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ABSTRACT Nonnative protein aggregation, which is a common feature in biotechnology, is also a clinical feature inmore than 20
serious degenerative diseases. We studied the specific events of bovine pancreatic ribonuclease A thermal aggregation by a
combination of second derivative infrared analysis and two-dimensional infrared correlation spectroscopy. By comparing the
events that occur in reversible and irreversible thermal unfolding processes, certain events that were related to protein aggregation
were characterized. Particularly, a band that appeared at high temperatures was assigned to the cross b-structures in oligomers.
The effect of pH, NaCl, and ethanol on ribonuclease A oligomerization as well as further aggregation induced by heat were studied
and dissimilar effects of these additives were found. Basic pH andNaCl could accelerate the thermal aggregation but did not affect
the formation of oligomers, whereas ethanol could increase both the aggregation rate and the population of oligomers. Our results
suggested that the aggregation of RNase A might be initiated by hydrophobic interactions, controlled by oligomerization and
mediated by electrostatic interactions. Moreover, the strategy of using second derivative and two-dimensional infrared analysis
might provide a potential powerful tool to study the events that are directly related to the initiation of protein aggregation.

INTRODUCTION

Nonnative protein aggregation, which is a common feature

in biotechnology (1,2), is also a clinical feature in more than

20 serious degenerative diseases (3–5) and has attracted

considerable attention and effort in many research fields over

the past several years (6,7). Though considerable progress

has been made in recent years toward the understanding of

the molecular mechanism of protein aggregation, particu-

larly in amyloid fibrillation, the lack of data on the high-

resolution structure of both regular and irregular aggregates

limits the significance of those previously proposed mech-

anisms in intermolecular interactions between monomers

(7–10). Moreover, the lack of detailed experimental data that

could link the initial stage of aggregation and the final

structure also limits the understanding of how aggregates

form.

It has been widely accepted that the cross b-motif is the

core structure that glues monomers together to form aggre-

gates and the aggregation is a nucleation-controlled process.

However, considerable debate exists as to how this cross

b-motif is formed from the native protein structure. Questions

such as ‘‘do intermolecular interactions arise from the native

structure, nonnative structure, or unfolded structure?’’, ‘‘how

does the native a-helix convert to intermolecular b-sheet

structures?’’, ‘‘what is the role of native b-sheet structures in

aggregate formation?’’, ‘‘what determines whether a protein

will aggregate or not when the environmental conditions are

slightly changed?’’, and ‘why do some mutants aggregate

easily, whereas others do not?’’ are still quite difficult to

answer. Moreover, in vivo research has indicated that cell

toxicity might more likely be caused by prefibrillar aggre-

gates than mature fibrils (11). Detailed information about the

initial conformational changes during protein aggregation

will lead to a better understanding of structural conversion

related to protein aggregation and may facilitate the further

development of strategies for preventing aggregation in vivo

or in vitro.

Bovine pancreatic ribonuclease A (RNase A), a thor-

oughly studied model protein in folding, enzymology,

structure (12), and oligomerization (10,13–17), has been

shown to have the possibility to form amyloid fibrils by

domain-swapping (10,15) and was chosen to investigate the

mechanisms involved in the early stage of thermal aggrega-

tion. Because slightly different definitions have been corre-

lated to protein oligomerization and aggregation in literature,

it seems appropriate to point out that in this work, oligo-

merization means the formation of soluble nonnative oligo-

mers, and aggregation means the formation of insoluble

aggregates. The oligomerization studies in RNase A (10,15)

as well as in degenerative disease-related proteins (18–20)

have led to the hypothesis that domain-swapping is one of

the important mechanisms of amyloid-like fibril formation.

Moreover, previous studies have shown that the aggregation

of RNase A is dependent on environmental conditions, such

as pH, ion strength, or the existence of organic compounds

(14,21–24). These properties suggest that the process of

RNase A aggregation could be easily controlled and thus the

events involved in the early stage of RNase A aggregation

might be distinguished. Furthermore, the strategy of using

one-dimensional (1D) and two-dimensional (2D) infrared

(IR) analysis developed in this article might provide a
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general method to study the events directly related to the

initiation of protein aggregation.

