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ABSTRACT. The thermal denaturation of lysozyme and ribonculease A (RNase A) under reducing and
nonreducing conditions at neutral pH has been monitored by Fourier transform infrared spectroscopy. In
the absence of the reductant, lysozyme and RNase A undergo apparent three- and two-state denaturation,
respectively, as observed from the conformation-sensitive arimat. For both proteins the hydrogen
deuterium exchange takes place at lower temperatures than the main denaturation temperatures, suggesting
that a transient denaturation mechanism occurs. The observed transition &t Bll2ng the denaturation

of lysozyme is attributed to this transient effect, rather than to the loss of tertiary structure. Under reducing
conditions lysozyme aggregates during the heating phase, whereas RNase A shows only a minor
aggregation, which further increases during the cooling step. The reduced stability of both proteins can
be correlated with the transient denaturation behavior, which is also suggested to be involved in protein
aggregation at physiologically relevant temperatures. In addition, it is shown that when the temperature
is further increased, the amorphous aggregates dissociate. Comparison of the dissociated states with the
denatured states obtained under nonreducing conditions indicates that these states have the same
conformation. By using a two-dimensional correlation analysis we were able to show that the dissociation

is preceded by a conformational change. It is argued that this extends to other types of perturbation.

Protein aggregation is a major topic in protein chemistry (14) and so do site-directed monoclonal antibodi&§).(
because of its immense human and economic consequenceReversal of aggregation under folding conditions is of great
(1). The aggregation can be due to misfolding or can be use in biotechnology, where it can increase the yield of
caused by different kinds of stress that partially denature therecovery of native protein from inclusion bodies. It may also
protein, which is then kinetically trapped in an aggregated provide clues of therapeutic interest for amyloid diseases
state g, 3). Temperature is well established as such a stress(15).
factor that can lead to aggregation. However, little attention  Fourier transform infrared spectroscopy (FTIR} a
has been paid to high temperature as a factor causingparticularly useful technique to study protein aggregation or
dissociation of protein aggregates. Temperature-induceddisaggregation because these processes are often character-
aggregate dissociation has previously been reported for theized by the appearance or disappearance of two absorbance
amorphous aggregates of ferrous horseradish peroxidpse ( bands around 1615 and 1683 ¢These two bands are
and fibronectin type Il modules), as well as for the fibrillar indicative of intermolecular antiparallgtsheet aggregation
aggregates of a number of peptides, including amyloid A (16—18). On the other hand, infrared thermal denaturation
(6—8). Despite these studies the mechanistic and structuralstudies usually result in the formation of an aggregate due
aspects of the dissociation process still remain unclear. Forto the high protein concentrations usd@)( As the aggrega-
instance, an intriguing question that arises is what conforma-tion is due to the self-assembly of a partially denatured
tion the protein will adopt after temperature-induced dis- species?, 3) and the spectral features of this aggregate are
sociation? Will it be a partially denatured state, i.e., the state dominated by the presence of two bands typical of the
that originally aggregated, or a fully denatured state? aggregation, one cannot obtain any structural information

In contrast to temperature, high hydrostatic pressure hasabout the denatured state.
long been known for its dissociating effect on native ~ Aggregate dissociation could make the denatured state
Oligomeric proteins Q) More recent'y, it was also shown QCCGS§Ib|e for CharaCterlzatIOI’]. by FTIR. To this end. we
that pressure can dissociate temperature-induced proteifinvestigate the thermal behavior of lysozyme and ribo-
aggregates10—13). Furthermore, the heat-shock protein Nuclease A under nonreducing and reducing conditions with

Hsp104 has been shown to rescue proteins from aggregate§ TIR spectroscopy. These two disulfide bond-containing
proteins are, together with horseradish peroxidase, staphy-

lococcal nuclease, and the ribonucleases S and T1, excep-
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concentrations required for FTIR experimends 18—22). respectively T is the temperature, andv, T) represents the
Thus, for these proteins the heat-denatured state can bealynamic intensity fluctuations. This transformation is fol-
characterized. However, reduction of the disulfide bonds is lowed by calculating the correlation betwe¥(v;,w) and
known to result in rapid aggregation. We observe that under Y*(v,,w):

reducing conditions temperature-induced aggregation and

subsequent dissociation of the aggregates at higher temperg(vy, v,) + iyp(vy, vy) =

atures takes place. We propose that the dissociation is due 1 o

to a conformational change of the aggregated species. The (wAT) f o Y, @) YH (v, ) dov (2)
dissociated state is shown to resemble the denatured state

Obtained under nonreducing Conditions_ Where(l)(Vl, 1/2) iS the real pal’t Of the COI’I’e|a'[i0n intensity
andy(v1, vo) is the imaginary part, andT is the temperature
EXPERIMENTAL PROCEDURES interval. Plotting these parts in the;(v,) plane results in a

synchronous and an asynchronous plot, respectively.

