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ABSTRACT Protein thermal aggregation plays a crucial role in protein science and engineering. Despite its biological
importance, little is known about the mechanism and pathway(s) involved in the formation of aggregates. In this report, the
sequential events occurring during thermal unfolding and aggregation process of hemoglobin were studied by two-dimensional
infrared correlation spectroscopy. Analysis of the infrared spectra recorded at different temperatures suggested that hemoglobin
denatured by a two-stage thermal transition. At the initial structural perturbation stage (30–448C), the fast red shift of the band
from a-helix indicated that the native helical structures became more and more solvent-exposed as temperature increased. At
the thermal unfolding stage (44–548C), the unfolding of solvent-exposed helical structures dominated the transition and was
supposed to be responsible to the start of aggregation. At the thermal aggregation stage (54–708C), the transition was
dominated by the formation of aggregates and the further unfolding of the buried structures. A close inspection of the sequential
events occurring at different stages suggested that protein thermal aggregation involves distinct regions.

INTRODUCTION

Self-association in a controlled manner to generate func-

tional complexes is an important feature of a variety of

biological processes (Schreiber, 2002). However, uncon-

trolled aggregation of proteins has been associated with

a series of diseases, including sickle-cell anemia disease,

Alzheimer’s disease, Parkinson’s disease, and Huntington’s

disease (Noguchi and Schechter, 1985; Carrell and Gooptut,

1998; Hoffner and Djian, 2002). Protein aggregation is also

a common feature in protein engineering, and the refolding

procedure is a problem of significant economic importance

(Kopito, 2000). Despite its biological importance, neither the

assemble mechanism nor the atomic structures of the

aggregates are known (Thirumalai et al., 2003). To study

the mechanism and pathways involved in aggregation, the

probes that are used are important and should be sensitive

enough to detect the closely related events. Normal probes

used in protein folding studies, such as circular dichroism,

fluorescence, and NMR, are difficult to follow the aggrega-

tion process because these techniques are sensitive to light

scattering (Dong et al., 2000). Infrared (IR) spectroscopy is

insensitive to light scattering and thus has been widely used

in protein folding and aggregation studies (Jackson et al.,

1989). With the development of two-dimensional infrared

(2D IR) correlation spectroscopy in recent years (Noda,

1989, 1990, 1993), IR spectroscopy has become a powerful

tool to characterize the native secondary structure elements

(Nabet and Pézolet, 1997) and to investigate the closely

related events occurring in the protein folding and ag-

gregation processes (for example, Fabian et al., 1999; Filosa

et al., 2001; Paquet et al., 2001; Yan et al., 2003).

The thermal aggregation of proteins is usually character-

ized as an irreversible two-state model (Lyubarev, 1999;

Dong et al., 2000). However, the occurrence of folding/

unfolding intermediate or uncooperative event(s) has been

observed by several studies (Bulone et al., 2001; Filosa et al.,

2001; Paquet et al., 2001; Yan et al., 2002, 2003). The

intermediate and uncooperative events observed might be

important to protein folding and aggregate formation (Car-

rotta et al., 2001; Yan et al., 2002; Srisailam et al., 2003).

Thermal aggregation was also found to occur between nearly

native proteins under certain conditions (Tsai et al., 1998;

Paquet et al., 2001; Yan et al., 2003). These findings argued

that the start of thermal aggregation might not require fully

unfolded proteins, but rather some necessary regions for the

formation of intermolecular interactions. Such a hypothesis

has been verified in the study of amyloid fibrils formation

(Chiti et al., 2002), but has not been characterized in the

thermal aggregation studies.

In this study, the sequential events in hemoglobin (Hb)

thermal transitions were monitored by IR spectroscopy. To

obtain detailed information related to unfolding and aggre-

gation, 2D IR correlation plots were constructed at small-

step perturbations (every 108C intervals) in addition to full

temperature range. A two-step thermal transition was obser-

ved and the order of the related events was analyzed by 2D

IR correlation. It is interesting that different vibration pat-

terns of the same secondary structure could be identified by

the asynchronous plots. Two classes of intensities, which

were related to different events, were clearly distinguished at

the beginning stage of thermal aggregation. These findings

suggested that the evolution of thermal aggregation was

a quite complex process involving lots of noncooperative

events. The method of 2D IR correlation spectroscopy pro-
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vides a powerful tool to detect the evolution and order of

these minor changes.