MATERIALS AND METHODS

Sample preparation

Highly purified lyophilized bovine pancreatic ribonuclease A (type XII-A) was

purchased from Sigma Chemical (St. Louis, MO) and used without further

purification. Deuterated samples were from Cambridge Isotope Laboratories

(Andover, MA). The infrared samples were prepared by dissolving the protein

in D2O at a concentration of 50 mg/ml in phosphate-buffered saline (PBS)

buffer (containing 100 mM NaCl, 20 mM phosphate) or A-PBS buffer

(containing 100 mM NaCl, 100 mM Na2HPO4 and 100 mM NaH2PO4). The

pD values were read directly from an Orion pH meter (Orion Research,

Beverly, MA) and no corrections were made for isotope effects. The fully

deuterated RNase A samples were prepared by incubating the protein solutions

in a water bath at 62�C for 15 min and the deuteration was checked by
1H-NMR spectroscopy before use. All samples were lyophilized and were

dissolved in D2O before use with a final pD of 6.0 or 8.0 adjusted using DCl or

NaOD. Samples containing 400 mM NaCl or 20% deuterated-ethanol were

prepared by mixing the above samples and NaCl or ethanol stock solutions.

IR measurements

Details regarding the IR measurements were the same as those described before

(25). In brief, all Fourier transform infrared (FTIR) spectroscopy experiments

were measured on a PerkinElmer (Wellesley, MA) Spectrum 2000 spectrom-

eter equipped with a dTGS detector; ;30 ml protein samples were placed

between a pair of CaF2 windows separated by a 50-mm Teflon spacer. Spectra

were collected with a spectral resolution of 4 cm�1 in single-beam mode, and

256 or 128 scans were recorded. For thermal studies, spectra were recorded

from 30�C to 90�C in increments of 2�C. For time-course studies, the samples

were inserted into the spectrometer preequilibrated to the given temperatures,

and spectra were recorded every 7.5 min after 7.5 min thermal equilibration.

1D and 2D IR analysis

Fourier self-deconvolution (FSD) was performed using the software

Spectrum v3.02 provided by PerkinElmer with a gamma factor of 2.5 and

a Bessel smoothing of 70%. Second derivative IR spectra were obtained

using the algorithm in the software Spectrum v3.02 with a nine-point

Savitzky-Golay smoothing. Kinetic data were obtained by using the quan-

titative second derivative infrared method developed by us recently (26). 2D

IR synchronous and asynchronous correlation plots were computed using

SDIAPP software developed in-house (25) according to the generalized 2D

correlation algorithm (27). 2D IR correlation plots were constructed from

nonnormalized FSD spectra with a spectral region of 1700–1600 cm�1, and

the time-averaged spectrum was used as a reference. The 2D correlation

plots were presented as contour maps by drawing the contour lines every

10% off from the maximum intensity of the whole correlation map. The

sequence of the events was characterized by analyzing the signs of the peaks

in the 2D IR correlation plots using rules proposed by Noda (27–29). The

band position was found to have a slight shift. However, this shift did not

affect the 2D IR analysis since the shift was accompanied with the intensity

change (30). The attempts to avoid artifacts in the 2D IR plots, which might

be caused by baseline offsets, band overlapping, noise, or distortions in the

spectra used for 2D correlation analysis, have been described in detail

elsewhere (31). One more criterion was added, which stated that the results

observed in 2D IR correlation plots should have corresponding events that

could be distinguished in 1D IR analysis. These attempts were expected to

prevent most of the pseudopeaks that might derive from noise or possible

inappropriate 2D IR correlation plot construction.

RESULTS

Band assignment criteria

The secondary structure of RNase A has been studied by

FTIR spectroscopy for many years (32–37). However, the

assignment might also be confusing when there is a serious

overlapping of bands from both native and unfolded struc-

tures in a thermal transition study. In this study, we de-

veloped two criteria for band assignment. First, the band

assignment was referenced to the x-ray (38) or NMR

structure (39) and the thermal behavior of a certain band. In

general, the proportion of various secondary structures cal-

culated from IR spectra should be consistent with that from

x-ray or NMR structure. Moreover, a band should change

continuously during a two-state structural transition. Sec-

ondly, the frequency pair of a certain secondary structure,

such as the high- and low-frequency component of b-sheet

structures, should reveal similar thermal properties. Thus if

an apparent band is composed of two actual bands, they

might be distinguished by their different thermal properties.

These two criteria using the different stabilization properties

of different secondary structures upon perturbation should

also facilitate the band assignment in any conformational

change studies. The correlation of FTIR bands and second-

ary structure of RNase A is presented in Table 1.