Synchronous plots highlight the spectral changes that are
in phaseand thus recognize similarities between the two
intensities that are considered. In contrast, asynchronous plots
showout-of-phasechanges. In this case the cross-peaks are
formed only between those bands whose intensity evolves
independently as a function of temperatu28)(

In practice, the synchronous and asynchronous correlation
plots are calculated starting from the original (not band-
narrowed) absorption spectra with a program written by Dr.
L. Smeller (Budapest). In the correlation plots, positive peaks
are white, and negative peaks are darkened. In the synchro-
nous plot a positive cross-peak at,(v,) indicates that the
induced changes in intensity at these wavenumbers are in

?(?riiggylné%eiatgmg?;;ﬁ;trgncil Izv ;tnvﬁgoa%aﬁ? I[]Fiz\é)vr? the same direction. In the asynchronous plot a positive cross-
. ’ o : eak at {1, v2), wherev, < vy, suggests that the intensit
spacer in between. The temperature cell was placed into a (, v2), W VL= V2 SUgg : 'y

heating jacket, which is controlled by a Graseby Specac change av, precedes the changeatand vice versa for a
automatic temperature controller. The temperature increment
was 0.2°C/min and the cooling rate was°C/min, unless  RESULTS
mentioned otherwise. .
FTIR Spectroscopyinfrared spectra were recorded with ~_ Temperature Effect on Lysozyme under Nonreducing
a Bruker IFS66 FTIR spectrometer equipped with a liquid Conditions Figure 1A shqws the deconvoluted amitibdnd _
nitrogen-cooled mercurycadmium-telluride solid-state de-  Of lysozyme as a function of temperature. The change in
tector. The sample compartment was continuously purgedintensity of the band at 1652 crh assigned tax-helix (24,
with dry air. Two hundred and fifty interferograms were 29), is plotted in Figure 1B. Two transitions can be ob;erved
coadded after registration with a resolution of 2ém at 51.2+ 0.2 and 73.2+ 0.5 °C, respectively. The first
Fourier Self-Deconolution. Resolution enhancement was transition coincides with the transition of the H/D exchange
achieved by Fourier self-deconvolution, a mathematical (Tvz = 52.5+ 0.3 °C), which causes a small shift of the
technique of band narrowing, and was performed with the COMposing amide' bands. This can be seen from the ratio
Bruker software. The assumed line shape was Lorentzian.Of the intensities of the 1450 and 1550 cnbands, which
A half bandwidth of 21 cm® and an enhancement factor of IS indicative of H/D exchan'ge (Figure 1B). Furthermore, the
1.7 were used. The meaning of these parameters, as well a§P€ctra show an intensity increase of the bands at 1665 and
the possible difficulties of deconvolution, have been dis- 1641 cm* (Figure 1A). These have been assigned to turn
cussed elsewhere3). structures 24,_ 29) and 3¢-helix (28, 30), respectl\_/ely. The
Fitting. The secondary structure was determined by fitting second transition corresponds to the denaturation. AIC78

the self-deconvoluted amide | band of the spectrum by use@ Plateau is obtained (Figure 1B) and the broad featureless
of Gaussian functions2¢, 25). The fitting of component ~ band is characteristic for the denatured state, from here on

peaks was performed by a program developed in our réferred to as R (Figure 1A).

laboratory, using the Levenberglarquardt algorithmZ6). During the consecutive cooling, two new bands start
Two-Dimensional IR Correlation Spectroscofjne 2D developing around 75C at 1615 and 1683 cm (Figure

correlation methodology is based on the comparison of the 1A). The formation of these two bands is typical for

intensity changes as a function of perturbation parameter atintérmolecular antiparallgl-sheet aggregatiol¢—18). The

two distinct and independent wavenumbers. This comparison€XPeriment was reproduced several times and the aggregation

is achieved by Fourier-transforming the temperature variable Pands always appeared at 75, in the cooling phase. The
as follows @7): aggregation is the result of a kinetic competition between

the formation of a hydrophobic core and aggregation during
e T refolding 31).
Y(v, ) = f . Y, T)e dr @) When the protein sample is reheated after return to ambient
conditions (25°C), the aggregation bands start to decrease
wherev and w are the spectral and Fourier frequencies, at 70°C, indicating dissociation (data not shown). However,