MATERIALS AND METHODS

Infrared measurements

Bovine hemoglobin was purchased from Sigma Chemical (St. Louis, MO)

and used without further purification. Details regarding the sample prep-

aration and the recording of IR spectra were the same as those described

before (Yan et al., 2003). In brief, IR experiments were carried out with a 50

mg/ml Hb solution (pD 7.8) after H/D exchange was completed. Infrared

spectra were measured at a spectral resolution of 4 cm�1 in a single-beam

mode with a PerkinElmer (Wellesley, MA) Spectrum 2000 spectrometer

equipped with a dTGS detector. Protein samples were placed between a pair

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

collected in the temperature range of 30–708C at intervals of 28C every 20

min. For each measurement, 256 scans were recorded for better signal/noise

ratio. The resultant spectra were obtained by subtracting the reference

spectra of D2O from the spectra of the protein solutions. The final

unsmoothed spectra were used for further analysis. Spectra recorded above

708C were similar to that recorded at 708C and were not included in this

research.

2D correlation analysis

Synchronous and asynchronous correlation intensities were computed for

the IR spectra at different temperatures by applying the generalized 2D

correlation algorithm of Noda (1993). 2D IR correlation plots of different

temperature range were constructed with a calculated spectral region of

1700–1600 cm�1. Software (SDIApp) used for calculation was developed

in-house according to the generalized 2D correlation algorithm based on the

Hilbert transform. Rules used for the analysis of the sign of the peaks in the

2D IR correlation plots were followed by those proposed by Noda (1990,

1993).

RESULTS AND DISCUSSION

Thermal unfolding of Hb from one-dimensional
FTIR spectroscopy

The Fourier transform infrared (FTIR) spectra in the amide

I region, 1600–1700 cm�1, of Hb solutions heated from 30 to

708C, are shown in Fig. 1 A. At temperatures below 608C, the
amide I region was dominated by the a-helix band at 1651

cm�1. The original FTIR spectra showed that the absorbance

of the amide I band kept almost unchanged when the

temperature was below 448C (tentatively called the initiate

perturbation stage), and then the intensity of 1651 cm�1

gradually decreased at temperatures above 448C. Two new

bands at 1681 (weak) and 1618 cm�1 (strong), which has

been previously assigned to hydrogen-bonded extended

intermolecular b-sheet structures formed upon aggregation

of thermally denatured proteins (Damaschun et al., 2000),

was observed above 608C. The thermal denaturation curve of

Hb obtained by measuring the intensity at 1651 cm�1

showed a distinct three-state model (Fig. 1 B). The

denaturation of native a-helix (band 1651 cm�1) in Hb

could be described by a model involving two consecutive

irreversible steps, in which a partial unfolding step (tent-

atively called the unfolding stage) is followed by an irre-

versible unfolding step (the aggregation stage) indicated

by the intensity increase at 1618 cm�1 and 1681 cm�1.
According to the classical Lumry and Eyring model (1954),

the heat-induced denaturation of Hb was assumed to proceed

according to the scheme N$ U! D, where N, U, and D are

the native, unfolded or partially unfolded, and denatured (in

our case, aggregation) states, respectively. The midpoint for

the unfolding stage was 488C and that for the aggregation

stage was above 628C.

