recorded with a Perkin-
Elmer LS5B spectroluminescence meter in a 5-mm path length
quartz cell. Aliquots of protein with final concentration 5 pM
were equilibrated in the desired buffer for 30 min at 25°C. They
were then mixed with a concentrated stock solution of 8-anilino-
napthalenesulphonic acid fluorescent probe dissolved in the
same buffer. The excitation wavelength was 365 nm and the
emission was recorded either in the range 400560 nm or at a
fixed wavelength at 480 nm. The final concentration of the
probe was 125 pM. The values were normalized by subtracting
the baseline recording for 8-anilino-napthalenesulphonic acid
alone.

RESULTS

pH-induced structural perturbations in hen egg-white lyso-
zyme. Secondary and tertiary structure (far- and near-ultra-
violet CD). The effect of lowering the pH on the secondary and
tertiary structure of native hen egg lysozyme was studied by
recording the near- and far-ultraviolet CD spectra at pH 7.0 and
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Fig. 1. Effect of low pH and ionic strength on the far- and near-
ultraviolet CD spectra of hen egg-white lysozyme. (A) (——) hen egg
lysozyme at pH 7.0; (- —-) lysozyme at pH 1.5. (B) (- - -) lysozyme at
pH 15, (----- ) lysozyme at pH 1.5 in the presence of 100 mM NaCl.
The spectra were recorded at a protein concentration of 0.35 mg/ml and
1.23 mg/ml for far- and near-ultraviolet regions, respectively, at 27°C.
The spectra were collected after substraction of solvent baseline.

pH 1.5. The CD ellipticities at 222 nm and 270 nm are com-
monly used as a measure of the extent of secondary and tertiary
structure, respectively, in proteins. The near- and far-ultraviolet
CD spectra of hen egg lysozyme at pH 7 and pH 1.5 are shown
in Fig. 1A. For hen egg lysozyme at pH 1.5, a spectrum with
significant negative ellipticity was observed in the far-ultraviolet
CD, but the observed ellipticity at 222 nm was significantly less
as compared to that observed for the native protein. Similarly,
in the near-ultraviolet region, a significant lowering of ellipticity
for acid-denatured lysozyme as compared to the native lysozyme
was also observed. These observations suggest that decreasing
the pH to 1.5 results in partial unfolding of hen egg lysozyme,
as a decrease and not complete disruption of both secondary and
tertiary structures was observed.

Solvent-accessible non-polar clusters (8-anilino-1-naptha-
lenesulphonic acid binding). The solvent exposure of non-polar
clusters in the acid-unfolded hen egg lysozyme at pH 1.5 was
studied by 8-anilino-1-naphthalenesulphonic acid binding. This
probe binds to solvent-accessible clusters of non-polar groups in
proteins. The fluorescence emission of 8-anilino-1-naphtha-
lenesulphonic acid is known to increase on binding to hydropho-
bic clusters of a protein (Stryer, 1965). The fluorescence spectra
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Fig. 2. Effect of sodium chloride on the binding of 8-anilino-1-naphthalenesulphonic acid to hen egg white lysozyme at pH 1.5. Curve 1,
protein at pH 1.5; curve 2, protein at pH 1.5 in the presence of 100 mM NaCl; curve 3, protein at pH 7.0. The curves were obtained by incubation
of 5 uM hen egg-white lysozyme with 125 uM 8-anilino-1-naphthalenesulphonic acid under different conditions at 27°C. The excitation wavelength

was 365 nm and the emission were recorded in the range 400—560 nm.

on binding of this probe to native and acid-denatured hen egg
lysozyme are shown in Fig. 2. At pH 7.0, no significant probe
fluorescence was observed, which suggests a very low binding
of 8-anilino-1-naphthalenesulphonic acid molecules to native ly-
sozyme. However, for acid-denatured lysozyme at pH 1.5, a very
large increase in probe fluorescence intensity, to about 30-fold,
was observed. Furthermore, the emission maximum also shifted
from 515 nm to 480 nm, which indicates the burial of 8-anilino-
1-naphthalenesulphonic acid in a hydrophobic environment un-
der these conditions (Turner and Brand, 1968). The physical
reason for these observed behaviors may be the formation of
solvent-accessible non-polar clusters on acid-induced partial un-
folding of protein; these clusters are screened from the solvent
in the native protein.