Sample PreparationLysozyme from chicken egg white
(E.C. 3.2.1.17) and bovine pancreatic ribonuclease A (E.C.
3.1.27.5) were purchased from Sigma (St. Louis, MO) and
used without further purification. The proteins were dissolved
in 10 mM deuterated Tris-HCI buffer (pD 7.6) to obtain a
concentration of+3.5 mM. Reducing conditions are obtained
by addition of 2-mercaptoethanol (pro analysi, Merck,
Darmstadt, Germany) to the protein solution at a concentra-
tion of 0.35 M. In all cases the protein solutions were stored
overnight to ensure sufficient H/D exchange of all solvent-
accessible protons.

Temperature Denaturatiorfter centrifugation at 12109
for 10 min, the lysozyme and ribonulease A solutions were

negative correlation peak.
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Ficure 1: Temperature dependence of lysozyme under nonreducing conditions. (A) Stacked plot of the deconvolutédbandd8pectra
are shown at 25, 30, 35, 40, 45, 50, 53, 55, 60, 65, 70, 71, 72, 73, 74, 75, 80, 46df@5the heating phase. In the cooling phase the
temperature decreases in steps of°@0 (B) Temperature dependence of the intensity ofdHeelix band at 1652 cni (®) and H/D
exchange of native lysozyme with increasing temperat@e The ratio 1450 cm/1550 cnt! is typical of the amount of hydrogens
exchanged for deuterons.
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Ficure 2: Temperature dependence of lysozyme under reducing conditions. (A) Stacked plot of the deconvolutédegiode Temperature
increases/decreases in steps of 5/C0from bottom to top. (B) Intensity of the 1615 ciband, characteristic of aggregation, versus
temperature. Inset: temperature dependence of the tyrosine band maximum. Hegticap(ing ©).

these bands do not completely disappear &@Suggesting  start to disappearT{, = 86.4+ 0.7 °C). At 100 °C these
that higher temperatures are required to induce a completebands are completely absent in the amidedion, indicating
dissociation. In the following cooling step the aggregation that the dissociation has come to an end. The denatured state
bands at 1615 and 1683 chreappear. obtained is referred to asgDUpon returning back to room
The position of the tyrosine band maximum (around 1515 temperature the aggregation bands reappkar= 67.9+
cm™Y) as a function of temperature does not change up to 0.4 °C) (Figure 2).
70 °C (data not shown). Above 7TC the band maximum To get a better insight into the dissociation process we
shows a typical shift to higher wavenumber. This suggests performed a 2D-IR analysis, which can reveal the sequence
that the tyrosine environment remains intact at°&0but of events induced by a perturbation, in casu temperature.
becomes solvent-exposed at 7. For instance, it has been applied to identify the processes
Temperature Effect on Lysozyme under Reducing Condi-underlying protein denaturatior2?) and aggregation3g).
tions. Under reducing conditions the thermal denaturation Synchronous and asynchronous correlation plots were gener-
of lysozyme readily results in the formation of an aggregate ated in the temperature region where the dissociation occurs
(Figure 2A), without the formation of an observable inter- (between 68 and 108C) and are shown in Figure 3. The
mediate state. Figure 2B shows the band intensity at 1615synchronous plot shows that major intensity changes occur
cm! as a function of temperature, which originates from around 1615 and 1645 crth The former is characteristic of
the intermolecular antiparall@tsheet aggregation. At 3% B-sheet aggregation, whereas the latter results from@on-
the intensity of this band starts to increase and the midpoint sheet structures. It can be seen that the 1645'dmnd
of this transition, Ty, is found at 46.0+ 0.2 °C. This is represents a rather broad area that does not display any well-
roughly the same temperature as for the H/D-exchangeresolved bands, likely because it is composed of a number
transition midpoint under nonreducing conditions. Thus, the of overlapping bands. The presence of a negative cross-peak
reduction of the disulfide bonds causes a drastic decrease irbetween the 1615 cmiband and this area indicates that the
temperature stability by almost 3€ compared to the native intensity changes occur in opposite directions. Figure 2
lysozyme (Figure 1B). Above 7T the IR aggregation bands clearly demonstrates a drop in the intensity of the 1615'%cm
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that the onset temperature of dissociation equals the onset
temperature of reaggregation. This suggests that under the
given conditions the aggregates are not stable above this
temperature, and therefore will not form.