Characteristic events are responsible for the
initiation of RNase A thermal aggregation

It has been shown that the thermal aggregation of RNase A is

dependent on pH and could be promoted by the addition of

salts (21–24). These properties suggested to us that it might

be possible to distinguish the events directly related to ag-

gregation by comparing the thermal transitions favoring re-

versible and irreversible unfolding. As presented in Figs.

1 and 2, the second derivative spectra of the samples in

TABLE 1 Correlation between the secondary structures

and the amide I frequencies of RNase A at low and

high temperatures

Band frequency

(cm�1)

Assignment*

Below 60�C Above 60�C

1611–1618 Side chains Cross b-structures

in aggregates

1625 Extended chains/b-sheet Extended chains/b-sheet

1629–1639 b-Sheet b-Sheet

1638 b-Sheet Cross b-structures

in oligomers

1644–1649 Random coil Random coil

1650–1657 a-Helix a-Helix

1660,1668,1674 b-Turns b-Turns

1682 b-Sheet or turns Cross b-structures in

oligomers or aggregates

*Only the correlation between the IR bands and the dominant secondary

structures in conformational changes were presented.
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A-PBS at a pD of 6.0 or 8.0 revealed similar properties in

most bands including those at 1674 and 1668 cm�1 (non-

native b-turns), 1652 cm�1 (a-helix), 1631 cm�1 (b-sheet),

and 1618 cm�1 (side chains). However, the changes of

several bands including 1682, 1657, 1649, 1638, and 1612

cm�1 were quite different when subjected to heat stress

(Table 2). The bands at 1682 and 1612 cm�1 had similar

transitions at high temperatures and thus were assigned to the

frequency pair of intermolecular b-sheet structures. The

change of band around 1660 cm�1 above 70�C was similar to

those at 1674 and 1668 cm�1, and thus was assigned to

nonnative b-turns formed at high temperatures. The band at

1638 cm�1 at temperatures above 70�C was assigned to

intermolecular b-sheet structures in oligomers formed at

high temperatures. The formation of these nonnative b-sheet

structures could be attributed to the formation of nonnative

b-sheet structures in monomers or the formation of oligo-

mers through cross b-structures. There is no evidence that

nonnative b-sheet structures in monomers could be formed

by RNase A at high temperatures, whereas oligomerization

was observed even in double-distilled water at high temper-

atures (14). Furthermore, the assignment of this band was

confirmed by the observation of a small dimer peak in the

fast protein liquid chromatography spectra (data not shown)

similar to those in literature (14) and by the slight intensity

increase of the b-sheet structures in the oligomer-enriched

state induced by lyophilization from 40% acetic acid (40).

Thus the explanation that the intensity increase at 1638 cm�1

was due to oligomerization of RNase A at high temperatures

is likely to be true. This assignment was also consistent with

the well-known mechanism, which indicates that the forma-

tion of the nucleus is the key step in protein aggregation (6).

Based on the above assignment, the events that are directly

related to aggregation could be described as the formation of

the 1612 cm�1 band from aggregates along with the change

of the 1638 cm�1 band from cross b-structures in oligomers.

The conditions that favored aggregation (in this case, pD 8.0)

resulted in fewer nonnative b-turns and random coils than in

the conditions that favored reversible unfolding (in this case,

pD 6.0).

Sequential events from 2D IR correlation analysis

The above analysis based on the intensity change of bands in

second derivative spectra suggested that the distinct events

could be related to the early stage of RNase A thermal ag-

gregation. However, this analysis could not be used to cor-

relate the aggregation events and the conformational changes.

Thus 2D IR correlation analysis, which has been shown to be

FIGURE 1 FSD (left panel) and second derivative (right panel) spectra

of RNase A thermal denaturation in acidic (pD 6.0) and basic (pD 8.0)

conditions. Fully deuterated samples were resolved in A-PBS. Only the FSD

spectra above 60�C are shown in the left panel for clarity, whereas all second

derivative spectra are shown in the right panel. The solid arrows indicate the

direction of the intensity change of bands upon heating, and the shaded

arrows indicate that the direction of intensity change was reversed at

temperatures above 60�C. The arrows in the second derivative spectra are

around bands at 1682, 1674, 1668, 1660, 1652, 1648, 1638, 1631, 1618, and

1612 cm�1, from left to right, respectively.