2D IR correlation analysis

The methodology of 2D IR correlation spectroscopy could

be applied to establish band correlations between unfolding

and aggregation. Fig. 2 shows two correlation plots, the

synchronous and asynchronous spectra, generated from 21

IR spectra of Hb recorded at different temperatures (30–

708C) with a calculated spectral region of 1700–1600 cm�1.
In general, the synchronous spectrum is characterized by

autopeaks located on the diagonal and by crosspeaks that are

off-diagonally placed, whereas asynchronous 2D correlation

is characterized by asymmetric crosspeaks and should be

more valuable since spectral intensities varying slightly out

of phase could be distinguished. The crosspeak may have

either positive or negative intensities in both synchronous

and asynchronous plots. The crosspeaks in the synchronous

plot reflect that correlated events occur simultaneously and

the sign indicates the correlated events vary in the same or

opposite direction. The crosspeaks in the asynchronous plot

only develop when their intensities vary out of phase with

FIGURE 1 Original IR spectra (A) and the thermody-

namic plot (B) of hemoglobin as a function of temperature

from 30 to 708C. The thermodynamic curve was

represented by intensity versus temperature plot of the

band at 1651 (�) and 1658 cm�1 (�), reflecting the

unfolding of the native helical structure, and of the band

at 1618 (1) and 1681 cm�1 (3), reflecting the formation

of intermolecular b-sheets.
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each other, and combined analysis of the sign in the

synchronous and asynchronous plot could give information

about the sequence of events (Noda, 1990, 1993). The

synchronous spectrum of Hb in Fig. 2 A was dominated

by a prominent autopeak at 1651 cm�1, which identified

change that occurs in the secondary structure of the protein

during the processes of thermal unfolding was dominated by

the unfolding of native a-helix. No crosspeaks could be

identified in the synchronous plot. Two asymmetric cross-

peaks in the amide I region (weak peak at 1651-1684 and

strong peak at 1651-1617 cm�1) were observed in the

asynchronous spectrum (Fig. 2 B), suggesting that the

unfolding of native a-helix was followed by the formation of

intermolecular b-sheet structures. These results were con-

sisted to those from Fig. 1, and no more new information

could be obtained from Fig. 2. It is imaginable that the minor

changes in secondary structures might be insidious under the

dominant changes of native a-helix and intermolecular

b-sheet structures. To solve this problem, 2D correlation was

constructed from temperature variations of 30–448C (the

initial perturbation stage), 44–548C (the unfolding stage),

and 54–688C (the aggregation stage). The assignment of the

peaks in the 2D IR analysis was referenced to the previous

works (Byler and Susi, 1986; Jackson, 1989; Dong et al.,

1990; Dong and Caughey, 1994; Haris and Chapman, 1995;

Damaschun et al., 2000) and summarized in Table 1.

Structural perturbations at low temperatures
from 30 to 448C

Fig. 3 shows the synchronous and asynchronous 2D IR

correlation plots of Hb thermal transitions generated from

FTIR spectra recorded at different temperatures from 30 to

448C. The traditional one-dimensional (1D) FTIR analysis

revealed no significant conformational changes occurred in

this temperature range. However, the prominent autopeaks

on the diagonal at 1634 and 1653 cm�1 in the synchronous

plot of Hb (Fig. 3 A) suggested that distinct conformational

changes already occurred in this temperature region. The

band between 1630 and 1640 cm�1 is generally assigned to

the b-sheet (Jackson, 1989; Nabet and Pézolet, 1997).

However, no b-sheet structure existed in the native protein,

and the band at 1634 cm�1 should be assigned to the

hydrogen-bonded extended chains that connect the helical

cylinders (Byler and Susi, 1986; Yan et al., 2003). All bands

involving amide I presented positive crosspeaks in the

synchronous plot and the dominant crosspeaks were found to

correlate to the band at 1653 cm�1 and 1634 cm�1. Weak

autopeaks could be found at 1674, 1681, and 1694 cm�1,
which should be assigned to b-turns (Byler and Susi, 1986).

More detailed information involving the sequential changes

of the protein could be obtained from the asynchronous 2D

correlation plots in Fig. 3 B. Generally, in protein-folding

studies, the appearance of asynchronous crosspeaks allows

FIGURE 2 Synchronous (A) and asynchronous (B) 2D

IR correlation plots constructed from the 21 spectra

recorded at 28C intervals during Hb thermal transition

from 30 to 708C. Clear and dark peaks are positive and

negative, respectively.