Comparison of [ and D:. Figure 4 shows a superposition
of the deconvoluted amidé€ fegion of Oy and Dy, the
denatured states obtained under nonreducing and reducing
conditions, respectively. It can be seen that these spectra do
160016201640 166016801700 . 160015201640166015801700 not significantly differ from one another. Note that the spectra
FicURE 3: Two-dimensional correlation plots of the amidéand lack a significant absorption in the 1620640 cm* area
of lysozyme between 68 and 106G (under reducing conditions). ~ Wheref-sheet contributions are usually found. This provides
Synchronous, left panel; asynchronous, right panel. Nondecon-further evidence of a complete dissociation.
voluted spectra were used. Temperature Effect on Ribonuclease A under Reducing
Conditions. To check whether the above results can be
extended to other proteins, we performed similar experiments
on RNase A. Basically we find the same aggregation
dissociation behavior as for lysozyme. This is summarized
in Figure 5, which shows the effect of heating to %5,
cooling back to room temperature (2€), and a second
heating-cooling cycle (25— 100 — 25 °C). There are,
however, some notable differences compared to lysozyme.
(i) RNase A denatures around 6C in the presence of
mercaptoethanol, which is only T less stable than the
native protein. For comparison the thermally induced changes
in the amide Tand Il/II" areas under nonreducing conditions

Absorbance

s b bevrn b v b b a b

1575 1600 1625 1650 1675 1700 1725 have been plotted in Figure 6 (see Discussion). (ii) The
p— denaturation is accompanied by a minor intensity increase
Wavenumber / cm of the band at 1616 cm (Figure 7). This suggests that only

Ficure 4: Superposition of the deconvoluted amitiband of the part of the molecules aggregates. Only during the cooling
denatured states of lysozyme under nonreducing (solid line) and h do th ion band f v d |
reducing (dotted line) conditions. The spectra were normalized to PNase do the aggregation bands fully develop.

the same intensity. As shown in Figure 5B, the spectral features of denatured
RNase A under reducing and nonreducing conditions are very
t:;imilar, which confirms earlier findings38 and references
therein).

band. The negative cross-correlation in the asynchronous plo
suggests that the increase in intensity in the 64880 cn®
area starts to occur before the intensity of the aggregation
band around 1615 cm starts to decrease. DISCUSSION

The position of the tyrosine band is plotted versus
temperature in Figure 2B (inset). The band position does Temperature-Induced Transient Denaturation of Lysozyme.
not change during the aggregation but shifts to a higher The fact that the H/D exchange is completed at temperatures
wavenumber during the dissociation. The band shift is below the denaturation transition temperature was interpreted
reversible, albeit with a significant hysteresis, which is also by van Stokkum et al.19) as a loss of tertiary structure.
observed for the plot of the intensity at 1615 dnfFigure Because the secondary structure remained intact, these
2B). The hysteresis could be due to a difference in the heatingauthors concluded that an intermediate was formed. However,
and cooling rates or it could be that a partial refolding is H/D exchange can also result from a more transient process,
required prior to the aggregation. Moreover, it can be seencausing local, subglobal, or global denaturati@d)( We

Absorbance
Absorbance

1600 1620 1640 1660 1680 1700

Wavenumber / cm”! Wavenumber / cm”™
Ficure 5: Thermal behavior of RNase A. (A) Deconvoluted amidegion of RNase A at various temperatures under reducing conditions.
(B) Comparison of the denatured state under nonreducing conditions (4€C)0@th the dissociated states of RNase A at 75 and 100
under reducing conditions (sequence from bottom to top).



14238 Biochemistry, Vol. 42, No. 48, 2003

1654

22
1652
20
1650
1648

1646

OO0
[ ] [ 1

1644
1642

1640

WO 0GG Ul / WO 0S¥ Wyl

1638

Position amide | band maximum / cm’

1636 I I |
20 40 60 80 100

T/°C

Meersman and Heremans

relation between the H/D exchange and aggregation onset
temperatures.

