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ABSTRACT: Despite extensive investigations on thermal denaturation ofR1-acid glycoprotein (AGP) using
a variety of techniques, structural features of the folded-unfolded state in terms of residual secondary
structures and the structural transitions involved in this process have not been fully characterized. In this
study we employed FT-IR spectroscopy to investigate the thermal unfolding and reversibility of temperature-
induced changes in AGP. The data revealed a fully reversibleâ-sheet-rich protein which exhibits a molten
globule-like state, an important protein folding intermediate. 2D-IR COS revealed the sequence of the
conformational changes occurring before denaturation and confirmed the formation of this intermediate
which was further supported by CD spectroscopy. On account of the similarities in the FT-IR spectra of
AGP with those of porcine odorant-binding protein (OBP), homology modeling of AGP using OBP as
template was performed. The resemblance of AGP and OBP 3D structures confirmed the similarities of
data obtained using FT-IR spectroscopy. Overall, FT-IR spectroscopy appears to be useful for investigating
the structural characteristics and stability of proteins whose 3D structures are unavailable and for assessing
the molten globule-like state in smallâ-sheet-rich proteins.

R1-Acid glycoprotein (AGP), also known as orosomucoid,
first described in 1950, is a much studied plasma glycoprotein
(Mr ) 41000) included in the lipocalin family (1). Until a
few years ago, it was considered to be the protein with the
highest carbohydrate content. Indeed, it contains 42%
carbohydrate by weight and up to 16 sialic acid residues
which are part of the five heteropolysaccharide groups
attached via asparaginyl residues to the protein. These sialic
acid residues contribute to the extremely low isoelectric point
of AGP, which varies between pH 1.8 and pH 2.7 according
to the buffer used, and are responsible for its high solubility
and unusual stability in neutral solutions. Its 183 aa single
polypeptide chain contains two disulfide bridges between
cysteines 5-147 and 72-164 and three Trp residues: one
at the surface of the protein and two located in the protein
matrix (2-4).

The definitive biological role of AGP has not yet been
elucidated despite the numerous studies devoted to it and
its relatively high concentration in plasma (∼70 mg/100 mL).
Its hepatic production increases following the response to
various stressful stimuli: physical trauma, bacterial infection,
or unspecific inflammatory stimuli, hence its classification
as a major member of the acute phase protein family (3). It
also binds certain steroids (progesterone) and basic drugs
(propanolol, vanilloids) in plasma that can have important
pharmacokinetic implications (5-7). AGP is considered a
natural antiinflammatory and immunomodulatory agent
notably with respect to its antineutrophil and anticomplement

activity, suggesting that this constitutively produced glyco-
protein plays a crucial role in maintaining homeostasis (8,
9). Now, for a clear understanding of the biological activity
of any protein, it is fundamental to comprehend its structural
characteristics and stability. For AGP, several experimental
approaches have been used, especially since no crystal-
lographic data describing its 3D structure are available. These
include heat denaturation and isothermal, water-soluble
organic solvent-induced denaturation studies using circular
dichroism (CD), fluorescence, UV absorbance difference, and
Raman spectroscopies, as well as differential scanning
calorimetry (10-15). Each method represents a different way
of looking at the protein molecule. Surprisingly, there is only
one report in the literature on the use, briefly, of FT-IR
spectroscopy for studying this popular protein (16). FT-IR
spectroscopy is a global, sensitive, and highly reproducible
physicochemical analytical technique that identifies structural
moieties of biomolecules on the basis of their IR absorption.
In fact, it is a valuable method for studying protein
denaturation because the frequencies, intensities, and band-
widths of characteristic bands in an IR spectrum of a protein
are very sensitive to conformational changes in the protein
and to the microenvironment. Therefore, this technique,
combined with 2D-IR correlation analysis, was employed
to investigate further and in detail the thermal stability and
reversibility of temperature-induced changes of AGP at
neutral pH. In addition, it was of interest to verify, using
this experimental approach, whether AGP exhibits a multi-
state behavior upon thermal denaturation, as suggested by
other investigators (11, 13) and as previously observed by
us on another member of the lipocalin family, the porcine
odorant-binding protein (17).

† This work was supported by a grant from the Universita` Politecnica
delle Marche (to F.T.).