TABLE 1 Correlation between the secondary structures and the amide I frequencies observed in the 2D IR correlation plots

at different stages of hemoglobin thermal transitions

Initial perturbation stage

(30–448C)
Thermal unfolding stage

(44–548C)
Thermal aggregation stage

(54–708C)

Assignment

(secondary structure)

Synchronous

(cm�1)
Asynchronous

(cm�1)
Synchronous

(cm�1)
Asynchronous

(cm�1)
Synchronous

(cm�1)
Asynchronous

(cm�1)

Side chains 1615

Extended chains 1634 1622, 1629, 1634 1634, 1638

Random coil 1648 1644, 1648

a-helix 1653 1653, 1657 1651 1652, 1655 1652 1652

310-helix 1661, 1666

b-turn 1674, 1681, 1694 1668, 1671, 1676, 1684 1674, 1692

Intermolecular b-sheet 1618, 1681 1616 1616, 1682

1684 Yan et al.

Biophysical Journal 86(3) 1682–1690



the detection of differences in the stability of different

secondary structure elements. In Fig. 3 B, asynchronous

crosspeaks could be found between every secondary

structure elements and thus allowed to identify the different

stability when the protein was suffered to minor temperature

perturbations. Numerous new bands appeared in Fig. 3 B and

located at 1615, 1622, 1629, 1648, 1657, 1668, 1671, 1676,

and 1684 cm�1. Similar to the assignment of the band at

1634 cm�1, the band at 1622 and 1629 cm�1 should also be

assigned to hydrogen-bonded extended chains that connect

the helical cylinders (Byler and Susi, 1986; Yan et al., 2003).

The band at 1615 cm�1 was assigned to extended side

chains, whereas the band at 1668, 1671, 1676, and 1684

cm�1 was assigned to b-turns. It is interesting that two

distinct wavenumber positions (at 1653 and 1657 cm�1),
both corresponding to a-helix, are observed and no cross-

peaks formed between these two intensities, suggesting that

the native a-helix structure in Hb could be characterized by

two spectral features that were associated with slightly

different strengths of hydrogen bonding of the C¼O group.

This phenomenon was also observed in other proteins, such

as myoglobin (Yan et al., 2003) and ribonuclease A (Schultz

et al., 1998). The change of the component at 1653 cm�1 was
more significant than the component at 1657 cm�1 in this

temperature range, as characterized by the synchronous

autopeak in Fig. 3 A. The strongest crosspeaks in Fig. 3 B

was found correlating 1648 cm�1 and other intensities, and

the sign indicated that the change of random coil was earlier

than all other structural components. The other crosspeaks

were found to correlate the band at 1657 cm�1 from a-helix
and the band at 1671 cm�1 from b-turn with all other

secondary structure elements. The sign of these crosspeaks

suggested that the changes of random coil at 1648 cm�1,
a-helix at 1657 cm�1, and b-turn at 1671 cm�1 were earlier
than the changes of other secondary structure elements. The

sequential events during this temperature range could be

identified from the signs in the asynchronous plot and are

summarized here: random coil (1648 cm�1), a-helix (1657

cm�1), b-turn (1671 cm�1)! extended chains (1622, 1629,

1634 cm�1) ! side chain (1615 cm�1); random coil (1648

cm�1), a-helix (1657 cm�1), b-turn (1671 cm�1)! b-turns
(1668, 1676, 1684, and 1694 cm�1); random coil (1648

cm�1) ! a-helix (1653 cm�1).

Thermal unfolding process of Hb from 44 to 548C

During the temperature interval from 44 to 548C, significant
unfolding of the native structures could be identified from the

traditional 1D IR analysis. Different from the initiate

structural perturbation stage from 30 to 448C, only one

major autopeak at 1651 cm�1 was observed in the syn-

chronous 2D correlation plot in Fig. 4 A. This suggested that

FIGURE 3 Two-dimensional correlation analysis of the

IR spectra of Hb at the initial structural perturbation stage.

Synchronous (A) and asynchronous (B) plots were

constructed from the eight spectra recorded at temperatures

increasing from 30 to 448C. Clear and dark peaks are

positive and negative, respectively.