Interestingly, Dong et al.1) succeeded in populating an
intermediate on the thermal denaturation pathway of lysozyme
in the presence of low concentrations of guanidine hydro-
chloride. Similarly, Mark and Van Gunstered7§ managed
to stabilize the transient intermediate state by cooling the
system in a molecular dynamics simulation. This suggests
that given the right conditions the transient denaturation
behavior might lead to the population of intermediate states,
which is particularly interesting from the viewpoint of protein
aggregation. Indeed, one of the conditions that most readily
results in the formation of human wild-type lysozyme fibrils
is at pH 2 and 57C (40), which is the temperature region
where we observe a transient global denaturation of egg white

Ficure 6: Temperature dependence of the band characteristics oflysozyme. Thus, such conformational fluctuations might,

RNase A under nonreducing conditions. Position of the anlide |
band maximum®@); ratio of the intensities at 1450 and 1550 ¢in
indicative of H/D exchangeQ).
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FIGURE 7: Intensity of the 1616 cnt band for RNase A under
reducing conditions during two heatirngooling cycles. Circles,
first cycle; triangles, second cycle. Solid symbols, heating; open

symbols, cooling. The heating/cooling rate was T@C3min.

favor the latter view, i.e., the absence of an intermediate,
which is supported by a variety of techniques including
nuclear magnetic resonancg5), circular dichroism 36),
FTIR spectroscopyl®), and molecular dynamics simulations
(37). Furthermore, it was shown by Radford et &5)that

under conditions of, e.g., overexpression, lead to the forma-
tion of aggregates. For a number of proteins that are involved
in conformational diseases this might happen within the range
of the body temperature. For example, amyloidogenic
lysozyme variants exhibit nearly complete H/D exchange at
37°C (41). A similar idea has been put forward by Balbirnie
et al. @2). However, Chamberlain et al48) have pointed

out that although mutations in the structure of lysozyme can
change both the dynamics of the native state and the ability
to access partially denatured states, it is the latter that appears
to be the origin of the amyloidogenic nature of the mutants.
In our opinion, the flexibility and the ability to populate
partially denatured conformations are interrelated.

A Thermal Denaturation Intermediate for RNase A?
Similar to lysozyme, it has been argued that the occurrence
of the H/D exchange at a temperature below the main
denaturation temperature is due to the loss of tertiary
structure. However, techniques such as nuclear magnetic
relaxation dispersiordd) and solution X-ray scattering)
do not indicate the existence of a molten globule-like
intermediate state. On the basis of our FTIR experiments
we believe that a transient denaturation mechanism explains
this phenomenon as well. Recently, Navon et4#) (letected
transition temperatures at 58 and 63 by UV and CD
spectroscopy, respectively. These temperatures are in agree-
ment with those found in this work under nonreducing
conditions. Although UV absorbance monitors changes in

at elevated temperature a large-scale denaturation is the likelytertiary structure, Navon et ak§) showed that mainly long-
mechanism of exchange for lysozyme. This suggests that therange interactions are weakened and that further disruption

first transition that can be seen for lysozyme aroundG0
(Figure 1B) is likely to be an artifact of the exchange, rather
than a conformational change. This is supported by the
observed changes in tyrosine environment. Lysozyme con-
tains three tyrosine residues (Tyr20, Tyr23, and Tyr53). The
first two are located in the-domain of the protein, while
the latter is part of a strand in tifledomain. The absorption

of the tertiary contacts takes place at higher temperatures.
Their observations therefore do not contradict the notion of
a transient global denaturation event.

Such a mechanism also rationalizes the relatively small
difference in temperature stability of RNase A under non-
reducing and reducing conditions. Although analysis of the
spectral changes in the amidebbnd indicates a two-state

band of the tyrosine residues can be found outside the amidemechanism, it can be seen that the H/D exchange takes place

I" band at 1515 cmt (38). When a protein denatures and

at temperatures below the denaturation transition (Figure 6).

the tyrosine residues become solvent-exposed, the tyrosineSince the two disulfide bonds (Cys2€ys84 and Cys58

band shifts toward a higher wavenumbg26,(21). This is
not observed below 7€C.

Cys110) that contribute mostly to the conformational stability
of RNase A are deeply buried within the hydrophobic core

The transient denaturation also makes the disulfide bonds(33, 47) these will not be reduced until the protein structure

accessible to the solvent, thereby causing their reduction.

unfolds, either transiently or nontransiently. The denaturation

Subsequently, the reduced lysozyme aggregates, which is notemperature under reducing conditiofig/{ =58 + 0.2 °C)

surprising as it is known that reduced lysozyme is highly
aggregation-prone3(, 39). This is evident from the cor-

approximately equals the temperature for the H/D exchange
under both reducingTlg,, = 54.8+ 0.2 °C) and nonreducing
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(Ty2=57.24 0.1°C) conditions. This suggests that RNase Scheme 1