FIGURE 2 Comparison of the conformational changes of RNase A

thermal denaturation in acidic (A) and basic (B) conditions. The intensity of

certain bands was obtained from the second derivative spectra using the

quantitative second derivative infrared method (26). Periods I–III corre-

spond to the ‘‘pretransitional stage’’, ‘‘major unfolding stage’’, and

‘‘residual unfolding stage’’ or ‘‘early aggregation stage’’, respectively. All

other conditions were the same as those in Fig. 1.
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a powerful tool in protein thermal transition studies (41), was

used to further characterize the order of the events. In

general, the synchronous spectrum contains auto peaks that

located on the diagonal and crosspeaks that are off-diago-

nally placed, whereas asynchronous 2D correlation is char-

acterized by asymmetric crosspeaks. The auto peaks in the

synchronous spectrum indicated that the corresponding band

has an intensity change upon perturbation. The crosspeaks in

the synchronous plot reflect that the correlated bands change

simultaneously upon perturbation and the sign (positive or

negative) indicate the correlated events vary in the same or

opposite direction. In the asynchronous plot, the crosspeaks

are formed only between those bands whose intensity

evolves independently, and a positive cross peak at (v1, v2),

where v1 , v2, suggests that the change of the band at v1

precedes the change of the band at v2 and vice versa for a

negative crosspeak (27–29).

Periods I, II, and III defined in Fig. 2 represent the so-

called ‘‘pretransitional stage’’, ‘‘major unfolding stage’’, and

‘‘residual unfolding stage’’ or ‘‘early aggregation stage’’, re-

spectively. Consistent with the results from 1D FTIR anal-

ysis, no significant difference was found in the pretransitional

stage between the two samples, and the 2D IR correlation

plots of Period I are not shown here. During the major

unfolding stage (Period II), as presented in Fig. 3, A and C,

the synchronous plots were almost identical, whereas quite

different band patterns were developed in the asynchronous

plots. Based on the band assignment results above, the

appearance of the crosspeak at 1633/1667 cm�1 in Fig. 3,

A-F and C-F, suggested that the formation of nonnative

b-turns and unfolding of native b-sheet structures were the

dominant events in this stage for proteins either at acidic pH

or at basic pH. The main asynchronous events for the protein

in acidic conditions (Fig. 3 A-C) were correlated to the

change of the band at 1633 cm�1, and intense peaks were

found at 1625/1633 and 1633/1640 cm�1. Weak peaks could

also be found at 1633/1653, 1628/1665, and 1612/1633

cm�1. The signs of these peaks indicated that the order of

events during this stage was 1653 cm�1 (native a-helices) .

1633 cm�1 (native b-sheet structures) . 1612 (side chains),

1625 (extended chains), and 1640 cm�1 (cross b-structures

in oligomers) . 1665 cm�1 (nonnative turns). Strikingly

different from Fig. 3 A-C, only two main crosspeaks, 1616/

1633 and 1633/1651, could be found in the asynchronous

plot for the sample under basic pH conditions (Fig. 3 C-C).

TABLE 2 A comparison of the intensity changes of the

dominant amide I bands of RNase A during thermal denaturation

at various conditions

Band

frequency

(cm�1)

Period II* Period III

pD 6.0 pD 8.0

pD 8.0

(NaCl) pD 6.0 pD 8.0

pD 8.0

(NaCl)

1612 —y [ [ — [ [
1618 [ [ [ — [ —

1631 Y Y Y — a a
1638 [ [ [ — a Y
1648 [ b — — — —

1652 Y Y Y a — Y
1668, 1674 [ [ [ — — —

1682 Y Y Y — [ [

*Period II and Period III are the same as those defined in Fig. 2 and Fig. 4.
yThe symbol ‘‘—’’ represents no significant change, ‘‘[’’ represents

intensity increase, ‘‘Y’’ represents intensity decrease, ‘‘b’’ represents a

slight increase of the band intensity, and ‘‘a’’ represents a slight decrease

of the intensity of the corresponding band that was observed.