* Corresponding author. Tel:+390712204318. Fax:+390712204398.
E-mail: e.damiani@univpm.it.

‡ These authors contributed equally to this work.

15997Biochemistry2005,44, 15997-16006

10.1021/bi051512z CCC: $30.25 © 2005 American Chemical Society
Published on Web 11/10/2005



MATERIALS AND METHODS

Materials.HumanR1-acid glycoprotein (AGP), deuterium
oxide (99.9%2H2O), 2HCl, NaO2H, Na2HPO4, and NaH2-
PO4 were purchased from Sigma-Aldrich. All other chemicals
used were commercial samples of the purest quality.

Preparation of Samples for Infrared Measurements.For
each sample, about 1.5 mg of protein was dissolved in 200
µL of 20 mM phosphate buffer, pH 7.4 or p2H 7.4, and
centrifuged in a “30 K Centricon” microconcentrator (Ami-
con) at 3000g, 4 °C, until the volume of the solution reached
approximately 40µL. Then, a further 200µL of buffer was
added, and the solution was reconcentrated. This procedure
was repeated five times in order to completely hydrate the
protein with the chosen buffer. The final concentration of
the protein solution for analysis was approximately 3.0% (w/
v). In total, the washings took 24 h, which is also the time
of contact of the protein with the medium prior to FT-IR
experiments. The p2H value was measured with a standard
pH electrode, and the value was corrected according to p2H
) pH + 0.4 (18).

Infrared Spectra.The concentrated protein sample was
injected into a thermostated Graseby Specac 20500 cell
(Graseby-Specac Ltd., Orpington, Kent, U.K.) fitted with
CaF2 windows and a 6µm tin spacer or a 25µm Teflon
spacer for the experiments in1H2O or 2H2O, respectively.
FT-IR spectra were recorded by means of a Perkin-Elmer
1760-x Fourier transform infrared spectrometer using a
deuterated triglycine sulfate detector and a normal Beer-
Norton apodization function. At least 24 h before, and during
data acquisition, the spectrometer was continuously purged
with dry air at a dew point of-40 °C. In the thermal
unfolding and refolding experiments an external bath circula-
tor (HAAKE F3) was used, and spectra were collected every
5 °C in the 20-90 °C temperature range. The actual
temperature in the cell was controlled by a thermocouple
placed directly onto the windows. Spectra of buffers and
samples were acquired at 2 cm-1 resolution under the same
scanning and temperature conditions. Spectra were collected
and processed using the SPECTRUM software from Perkin-
Elmer. Correct subtraction of H2O was judged to yield an
approximately flat baseline at 1900-1400 cm-1, and subtrac-
tion of 2H2O was adjusted to the removal of the2H2O bending
absorption close to 1220 cm-1 (19). The deconvoluted
parameters were set with aγ value of 2.5 and a smoothing
length of 60. Second derivative spectra were calculated over
a nine data point range (9 cm-1). 1H/2H exchange during
thermal denaturation was checked by monitoring the intensity
of the residual amide II band (20). TheT1/2 of the residual
amide II band intensity was obtained, applying a sigmoidal
fit to the experimental data (21). Estimation of the secondary
structure composition was carried out by curve fitting of the
deconvoluted amide I′ band (22) using the peak-fitting
module included in the software OriginPro 7.5 (OriginLab
Corp., Northampton, MA).

CD Spectra. Near-UV (from 310 to 250 nm) and far-UV
CD spectra (from 260 to 200 nm) were recorded on a Jasco
500 spectropolarimeter under constant nitrogen flux at
different temperatures. An external bath circulator (HAAKE
F3) was used to maintain the desired temperature, and the
actual temperature inside the cell was controlled by a
thermocouple placed directly inside the cell holder. The

instrument was calibrated with a solution of 0.015% panto-
lactone as previously described (23). Quartz cells of 0.1 or
1 cm path lengths were used in the far-UV and near-UV
regions, respectively. The AGP concentration was 8µM (far-
UV) and 20µM (near-UV) in 20 mM phosphate buffer, pH
7.4. For all spectra, an average of three scans was obtained.
The CD spectrum of the buffer was recorded and subtracted
from the protein spectra.