A unfolds as soon as its disulfide bonds are reduced. Because Nio N) o D

these are fairly protected within the protein, the destabiliza- l 2
tion is less than in the case of lysozyme. )
Temperature-Induced DissociatioReduction of the dis- de 4

ulfide bonds in lysozyme and RNase A enables us to induce

aggregation and dissociation within a reasonable temperaturdn Scheme 1: where N is the native state, N* is a nativelike,
interval (<100 °C). We observe that the dissociation, i.e., €xpanded conformation, A is the aggregate, A* is the
the disappearance of the aggregation bands around 1615 anddgregate in which the individual molecules have undergone
1683 cn?, is simultaneously accompanied by (i) changes @ conformational change, i.e., the pre-unfolded state, and D
in the amide 'l region between these two bands, which IS the denatured state. Note that Scheme 1 is similar to the
indicate the conversion ¢f-sheet structure into disordered Proposed pathway for the thermal behavior of fibronectin
structure and loop structures, rather than a mere disruptiontype 1ll domain ) but includes the existence of a pre-
of the intermolecular interactions, which would result in the unfolded state A*. The expanded state, N*, has been invoked
retention of a highS-sheet content; and (ii) changes in by Kendrick et al. $4) to explain the apparent absence of
tyrosine environment, which is a marker for tertiary contacts. an intermediate prior to aggregation in many FTIR experi-
This suggests that the dissociation is accompanied by orments. In this respect it is worth mentioning that the tyrosine
results from a conformational change, i.e., further denatur- €nvironment does not change upon aggregation, indicating
ation, of lysozyme. Although it is difficult to discriminate that the aggregation-prone species is not fully denatured. This
between these two options, it should be emphasized that thds consistent with the notion that aggregation requires only
2D-IR correlation plots indicate that, prior to the disappear- & partially denatured stat,(3). Furthermore, our result
ance of the aggregation bands, conformational rearrange-Supports the work of Denisov et ab%), who were able to
ments take p|ace in the n(ﬂqsheet structural elements of show that the denatured states of native and reduced
the protein, which eventually result in the dissociation of lysozyme mainly differ in their flexibility rather than in their
the aggregate. This suggests that the main driving force for conformation.

dissociation is a conformational change. Additional support In summary, we have argued that conformational fluctua-
for this hypothesis is provided by the fact that, in the case tions can result in the transient formation of (partially)
of lysozyme, the onset temperature of dissociation is ap- denatured states that have a high tendency to aggregate.
proximately 70°C (Figure 2B), where the hydrophobic Because these fluctuations can take place at temperatures
interaction is known to be strongedid]. Thus, the dissocia-  significantly lower than the denaturation temperature, they
tion cannot be ascribed to a weakening of the hydrophobic may explain the occurrence of disease-related aggregation
interaction. Moreover, protein dissociation or inhibition of at physiologically relevant temperatures. An important dif-
aggregation can be induced by other factors, including ference with the present view of aggregation is that this

antibodies 15, 49), molecular chaperoned4, 50), high mechanism does not involve the population of a partially
hydrostatic pressurel(—13), and small compounds such denatured species or that it assumes another role for this
as melatonin{1) or S-sheet breaker peptidesd). Antibod- intermediate species. Indeed, Chiti et &6)(have suggested

ies, for instance, interact with a specific epitope on a protein that such intermediates may promote aggregation indirectly
instead of affecting the whole molecule. This implies that by favoring equilibria with other less structured conforma-
their action has to be transmitted throughout the molecule tions that exist only transiently and that are highly aggrega-
in order to cause dissociation, which can only be achieved tion-prone. In addition, this work extends previous data on
by a conformational change. It is known that antibedy temperature-induced dissociation of protein aggregdtes (
antigen interactions involve conformational changes, the 8). Taken together, the data suggest that this phenomenon
magnitude of which can vary from insignificant to consider- is generally applicable to all proteins. The suggested role of
able (L5). Therefore, we put forward the hypothesis that the a conformational change in the dissociation process adds
above phenomena can be interpreted by assuming a commoifurther support to the view that molecules, such as antibodies,
mechanism, being the induction of a conformational change that can induce conformational changes are potential thera-
or, in case of inhibition, the stabilization of a nativelike peutic agents for amyloid and other aggregation disorders.
conformation. In the particular case of high hydrostatic Moreover, temperature modulation may be a useful way to
pressure, our hypothesis is supported by NMR data thatoptimize the reversal of aggregation in biotechnological
indicate the existence of predissociation conformational  applications.
changein the pressure-induced dissociation of the dimeric
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