FIGURE 3 2D correlation analysis of the IR spectra of RNase A thermal denaturation in acidic (A and B) and basic (C and D) conditions. Synchronous (F)

and asynchronous (C) plots were constructed from the corresponding spectra recorded in Period II (A and C) and III (B and D) defined in Fig. 2. Period II

corresponds to the temperature range of 62–76�C (A, pD 6.0) or of 62–74�C (C, pD 8.0), whereas Period III corresponds to the temperature range of 78–100�C
(B, pD 6.0) or 76–84�C (D, pD 8.0). Clear and dark peaks represent positive and negative, respectively.
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The signs of these peaks indicated that the order of events

for the sample under basic pH conditions (Fig. 3 C-C) was

1651 cm�1 (native a-helices) . 1633 cm�1 (native b-sheet

structures) . 1617 (intermolecular b-sheet structures). The

results from 2D IR correlation analysis at this stage were

quite consistent with those from 1D IR spectra except that

the order of the events could be obtained by 2D IR.

During the residual unfolding stage (Period III), the

development of different patterns of both synchronous and

asynchronous events was found in 2D IR correlation plots

for the two samples. For the sample at pD 6.0, the main

events occurring in this stage (Fig. 3 B-F) were the un-

folding of the native b-sheet structures (1634 cm�1) and the

formation of nonnative b-turns (1657, 1665, and 1681 cm�1).

The signs in Fig. 3 D-C suggested that the unfolding of the

native structures preceded the formation of nonnative struc-

tures. For the sample at pD 8.0, the 2D IR correlation plots

were more complicated due to the formation of both dis-

ordered structures and aggregates. A close inspection of

signs in the asynchronous plot (Fig. 3 D-C) indicates that the

aggregation bands (1617 and 1682 cm�1) and the disordered

bands (1649 cm�1) were formed along with the change of

bands at 1629, 1637, 1644, and 1654 cm�1. The appearance

of crosspeaks at 1614/1639 and 1614/1648 cm�1 in the

synchronous plot (Fig. 3 D-F) indicated that the change of

cross b-structures in aggregates and that of cross b-structures

in oligomers and disordered structures occurred simulta-

neously but in opposite directions. The sequence of events

suggested that the structures that changed before the ini-

tiation of aggregation were likely to be the residual structures

of the protein at high temperatures including residual helices

(1654 cm�1), b-sheet structures (1629 and 1637 cm�1), and

turns (1677 cm�1). Consistent with the result from 1D IR

spectra, the most significant event at this stage for the sample

at basic conditions was the opposite intensity change of the

band from cross b-structures in aggregates and in oligomers.

It is noteworthy that previous studies have suggested that

the irreversible thermal inactivation of RNase A at neutral

pH was mainly due to the disulfide interchange (22). How-

ever, this is not the case for the initiation of RNase A ag-

gregation since the appearance of aggregation was found to

occur at ;20�C lower than the temperature used by Zale and

Klibanov. Of course, it is possible that the disulfide inter-

change plays a crucial role in the formation of large ag-

gregates of RNase A at high temperatures above 90�C, as

suggested by Meersman and Heremans (42). In this research,

the aggregation was found to be closely associated with the

oligomerization of the protein at high temperatures by both

1D and 2D IR analysis.

NaCl could increase the aggregation rate but not
the population of the oligomers

It has been shown that many salts, such as NaCl, could

promote the aggregation of many proteins (2), including

RNase A (23,24). A sample in which RNase A was dissolved

in A-PBS (pD 8.0) with the addition of 400 mM NaCl was

prepared and studied by the methods used above. No

difference was found in the events involved in aggregation

with or without the addition of NaCl (Fig. 4; see also Table

2). However, the amount of aggregates was somewhat

increased when compared with the intensity of the band

around 1612 cm�1, whereas the intensity of the band around

1638 cm�1 gradually decreased at temperatures above 72�C
(see also Table 2). The maximum of the intensity of the band

at 1638 cm�1 moved from 74�C to 72�C with the addition of

400 mM NaCl. This slight difference should be attributed to

the fast decrease of this band because no such phenomena

were observed for the native bands or aggregation bands.

These results suggested that the addition of NaCl had no

significant effect on either the sequence of events or the

thermal stability of the protein, whereas the promotion effect

of NaCl on aggregation could be due to the increasing of the

aggregation rate. It is noteworthy that a fourth period (Period

IV) was defined in Fig. 4 and this period was identified by

the observation that no intensity decrease was found at 1638

cm�1, whereas an intensity increase could still be observed

at 1612 cm�1. Thus, this period was tentatively called the

‘‘further aggregation stage’’.