Two-Dimensional Infrared Correlation Analysis.General-
ized 2D-IR correlation analysis of deconvoluted spectra of
AGP, using heat as the perturbation, was performed as
described by Noda (24). To obtain synchronous and asyn-
chronous plots, 2Dshige (Shigeaki Morita, Kwansei-Gakuin
University, 2004-2005) was used (25-27). Two sets of
synchronous and asynchronous plots, covering 20-65 and
65-90 °C, were generated. These temperature ranges al-
lowed us to better describe the thermal unfolding events (28).

Homology Modeling.The AGP 3D structure was obtained
by submitting to ESyPred3D Web Server 1.0 the sequence
of AGP using OBP (1A3Y) as template. When the sequence
of AGP was previously submitted to Swiss Model, no
matches were found; consequently, OBP was chosen as a
template on the basis of the fact that its FT-IR spectral
features and thermal behavior were identical to those of AGP
(17), despite a result of only 15.8% identities in sequence
alignment. In fact, both of these proteins belong to the same
subgroup of the lipocalin family, the outlier lipocalins, where
its members share pairwise sequence identity falling below
20%. ESyPred3D is a new automated homology modeling
program. The method takes advantage of the increased
alignment performances of a new alignment strategy using
neural networks. Alignments are obtained by combining,
weighting, and screening the results of several multiple
alignment programs. The final three-dimensional structure
is built using the modeling package MODELLER (29).

“Phase Diagram” Method of FT-IR and CD.The phase
diagram method is a sensitive approach for the detection of
unfolding/refolding intermediates of proteins (30). The
essence of this method is to build up the diagram ofI(λ1)
versusI(λ2), whereI(λ1) andI(λ2) are the FT-IR absorbance
spectral intensity values measured on wavelengthsλ1 and
λ2 under different experimental conditions, in our case at
different temperatures, for a protein undergoing structural
transformations. With the change of denaturing factors such
as temperature, the transitions from the initial to the final
state follow a “two-state” or “all-or-none” model without
formation of the intermediate states, so the dependence must
be linear. If the transition from the initial to the final state
follows a “three-state” or “multi-state” model with the
formation of one or several intermediate states, the depen-
denceI(λ1) ) f(I(λ2)) must be nonlinear and must contain
two or more linear portions. Each linear portion dependence
will describe an individual all-or-none transition. The same
method was applied to build up a phase diagram using the
spectral ellipticity values from the CD spectra at two different
wavelengths as reported by ref30.

RESULTS

FT-IR Spectra of AGP.Figure 1A shows typical Fourier
transform infrared absorbance spectra measured onR1-acid
glycoprotein in1H2O and2H2O, in the region from 1750 to
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1500 cm-1, after digital subtraction of the respective buffer
spectra. In1H2O (Figure 1A, dotted line), two prominent
bands are visible: the amide I band centered at 1638.3 cm-1

and the amide II band centered at 1552.2 cm-1. In 2H2O
(Figure 1A, continuous line), due to the1H/2H exchange of
amide protons with deuterons, the amide I and the amide II
bands shift to lower wavenumbers. The amide I band is now
located at 1635.4 cm-1, while the position of the amide II
band, which is very sensitive to deuteration, moves to 1450
cm-1 (not shown). The shifting of the amide II band at 1450
cm-1 causes a large decrease in its intensity at 1550 cm-1,
a decrease that is a measure of the1H/2H exchange. This
remainder of the amide II band at 1550 cm-1 can be more
or less intense, depending on the accessibility of the protein
to the solvent, and is called the residual amide II band. The
lower the intensity of the residual amide II band, the higher
the accessibility of the protein (20, 31, 32). Since the residual
amide II band is extremely low (Figure 1A, continuous line),
AGP appears to be highly accessible to the solvent.