Structural perturbations in the partially folded intermediate
induced by ionic strength. Tonic-strength-induced perturbations
in the secondary and tertiary structure of hen egg-white lyso-
zyme at pH 1.5 were studied by far- and near-ultraviolet CD
studies in the presence of increasing concentration of sodium
chloride (NaCl). The far- and near- ultraviolet CD spectra of hen
egg lysozyme at pH 1.5 in the presence and absence of 100 mM
NaCl are shown in Fig. 1B. No significant changes in the far-
ultraviolet-CD spectra characteristic of acid-denatured lysozyme
were observed in the presence of 100 mM NaCl. In contrast, in
the near-ultraviolet CD spectra, the addition of 100 mM NaCl
resulted in a large increase in the ellipticity at 270 nm, which
indicates that NaCl induces a significant alteration in the tertiary
structure. Further increase in NaCl concentration up to 500 mM
showed no significant changes either in the far- or near-ultravio-
let CD characteristics (data not shown). These observations sug-
gest that an increase in ionic strength of hen egg lysozyme at
pH 1.5 has no significant effect on the secondary structure of
the protein, but has a pronounced effect on the tertiary structure.

The effect of ionic strength on the solvent exposure of non-
polar clusters present in the acid-denatured lysozyme was also
studied. As shown in Fig. 2, the addition of 100 mM NaCl to
hen egg lysozyme at pH 1.5 resulted in a significant decrease
of about 16-fold, in the 8-anilino-1-naphthalenesulphonic acid
fluorescence intensity. No further decrease in the fluorescence
intensity of the probe was observed on increasing the NaCl con-
centration up to 500 mM (Table 1). These observations suggest
that addition of NaCl to lysozyme solution at pH 1.5, induces a
conformational transition such that the solvent-exposed non-po-
lar clusters present in the acid-denatured lysozyme get buried,
as is the case in the native protein.

Table 1. Effect of ionic strength on the binding of 8-anilino-1-naph-
thalenesulphonic acid to hen egg white lysozyme at pH 1.5. The ali-
quots of protein with final protein concentration of 5 yM were equili-
brated in the desired buffers for 30 min at 27°C. They were then mixed
with concentrated stock solution of fluorescent probe dissolved in the
same buffer such that the final 8-anilino-1-naphthalenesulphonic acid
concentration was 125 uM. The excitation wavelength was 365 nm and
the emission was recorded at a fixed wavelength of 480 nm. The values
presented were normalized by subtracting the fluorescence intensity ob-
served for 8-anilino-1-naphthalenesulphonic acid alone under these con-
ditions.

[NaCl] Fluorescence intensity
mM
0 350

50 88
100 36
200 26
300 19.3
400 194
500 19

Compactness. Recent studies have shown that size-exclusion
chromatography permits the characterization of native, unfolded,
and intermediate states (Uversky, 1993, 1994). Hence, the effect
of ionic strength on the molecular size of acid-denatured hen
egg lysozyme was studied by gel filtration chromatography. The
retention times observed for hen egg lysozyme at pH 1.5 in the
presence of increasing concentrations of NaCl are summarized
in Fig. 3. For acid-denatured hen egg lysozyme at pH 1.5, a re-
tention time of 21.40 min was observed. The addition of
100 mM NaCl to this lysozyme solution resulted in an increase
of 3 min (to 24.43 min) in retention time, which indicates that
addition of NaCl to acid-denatured lysozyme results in a
decrease in its molecular size. A further increase in NaCl con-
centration resulted in a significantly smaller increase in retention
time. These observations suggest an ionic-strength-dependent
transition of acid-denatured hen egg lysozyme to a compact con-
formation.