It is well known that the formation of soluble oligomers

formed by either specific or nonspecific interactions between

molecules in the lag phase might be important to protein

aggregation (2,6). It is interesting that the formation of

oligomers was observed in all samples even if the sample had

no tendency to aggregate. This phenomenon was also con-

sistent with the previous study by Gotte et al. (14), which

indicated that pH has little effect on RNase A oligomeriza-

tion, and the C-terminal dimer can be observed even in very

acidic conditions. The RNase A oligomers were very stable

at high temperatures in conditions where aggregation was

not favored (see Fig. 2). The effect of pH and salts on the

FIGURE 4 Effect of NaCl on the thermal transitions of RNase A. The

protein was dissolved in A-PBS with the addition of 400 mM NaCl. Details

regarding the experiment and data processing were the same as those in

Fig. 2.
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thermal behavior of RNase A had been attributed to their

effect on electrostatic interactions of the molecules (2,23,24).

These results further suggested that this effect did not affect

the formation of RNase A oligomers but mainly affected the

amounts of oligomers sticking together.

Ethanol could increase both the aggregation rate
and the population of the oligomers

Unlike salts, ethanol or many other organic compounds have

the ability to change the conformation states as well as the

thermal stability of proteins (2). It has been shown that

RNase A could form quite large amounts of oligomers in

buffered ethanol solutions when incubated at high temper-

atures (14). Particularly, the addition of ethanol could sig-

nificantly increase the number of dimers or trimers swapped

in the C-terminal domain. In this research, time-course

studies at 70�C were carried out for samples prepared by

dissolving the protein in A-PBS with the addition of ethanol.

No aggregation (as indicated by the band around 1612 cm�1)

was found for the sample in absence of ethanol after heated at

70�C for 2 h. The addition of ethanol accelerated the thermal

aggregation of RNase A in a concentration dependent man-

ner (see Supplemental Fig. 2). As shown by the thermal tran-

sition experiments (see Fig. 4) and those by Gotte et al. (14),

the addition of NaCl did not affect the formation of olig-

omers, but is more like to prompt the oligomers to stick

together. Thus the time course experiment of the protein in

the presence of 400 mM NaCl was taken as a control to

characterize the effect of ethanol. A comparison of the effect

of NaCl and ethanol on RNase A thermal aggregation was

shown in Fig. 5. Three stages in the time-course aggregation

of RNase A could be clearly distinguished. Stage i was the

initial aggregation stage that was defined as aggregation fol-

lowed by the fast denaturation of the native structure and ac-

companied by the formation of the oligomers (indicated by a

band at 1638 cm�1), whereas stage ii was defined as aggre-

gation followed by the decrease of the oligomers and further

unfolding of the native structure. The aggregation was very

fast in these two stages, whereas it slowed down in stage iii,
which was defined as further aggregation without significant

changes in the other structures. These three stages charac-

terized here are quite consistent with the model of

N4U/O/A, where N, U, O, and A represent the native,

unfolded, nonnative oligomers and large aggregate states.

For the protein in buffer with 20% ethanol, stage i was very

short, and meanwhile the aggregation bands were more

intense than that with 400 mM NaCl, which suggested that

the protein was gradually destabilized by ethanol (14). A

relatively higher number of oligomers (indicated by the band

at 1638 cm�1) was found in Fig. 5 C than that in Fig. 5 B,

which suggested that the fast aggregation of RNase A in the

presence of ethanol could be attributed to both the destabi-

lization effect of the native structures and the promotion ef-

fect on the formation of oligomers. Moreover, the phenomenon

that the intensity increase of the band from aggregates is

accompanied with the intensity decrease of the band from

oligomers (Fig. 2 and 3) also suggested that the oligomers

might be the precursors of the aggregates. This conclusion is

quite consisted with those previous studies (2–4, 6).

Microenvironments of Tyr and Asp residues

The IR spectra of proteins also have several characteristic

‘‘markers’’ of amino acid side chains, including the band

around 1515 cm�1, the marker of the Try side chain, and the

band around 1584 cm�1, the marker of the Asp side chain

(43). It is also possible to identify whether these amino acids

were involved in RNase A aggregation by monitoring the

band shift of these ‘‘markers’’. As presented in Fig. 6 B, the

peak shift of the Asp band of the two samples has similar

two-state transitions upon heating. These two melting curves

also coincide with the unfolding transition of secondary

structures revealed in Fig. 2, which suggested that the Asp

side chains were not involved in the initiation of RNase A

aggregation. The Tyr marker band at 1515 cm�1 of the

sample at pD 6.0 also shows a typical two-state transition.