FIGURE 4 Two-dimensional correlation analysis of the

IR spectra of Hb at the thermal unfolding stage.

Synchronous (A) and asynchronous (B) plots were

constructed from the six spectra recorded at temperatures

increasing from 44 to 548C. Clear and dark peaks are

positive and negative, respectively.
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the unfolding of a-helix is the major process in this

temperature interval, which was consisted with the result in

Fig. 1. Complex crosspeaks were found in the asynchronous

plot (Fig. 4 B). The major secondary structure elements that

could be characterized were a-helix (1652 and 1655 cm�1),
random coil (1644 and 1648 cm�1), hydrogen-bonded

extended chains that connect the helical cylinders (1634

and 1638 cm�1), and b-turns (1674 and 1692 cm�1). The
new band at 1661 and 1666 cm�1 could be assigned to 310-

helix, b-turn, or random coil (Dong et al., 2000; Jackson,

1989). Since 310-helix is a common structure in Hb, this band

was assigned to native 310-helix in this work. The significant

bands appearing near 1618 and 1681 cm�1 were assigned to

side chain and b-turn at the initiate perturbation stage (30–

448C), and they were assigned to intermolecular b-sheet in
this temperature interval since significant unfolding had

already occurred (for details about the assignment, see the

Discussion). The wavenumbers related to a-helix (1652 and

1655 cm�1) structures were red-shifted when compared to

those in Fig. 3 B (1653 and 1657 cm�1), which suggested

that the a-helix structures were more solvent-exposed in the

unfolding stage. A closer inspection of the sign of the

crosspeaks in the asynchronous plot suggested that two

major classes of peaks could be distinguished in this

temperature interval. The first class (tentatively called class

I) was related to intensities at 1634, 1644, 1652, 1661, 1666,

and 1674 cm�1, which were before all other secondary

structures correlated. The second class (class II) was related

to intensities at 1638, 1648, and 1655 cm�1, which were

after all the secondary structures correlated. The changes of

structures related to class I were earlier than those related to

class II, and no correlated asynchronous crosspeak could be

found among the same class. The change of the intermolec-

ular b-sheet was after the changes of the class I structures.

The order of sequential events during this temperature range

are summarized here: extended chains (1634 cm�1), random
coil (1644 cm�1), a-helix (1652 cm�1), 310-helix (1661 and

1666 cm�1), b-turns (1674 cm�1)! extended chains (1638

cm�1), random coil (1648 cm�1), a-helix (1655 cm�1), and
intermolecular b-sheet (1618 and 1681 cm�1).

Thermal aggregation of Hb from 54 to 708C

The protein was at the thermal aggregation stage during the

temperature interval from 54 to 708C. The formation of

aggregation, mentioned at the unfolding stage, could be

identified more clearly during this temperature interval.

During the temperature interval from 54 to 708C, the

dominant structure change of the protein was the unfolding

of the native a-helix, as identified by the strong autopeaks at
1652 cm�1 in the synchronous plot (Fig. 5 A). The

appearance of a strong negative crosspeak at 1616-1652

cm�1 in the synchronous plot indicated that the occurrence

of protein aggregation, and the changes of a-helix and

intermolecular b-sheet, had opposite directions (unfolding of
the a-helix and formation of aggregation, respectively). In

Fig. 5 B, positive asynchronous crosspeaks were found at

1652-1616 cm�1 and 1652-1682 cm�1. An analysis of the

sign of the crosspeaks appearing at the same wavenumber in

the synchronous and asynchronous plots using the rules

proposed by Noda (1990) suggested that the formation of

aggregation was earlier than the unfolding of native a-helix,
which is quite different from the conclusion made by

constructed 2D IR correlation from whole temperature range

(Fig. 2). Such a difference suggested that the formation of

aggregation might arise from the structures already unfolded

at the unfolding stage (44–548C).

DISCUSSIONS

Protein thermal aggregation involves
distinct regions

It is of usual interest to characterize events and regions of

protein that are directly related to aggregation. However, it is

difficult for normal probes to achieve such a characterization.