Effect of ionic strength on the thermodynamic properties of
the acid-induced partially folded intermediate. The effect of
ionic strength on the thermodynamic properties of acid-dena-
tured lysozyme at low pH was studied by differential scanning
calorimetry. The excess heat capacity versus temperature curves
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Fig. 3. Dependence of ionic strength on the retention time of hen egg-
white lysozyme at pH 1.5 on a TSK G3000 SW column. The stock
solutions of proteins were loaded into the column (Pharmacia Ultrapac
TSK G3000 SW), which was equilibrated with the same buffer. The
flow rate was 30 ml/h and the column was run at 27°C.

for hen egg lysozyme at pH 1.5 in the presence and absence of
NaCl are shown in Fig. 4. Lysozyme at pH 1.53 undergoes a
reversible two-state transition centered at 53.3°C. This suggests
that a substantial enthalpy (383.67 kI mol™") is associated with
the thermal unfolding of acid-denatured hen egg lysozyme. In
the presence of 100 mM NaCl, a decrease of about 3°C in transi-
tion temperature was observed. For a further increase in NaCl
concentration up to 400 mM, a similar differential scanning cal-
orimetry (DSC) profile and transition temperature was observed
(Fig. 4). But, in the presence of 500 mM NaCl, two independent
transitions centered at 50°C (corresponding to the thermal dena-

5
Is.aﬁs kI mol*

4

Excess Heat Capacity (kJ mol')
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Table 2. Dependence of ionic strength on the thermodynamic param-
eters associated with the melting of hen egg-white lysozyme at
pH 1.5. All the data are derived from the analysis shown in Fig. 4. 4H.,,
is the transition enthalpy, 4H., the van’t Hoff enthalpy, and 7., the transi-
tion temperature, The lysozyme concentration for these studies was
0.407 mM (5.8 mg/ml) and the scan rate was 60°C/h. At 500 mM NaCl,
two independent transitions in Cp versus temperature scan were ob-
served.

NaCl T, AH 4H,, AH /AH.,
mM °C kJ mol™"

0 53.33 383.67 367.77 0.96
100 50.03 332.63 346.01 1.04
200 49.79 334.72 348.94 1.04
300 50.17 301.25 356.47 1.18
400 50.32 299.57 361.49 1.2
500 50.37 337.23 353.96 1.05

72.33 68.19 369.86 542

turation of acid-denatured lysozyme under these conditions) and
72°C, respectively, were observed. The thermodynamic parame-
ters obtained from DSC studies are summarized in Table 2. All
the transitions except for the one at higher temperature observed
in the presence of 500 mM NaCl, were found to be following
the two-state process as indicated by the van’t Hoff/calorimetric
enthalpy ratio; unity or near-unity values for this ratio provide
a necessary and sufficient criterion for a two-state process (Bha-
kuni et al., 1991). For the higher temperature transition observed
in the presence of 500 mM NaCl, the 4H,,/4H,, ratio was found
to be 5.1, which suggests the presence of an aggregated state.

40

T
50 60 70 80 90

Temperature ( °C)

Fig. 4. Excess heat capacity versus temperature curves for hen egg-white lysozyme at pH 1.5 as a function of NaCl concentration. Curve 1,
hen egg-white lysozyme at pH 1.5; curves 2—6, pH 1.5 in the presence of 100, 200, 300, 400 and 500 mM NaCl, respectively. The calorimetric
scans were performed with a protein concentration of 5.8 mg/ml at a scan rate of 60°C/h. The reversibility of all the scans, except that in the
presence of 500 mM NaCl, was better than 95%. The excess heat capacity function was obtained after subtracting the baseline from the heat
capacity function.
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Fig. 5. Dependence of protein concentration and scan rate on the excess heat capacity versus temperature curves for hen egg-white lysozyme
at pH 1.5 in the presence of 500 mM NaCl. (A) Different concentrations of hen egg-white lysozyme at pH 1.5 in the presence of 500 mM NaCl
were scanned at a fixed scan rate of 60°C/h. The various concentrations of lysozyme shown are as follows: curve 1, 0.112 mM; curve 2, 0.24 mM;;
curve 3, 0.358 mM; curve 4, 0.479 mM.(B) Hen egg-white lysozyme at a concentration of 0.479 mM, pH 1.5, in the presence of 500 mM NaCl
was scanned at different scan rates: curve 1, 30°C/h; curve 2, 60°C/h; curve 3, 90°C/h. Excess heat capacity function was obtained after subtracting

the baseline from the heat capacity function.