This result was quite consistent with those in literature

(35,44,45). However, the Tyr band of the sample at pD 8.0

could not be interpreted by a simple two-state model. The

sharp red-shift above 72�C suggested that at least one Tyr

side chain was in a more buried environment upon aggre-

gation (see also Fig. 2 B). The 2D IR correlation analysis of

the Period III in Fig. 2 B also indicated that the formation of

aggregates occurred before the environmental change of Tyr

residues by the existence of an asynchronous peak located at

FIGURE 5 Effect of NaCl or ethanol

on the time-course thermal aggregation

of RNase A at 70�C. The second

derivative spectra (A) and the intensity

change of certain bands with the addi-

tion of 400 mM NaCl (B) or 20%

ethanol (C) are presented. Details re-

garding the experiment and data pro-

cessing were the same as those in Fig.

1 and 2.
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1614/1515 cm�1 (see Supplemental Fig. 3). It is impossible

to determine which Tyr was involved in the initiation of

RNase A aggregation from our research. However, a com-

bination of the results in this study and previous observations

might provide some clues. To stick together, the hydropho-

bic region that initiates aggregation must unfold or be

exposed to solvent first (46–49). Previous reversible thermal

unfolding studies have indicated that the thermal transition of

RNase A involves multiple steps (50,51) and the C-terminal

region unfolds at higher temperatures than the change of Tyr

side chains (52). There are six Tyr residues in RNase A, and

two of these, Tyr-97 and Tyr-115, are located near the

interface of thermally induced dimers (10,53). Thus it is

more likely that Tyr-97 or/and Tyr-115 might be involved in

the initiation of aggregation. This conclusion also coincides

with the hypothesis proposed by Liu et al. (10) that the hinge

loop region (residues 112–115) is responsible for the possible

Amyloid-like fibril formation of RNase A. Moreover, the

properties of the oligomers characterized in this article and

those in previous oligomerization studies (14) were quite

similar except that the domain-swapped oligomers were char-

acterized under room temperature where the protein might be

able to refold to native-like structures. Thus it might be safe

to conclude that cross b-structures in oligomers are formed

by the C-terminal segment of RNase A, although this con-

clusion is tentative and needs further investigations.

CONCLUSIONS

It has been proposed by Liu et al. (10,15) that RNase A might

form amyloid fibrils through the swapping of C-terminal

b-strands based on the observation of crystal structures of

oligomers. The results herein support the assumption that the

oligomers formed by the C-terminal segment were the pre-

cursors of aggregates. Moreover, detailed information con-

cerning the early stage of thermal aggregation was obtained

by a careful selection of the system that could be easily con-

trolled and could be correlated to those events that are re-

sponsible for aggregation. The results here suggested that the

aggregation of RNase A was initiated by hydrophobic inter-

actions, controlled by oligomerization, and mediated by elec-

trostatic interactions. This mechanism is summarized in

Scheme 1, where N is the native state, TS* is the transition

state, U is the unfolded state, O represents the oligomers, and

A is the aggregates. In such a mechanism, it is imaginable

that the aggregation will be accelerated by salts such as

NaCl, which mainly affect the electrostatic interactions, and

by organic compounds like ethanol that stabilize the

oligomers. It is noteworthy that this study also indicated

the probability of the existence of structural rearrangement

before aggregation, which suggested that some of the

features of the early stage might not be obtained from the

structural studies of mature aggregates. The results herein

provide an improved understanding of how aggregation is

initiated and may facilitate the further development of

strategies to prevent aggregation both in vivo and in vitro.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.

FIGURE 6 Peak shift of the marker bands of Tyr (A) and Asp (B) side

chains during RNase A thermal denaturation. The protein was tested in

acidic conditions (d) or basic conditions (s) as a function of temperature.

The maximum wavenumbers around 1515 and 1584 cm�1 were directly

measured in the original spectra.

SCHEME 1 Possible mechanism of RNase A thermal aggregation. N
is the native state, TS* is the transition state, U is the unfolded state, O

represents the oligomers, and A is the aggregates.
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of phosphate-free ribonuclease A Refined at 1.26 Å. Biochemistry.
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