In recent years, structural characterization of protein fibrils

has been successfully studied by electron microscopy, x-ray

diffraction, and NMR (Lansbury et al., 1995; Sunde et al.,

1997; Antzutkin et al., 2002; Balbach et al., 2002; Serag

et al., 2002). Nevertheless, relatively little is known about the

initial stages of this process in solution. Generally, thermal

FIGURE 5 Two-dimensional correlation analysis of the

IR spectra of Hb at the thermal unfolding stage.

Synchronous (A) and asynchronous (B) plots were

constructed from the nine spectra recorded at temperatures

increasing from 54 to 708C. Clear and dark peaks are

positive and negative, respectively.
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aggregation is associated with protein unfolding, which

allows hydrophobic parts of different proteins to form

intermolecular structures. However, the relationship of

unfolding and aggregation is still a puzzle. Aggregation

was also found to occur between nearly native proteins under

certain conditions (Tsai et al., 1998; Paquet et al., 2001; Yan

et al., 2003) and computer simulations (Smith and Hall,

2001). It is imaginable that the start of aggregates formation

might not require fully unfolded proteins, but rather some

necessary regions for the formation of intermolecular

interactions. Such a hypothesis was supported by a close

inspection of the data in this study.

The splitting of the helical absorption of Hb has been

attributed to different hydrogen-bonding strengths. Since

hydrogen bonding of the peptide carbonyl red-shifts the

amide I absorption (Jackson et al., 1989), a lower wave-

number position is correlated with stronger hydrogen

bonding and is more solvent-exposed than those at higher

frequencies. The splitting of the helical absorption of Hb

should be attributed to different solvent-exposed regions,

whereas the low-frequency helices (1652 or 1653 cm�1

in Figs. 3 B or 4 B, respectively) have increased solvent

exposure, yielding helices that are less stable than the more

buried helices (1657 or 1655 cm�1 in Figs. 3 B or 4 B,
respectively) at high-frequency. The different stability of

these two components was supported by the observation of

a strong negative crosspeak formed between 1655 and 1652

cm�1 in Fig. 4 B, which suggested that changes of the buried
helical structures at 1655 cm�1 were after the more exposed

helical structures at 1652 cm�1. The red shift of the a-helix
absorption at the unfolding stage when compared to the

initiate perturbation stage was also related to the increased

solvent exposure, suggesting a looser tertiary structure found

at the unfolding stage.

The two distinct classes of intensities appearing in Fig. 4 B
indicated that two processes existed during the first stage of

Hb thermal transition. The first process was related to protein

aggregation, which was identified by the correlated cross-

peaks observed between bands that were characteristic of

aggregation (1616 and 1681 cm�1) and class I bands from

native structures (1634 and 1652 cm�1). The second process

was related to further unfolding of class II regular structures

(1638 and 1655 cm�1), which was after the first process, and
no crosspeaks could be observed correlated to aggregation.

The changes of the class I intensities might be the origin of

aggregation, whereas the class II was not. The existence of

two classes of intensities in Fig. 4 B could also be

distinguished in physiological temperatures (Fig. 3 B,
represented by intensities at 1653 and 1657 cm�1). There
are no crosspeaks found in the asynchronous plot among the

band in the same class, suggesting that events related to the

same class were synchronous or cooperative. The different

sequence between the unfolding of native structures and

formation of aggregates found in Figs. 2 and 5 also indicated

that the start of aggregation was from the structures already

unfolded at the unfolding stage. These results give direct

evidence to the hypothesis that thermal aggregation is related

to a distinct region in the protein. This distinct region was

more solvent-exposed and less stable.

The existence of such an aggregation nucleus has been

observed in amyloid fibrillation by data from kinetic studies

(Adachi and Asakura, 1980), NMR (Alexandrescu and

Rathgeb-Szabo, 1999), mutational analysis (Chiti et al.,

2002), or limited proteolysis (Azuaga et al., 2002). This was

the first time it could be characterized that protein thermal

aggregation also involves distinct region. This hypothesis

could explain why thermal aggregation could start between

nearly native proteins. Combining analysis of the results in

Figs. 1 and 4 B also suggested that aggregation is rather

a competing process than a driving force in protein thermal

unfolding. Thus it could be concluded that aggregates might

reserve a number of native structures when aggregates

formed between native or partially folded proteins, as

observed by several studies (Alexandrescu and Rathgeb-

Szabo, 1999; Vermeer and Norde, 2000; Tobler and

Fernandez, 2002).