Tonic-strength-dependent aggregation of the acid-induced
partially folded intermediate. As mentioned above, the higher
temperature transition observed in the DSC scan of lysozyme at
pH 1.5 in the presence of 500 mM NaCl suggested the presence
of an aggregated state of lysozyme solution on thermal unfold-
ing. To confirm this, scan-rate- and protein-concentration-depen-
dent studies under these conditions were carried out. The DSC
scans of lysozyme at pH 1.5 in the presence of 500 mM salt at
varying concentrations of protein are shown in Fig 5A. As seen
in the figure, the area under the transition centered at about
71°C, increased with increasing protein concentration. Further-
more, at low protein concentration, a shift in the transition tem-

perature was also observed. Similar changes were observed for
studies of the scan rate dependence under these conditions
(Fig. 5B). These observations suggest that acid-denatured lyso-
zyme on thermal denaturation undergoes self association leading
to aggregation in the presence of 500 mM NaCl.

The ionic-strength-dependent aggregation of the thermally
denatured acid-induced partially folded intermediate of hen egg
lysozyme was further confirmed by absorbance measurements
and proton nuclear magnetic resonance spectroscopic studies.
The aggregation monitored by absorbance measurements at
340 nm for hen egg lysozyme at pH 1.5 in the presence of
increasing NaCl concentration at 50°C is shown in Fig. 6. As
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Fig.6. Thermally denatured hen egg-white lysozyme at low pH
shows an ionic-strength-dependent aggregation. For absorbance mea-
surements, hen egg-white lysozyme at pH 1.5 in the presence and ab-
sence of varying sodium chloride concentrations was incubated at 50°C
for 10 min. These protein samples were then transferred to a cuvette,
and the absorbance at 340 nm was monitored in a double beam spectro-
photometer equilibrated at 50°C. No absorbing species are present at
this wavelength, and the light beam is therefore attenuated by scattering
from the aggregated protein particles.

shown in this figure, no change in the absorbance of the protein
solution was observed for acid-denatured lysozyme in the pres-
ence of NaCl up to 400 mM under these conditions. However,
in the presence of 500 mM NaCl, a large increase in absorbance
was observed. These observations suggest that acid-denatured
lysozyme in the presence of 500 mM NaCl at about 50°C un-
dergoes aggregation. The temperature-dependent aggregation of
lysozyme in the presence of 500 mM NaCl at pH 1.5 was further
confirmed by the thermal unfolding studies using NMR. The
NMR spectra of hen egg lysozyme at low pH and in the presence
of 100 mM and 500 mM NaCl at 25°C and 50°C are shown in
Fig. 7. At 25°C, a very good dispersion of the aromatic and the
amide protons was observed, both in the presence and the ab-
sence of NaCl suggesting the presence of a well structured pro-
tein. The addition of 100 mM or 500 mM NaCl showed no ma-
jor changes in the spectra observed for acid-denatured lysozyme.
However, several changes in chemical shifts were observed that
can be attributed to local changes in the environment associated
with the ionization of individual acidic residues in lysozyme.
Similar observations have been reported earlier for lysozyme at
pH 3.8 in the presence of S00 mM NaCl (Abe et al., 1995). Even
at 50°C, lysozyme at pH 1.5 showed a good dispersion of aro-
matic and amide signals, which suggests that the protein does
not undergo denaturation up to this temperature. In the presence
of 100 mM NaCl, a spectrum corresponding to a denatured state
as observed by the loss of several well defined signals was ob-
served. However, in the presence of 500 mM NaCl at 50°C a
significant broadening, loss of signals, and a very high noise-to-
signal ratio were observed, which suggests the presence of an
aggregated species under these conditions and supports the DSC
data presented earlier.

DISCUSSION

Structural properties of the equilibrium partially folded in-
termediate of hen egg lysozyme and its similarity with the
kinetic folding intermediate. The far-ultraviolet-CD spectrum
of hen egg lysozyme at pH 1.5 was characterized by a significant
negative ellipticity at 222 nm, although this was significantly
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lower compared to that observed for the native protein. Elliptic-
ity at this wavelength reflects predominantly the ¢-helical struc-
tural content. Hence the above observations indicate that
lowering the pH of hen egg lysozyme solution resulis in a partial
loss of a-helical content of the native protein. Similarly, a signif-
icant loss in the ellipticity was observed at 270 nm for acid-
denatured lysozyme, indicative of a large disruption of tertiary
structure on acid denaturation at pH 1.5. These observations sug-
gest that lowering the pH of hen egg lysozyme results in partial
unfolding of the lysozyme structure, as a significant secondary
and partial tertiary structure were observed for acid-denatured
lysozyme.

Semisotnov et al. (1987, 1991) have shown that a specific
tool for characterization of intermediate states in protein folding
is the binding of 8-anilinonaphthalene-1-sulphonate. The bind-
ing of this probe to the equilibrium and kinetic intermediates is
usually much stronger, resulting in a strong increase in fluores-
cence maxima, as compared to that in the native or fully un-
folded states. The physical reason for this behavior has been
attributed to the formation of solvent-accessible non-polar clus-
ters in the intermediate state that remain screened from the
solvent in the native state and which do not exist in the unfolded
state. Fluorescence-probe-binding studies reported in this study
showed that 8-anilino-1-naphthalenesulphonic acid does not
bind to native lysozyme, as a very low fluorescence intensity
was observed under these conditions. In contrast, a very strong
binding of the probe, as indicated by an approximately 30 times
increase in 8-anilino-1-naphthalenesulphonic acid fluorescence
intensity for lysozyme at pH 1.5 was observed. These observa-
tions suggest that acid denaturation of hen egg lysozyme results
in a significant solvent exposure of non-polar clusters that are
shielded in the native lysozyme.

The above reported observations suggest the presence of a
partially folded intermediate of hen egg lysozyme at low pH.
This state is characterized by a significant secondary structure,
a significant exposure of non-polar clusters, and a disrupted ter-
tiary structure, which suggests that this state is more ordered
than most other molten globules discussed in the literature.
Furthermore, a large enthalpy is associated for its conversion to
a fully unfolded state (i.e. thermally denatured state), as ob-
served by the DSC studies. Similar properties have been re-
ported for the equine lysozyme at low pH (Morozova et al.,
1995), which suggests the structural similarity between the par-
tially folded intermediate of hen egg and equine lysozyme at
low pH.

Kinetic refolding of hen egg lysozyme has shown that the
protein does not become organized in a single cooperative event
but various parts become stabilized with very different kinetics.
At least one, and possibly more, intermediate states with charac-
teristics of a molten globule (notably ordered secondary struc-
ture without specific tertiary interactions as monitored by near-
and far-ultraviolet CD and exposure of non-polar clusters) have
been reported to be formed during the folding of hen egg lyso-
zyme (Radford et al., 1992; Miranker et al., 1991). The equilib-
rium partially folded intermediate at low pH reported in this
paper also has similar structural characteristics, which implies
the possibility of structural similarity between the kinetic and
the equilibrium intermediates.

Structural and thermodynamic characterization of salt-de-
pendent compact conformation. Studies on the effect of ionic
strength on the secondary and tertiary structure of hen egg lyso-
zyme at low pH were carried out by far- and near-ultraviolet CD
spectroscopy. An increase in ionic strength did not show any
significant effect on the secondary structure of acid-denatured
lysozyme as observed by the far-ultraviolet CD spectra, but a
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Fig.7. Temperature- and ionic-strength-dependent aggregation of hen egg-white lysozyme at low pH. One-dimensional '"H-NMR spectra of
hen egg lysozyme in the amide and aromatic region at pH 1.5, and in presence of 100 mM and 500 mM NaCl at (A) 25°C and (B) 50°C. In both
A and B, curve 1 is lysozyme at pH 1.5; curve 2 is lysozyme at pH 1.5 in the presence of 100 mM NaCl and curve 3 is lysozyme at pH 1.5 in the
presence of 500 mM NaCl. Spectra were recorded on a Bruker Avance DRX 300 spectrometer operating at 300 MHz, using a digital resolution of
0.182 Hz/point. The concentration of protein used was 30 mg/ml in D,O buffer at pH 1.5. All spectra are referenced to an internal dioxane standard

at 3.743 ppm.

significant enhancement in the elipticity at 270 nm was ob-
served, which suggests that the presence of NaCl affects the
tertiary structure of acid-denatured lysozyme. The other signifi-
cant effect of NaCl on the structural property of acid-denatured

lysozyme that was observed was a substantial decrease in the
solvent-accessible non-polar clusters. The solvent-accessible
non-polar clusters observed in the presence of 100 mM NaCl
were similar to those observed for native lysozyme, which sug-
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gests that binding of chloride (C17) ions to the acid-denatured
lysozyme leads to a conformation in which the hydrophobic por-
tion of the protein is buried inside, as is the case in native protein.