Evolution of Hb thermal unfolding
and aggregation

Distinct synchronous and asynchronous plots were found

when the 2D IR correlation was constructed at each separate

stage, as shown in Figs. 3–5. The lack of similarity made it

difficult to correlate the different changes at each stage

during Hb thermal transitions. To solve this problem, 2D IR

plots were constructed at every 108C intervals with a 28C
increase between every two plots. The synchronous plots

were similar to Figs. 3 A, 4 A, or 5 A (plots not shown), which

reflect that the main process was dominated by the changes

of a-helix and extended chain structures below 448C, the
changes of a-helix between 468C and 608C, and the changes
of a-helix and intermolecular b-sheet above 628C. The

change of the wavenumber of the amide I band from helical

structure in the synchronous plot is presented in Fig. 6. A fast

red shift was observed as temperature increased from 38 to

508C, which suggested that the helical structures undergoing
unfolding were more and more solvent-exposed as temper-

ature increased. Of particular interest is that the band from

a-helix moved to higher frequency at temperatures above

508C, which suggested that the helical structures unfolding at
a temperature above 508C were less solvent-exposed.

Comparison of Figs. 1 B and 6 indicated that this blue shift

was at the thermal aggregation stage and accompanied by the

formation of aggregates. This observation could also be

explained by the hypothesis of distinct regions involved in

protein thermal aggregation. The tertiary structure of Hb

became more and more loose when suffered to heat de-

naturation at the unfolding stage. The highly solvent-

exposed region unfolded first and was the origin of aggre-

gates. The buried region still maintained the regular structure

Thermal Unfolding and Aggregation of Hb 1687

Biophysical Journal 86(3) 1682–1690



in aggregates and underwent a further unfolding at the

aggregation stage.

Different out-of-phase events were found to dominate

different temperature intervals, as shown in Fig. 7 (only

selected plots are shown for clarity). Such a difference

suggested that though a simple two-state or three-state model

was used to illustrate the thermal transition of proteins,

significant noncooperative events might occur at the tran-

sition states. These noncooperative events reveal different

local thermal stabilities of the protein. This was also

observed in the thermal unfolding process of myoglobin

(Yan et al., 2003). Both theoretical and experimental studies

have provided valuable information on the different local

stabilities of proteins (Muthusamy et al., 2000; Matheson

and Scheraga, 1979). Probing such noncooperative events

might help us to find the origin of protein unfolding and

aggregation, which in turn would facilitate the developing of

enhancing protein thermal stability and avoiding uncon-

trolled aggregation. It should be noted that the asynchronous

2D IR plot only reflects the noncooperative events occurring

upon perturbation. These noncooperative events might not

be the predominant events during transition (as those

reflected by the synchronous plot).

For purpose of illustration, a scheme that considers the

transition state as composed of an ensemble of microstates

was proposed to explain how these noncooperative events

occur along with the predominant events. The native states

N1 and N2 reflect different transition states at the initial

structural perturbation stage. Each native transition state

comprises an ensemble of microstates, which are denoted by

different lower-case letters in Scheme I. Neighboring letters

in the alphabet indicate microstates with similar conforma-

tions. For example, N1 comprises a, b, and c microstates,

with a being the most compact species, c being the least

compact, and b being the predominant species. At the initial

perturbation stage, though little perturbation of the native

structure was observed, noncooperative events will be

FIGURE 6 Frequency change at the major helical autopeak in the

synchronous plots as a function of temperature for Hb thermal transition.

The synchronous 2D IR correlation plots were constructed at every 108C
intervals with 28C increase between two adjacent plots from spectra recorded

at temperatures increasing from 30 to 708C. The frequency of the autopeak at
each plot was represented by the end temperature at the corresponding

interval.

FIGURE 7 Evolution of the 2D IR asynchronous correlation plots. The synchronous plots were constructed in temperature ranges from 34 to 428C (A), 36 to

448C (B), 38 to 468C (C), 40 to 488C (D), 42 to 508C (E), 44 to 528C (F), 46 to 548C (G), and 48 to 568C (H). Clear and dark peaks are positive and negative,
respectively.
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observed if the transition states (represented by N1 and N2 in

Scheme I) have a different ensemble of microstates (Figs. 3

and 7 A). The asterisks in N2 state reflect the slightly different

microstates. At the start of the thermal unfolding stage,

relatively few noncooperative events could be found (Fig. 7,

B–E), whereas at the end of the thermal unfolding stage,

more noncooperative events could be observed due to the

formation of new structures (Fig. 7, F and G). This was

demonstrated as the Un state in Scheme I. The appearance of

microstate x* indicated the appearance of the newly formed

intermolecular structures, whereas o, p, and q represented the
different microstates from the start of the unfolding stage. At

the thermal aggregation stage, the fast formation of the newly

formed aggregates dominates the transition, and the major

noncooperative event was related to aggregation. In Fig. 7 H,
the appearance of the crosspeaks at 1657-1616 and 1657-

1684 cm�1 suggested a further unfolding of the buried

helical structures in aggregates. The new band located at

1698 cm�1 should be assigned to the C¼O stretching mode

of hydrogen-bonded COOH groups of Glu and Asp acid

residues and aromatic amino acid residues (Barth, 2000;

Murayama et al., 2001). The negative crosspeak at 1616-

1698 cm�1 suggested that the formation of the intermolec-

ular b-sheet structures came after the change of the

hydrogen-bonded COOH groups. These noncooperative

events could also be observed at higher temperature

intervals. These results revealed that though the predominant

changes could be demonstrated by a two-state or three-state

model, protein thermal transition contains many noncooper-

ative events that might be important to the start of

aggregation. A careful 2D IR analysis might correlate these

events and characterize the sequence of different events and

thus has potential to provide distinct information on the

mechanism and pathway(s) of thermal aggregation.

CONCLUSIONS AND PERSPECTIVES

The results obtained in this study indicated that IR

spectroscopic investigations of protein thermal denaturation

using a combination of 1D and 2D correlation analysis could

provide novel and important information on the mechanism

and pathway(s) of protein thermal aggregation. It is also

noteworthy that all native secondary structure elements

could be identified in the 2D IR correlation plots generated

from spectra recorded under subtle perturbations at physi-

ological conditions (Fig. 3). The ability of 2D IR correlation

spectroscopy to monitor the minor structural changes might

provide a potential powerful tool to characterize the native

secondary structure elements in proteins (Y.-B. Yan and Q.

Wang, unpublished data). This study revealed that Hb

denatured by a two-stage thermal transition. At the initial

perturbation stage (30–448C), the change of random coil is

earlier than all other secondary structure elements. As

a result, the tertiary structure of the protein became looser

and some of the native helical structures became more and

more solvent-exposed indicated by the fast red shift of the

band form a-helix as temperature increased. At the thermal

unfolding stage, the unfolding of solvent-exposed helical

structures dominated the transition. The solvent-exposed

structures were supposed to be responsible for the start of

aggregation. At the thermal aggregation stage, the transition

was dominated by the formation of aggregates and the

unfolding of the buried structures. A close inspection of the

sequential events occurring at different stages suggested that

protein thermal aggregation involves distinct regions. Sickle-

cell disease arises from the polymerization of sickle-cell

hemoglobin (HbS) at low oxygen concentrations. It has been

found that normal hemoglobin and HbS aggregate by a

similar mechanism (Adachi and Asakura, 1980). The results

here might also be valuable to HbS studies. However, more

investigations, using different methods besides 2D IR

correlation spectroscopy applied to various proteins, are

required to verify the hypothesis here and to characterize the

regions directly related to aggregation.
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