Regarding the thermodynamic properties, no significant ef-
fect on cooperativity or enthalpy of the heat-induced transition
was observed in the presence of 100—500 mM NaCl, although
a slight decrease in 7,,, by about 3°C, compared to the acid-
denatured state was observed. These results suggest that an
increase in ionic strength of hen egg lysozyme solution at pH 1.5
does not effect the secondary structure or the thermodynamic
parameters of acid-denatured lysozyme, but affects the hy-
drophobic exposure and the tertiary structure significantly.

The main forces that are important for protein structures are
the hydrophobic interactions, the valence forces, the dispersion
forces, and the repulsive forces (Baldwin and Eisenberg, 1987).
Under conditions of extreme pH, the main forces to unfold the
protein are the repulsions between charged groups on the protein
molecule. The stabilizing or destabilizing effects of salts on pro-
teins will thus arise either by effects on hydrophobic interac-
tions, or by interactions with charged groups. The net effect of
salt on protein stability depends critically on the charge distribu-
tion on the native protein and on salt effects on its denatured
state. The results presented in this paper suggest that increasing
the ionic strength of the pH 1.5 buffer by addition of NaCl re-
sults in a transition of partially unfolded protein to a compact
conformation as observed by a decrease in the 8-anilino-1-naph-
thalenesulphonic acid fluorescence and an increase of retention
time in HPLC studies. Hen egg lysozyme has a net charge of
about 6—7 at pH 4—7 (Parson and Raftery, 1972). Furthermore,
it has also been suggested that for hen egg lysozyme, an average
of nearly one CI~ ion binds for each proton bound below pH 6
over a wide range of ionic strength (Parson and Raftery, 1972).
Hence, it seems that addition of salt to the acid-unfolded state
of hen egg lysozyme would decrease the electrostatic free energy
of the acid denatured state due to the fact that in the presence
of NaCl the positively charged sites of the acid-denatured pro-
tein would attract the counter-ion Cl1~ from both NaCl and HCI,
and consequently the repulsion is reduced, resulting in a
decrease of electrostatic free energy that may result in an
increased compactness of this conformation.

Salt-dependent conformational transitions at acidic pH from
a largely unfolded state to an intermediate conformational state
has been reported for a number of proteins {Goto and Fink,
1989; Ohgushi and Wada, 1983; Arakawa et al., 1987). These
reports along with the results presented here suggest that salt-
dependent conformational transition at acidic or alkaline pH re-
gions may be a general property of many proteins, however the
mid-salt concentration of the transition will depend on the pro-
tein studied and other conditions.

Ionic-strength-dependent aggregation of the thermally dena-
tured acid-induced partially folded intermediate. Based on
several in vitro studies, it has been concluded by some investiga-
tors that folding intermediates rather than native or denatured
proteins are generally involved in aggregation. However, other
investigators believe that intermediates, although possibly im-
portant for the aggregation of some proteins under certain
solvent conditions, do not generally have to be invoked to ex-
plain protein aggregation. For proteins consisting of a single do-
main, there are only a few cases where intermediates have been
shown to be involved in the aggregation of the protein (Cleve-
land and Wang, 1990; Havel et al., 1986). The observations pre-
sented in this paper suggest that an increase in the ionic strength
of lysozyme at pH 1.5 does not result in any signs of aggrega-
tion. Furthermore, removal of NaCl from protein samples con-
taining 500 mM NaCl at pH 1.5 showed 'H-NMR spectra iden-
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tical with those before NaCl addition. Temperature-dependent
studies suggest that the thermally unfolded form undergoes self
association leading to aggregation in a salt-dependent manner,
favoring higher salt concentration, greater than 400 mM NaCl.
These studies prove that the thermally denatured state of lyso-
zyme is involved in the ionic-strength-dependent aggregation
and supports a close relation between aggregation and conforma-
tional change of the protein with salt.

Taken together, the results presented in this paper demon-
strate the presence of an equilibrium partially folded state of
hen egg lysozyme at low pH. The presence of an equilibrium
intermediate state in a protein supposed to be a prototype of
cooperative two-state unfolding is of great significance as it in-
dicates the general occurrence of folding intermediates in the
pathways of protein folding.
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