However, the most important band in conformational
studies is the amide I band which is located between 1700
and 1600 cm-1. The amide I band of proteins consists of a
series of overlapped component bands which occur as a result
of the secondary structures present in such molecules, and
resolution enhancement of the absorbance spectra allows the
identification of these structures (33, 34). To obtain such
information, the deconvoluted and the second derivative
spectra of AGP are shown in panels B and C of Figure 1,
respectively. In the amide I′ region, the deconvoluted and
the second derivative spectra of AGP show six bands. The
1625, 1634.4, and 1691.3 cm-1 bands are characteristic of
â-sheet structures. In particular, the 1625 cm-1 band may
be attributed to theâ-edge, i.e.,â-strands particularly exposed
to the solvent (35). The band at 1651.6 cm-1 is assigned to
R-helix structure, while the 1672.0 and the 1680 cm-1 bands
reveal the presence of turns and/orâ-sheets/turns, respec-
tively (33, 36). The bands below 1620 cm-1 are due to
absorptions deriving from certain amino acid side chains.
In particular, the 1515.3 and the 1605.2 cm-1 bands are due
to tyrosine and ionized hydroxyl residues of tyrosine,
respectively, while the 1565.9 cm-1 band is due to ionized
carboxyl groups of glutamic acid residues (37).

Thermal Unfolding of AGP.The temperature-induced
conformational changes of the protein can be monitored
following the pattern of the spectral bands recorded at
different temperatures. Figure 2A shows the second deriva-
tive spectra of AGP from 20 to 90°C while Figure 2B shows
those from 90 to 20°C. In Figure 2A, one can observe that
up to 50°C the spectral bands remain practically identical
except for the disappearance, on increasing temperature, of
the shoulder at 1625 cm-1 assigned toâ-edge structures,
suggesting loosening of their intramolecular hydrogen bonds.
Therefore, up to 50°C the protein does not show any
important conformational changes. Between 50 and 65°C,
spectral changes appear which mainly concern theâ-sheet
bands. In particular, the presence at 65°C of a strong peak
around 1630 cm-1 and of a weaker one around 1680 cm-1,
typical of the peptide bond in an antiparallel chainâ-sheet
conformation (38, 39) previously located at 1634.4 cm-1 and
at 1691.3 cm-1 at 20°C, stands out. The exposure of these
antiparallel chainâ-sheets to the solvent, from 50 to 65°C,
leads to additional1H/2H exchange of the protein as indicated
by their downshift in wavenumber (the first, great1H/2H
exchange occurs during sample preparation in2H2O; see also
Figure 1). This is strongly supported by the fact that this
particular secondary structure absorbs at a high frequency
around 1690 cm-1 when it is in1H2O while, when in2H2O,
the peak greatly shifts to around 1680 cm-1 (38, 39). These
changes are most likely due to relaxation of the tertiary
structure induced by temperatures between 50 and 65°C,
which leads to solvent accessibility in the protein core. No
significant decrease in band intensity was observed, indicat-
ing that, in this range of temperature, the protein maintains

FIGURE 1: Original absorbance (A), deconvoluted (B), and second
derivative (C) spectra of AGP at 20°C, pH or p2H 7.4. Continuous
and dashed lines refer to spectra of AGP in2H2O and 1H2O,
respectively.

FIGURE 2: Second derivative spectra of AGP in the 20-90 °C
(panel A) and 90-20 °C (panel B) temperature range. Second
derivative spectra were calculated over a nine data point range (9
cm-1) and displayed at 5°C intervals.
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its secondary structure despite its more relaxed state. Between
65 and 90°C there is a progressive decrease in intensity of
the peaks of the amide I′ region indicating loss of secondary
structure elements caused by protein denaturation. At 90°C
the main peak is now centered at 1641 cm-1, a frequency
characteristic of unordered structures. AGP was then cooled
stepwise from 90 to 20°C (Figure 2B). The figure shows
that from the denatured state at 90°C the protein progres-
sively refolds with decreasing temperature as can be observed
by the reappearance of the same secondary structural
elements present in the native protein. In fact, at the end of
the cooling process the spectrum is almost identical to that
observed at 20°C before heating, implying that the thermal
unfolding-refolding process of AGP is reversible. This is
in accordance with several other reports stating the thermal
reversibility of AGP (10, 11, 14, 16). Theâ-sheet bands at
1682.4 and 1629.8 cm-1 in the refolded AGP are not at the
same frequencies as the native protein because AGP has
undergone complete solvent exchange during protein unfold-
ing. In addition, a band at 1645.5 cm-1 corresponding to
unordered structures can be observed. Most probably this
band could not be detected in the native protein because it
was concealed by the band at 1634.4 cm-1. The secondary
structure content of AGP was then calculated on the
deconvoluted spectrum of refolded AGP by the curve fitting
method (22). The estimated secondary structure content
revealed 50.3%â-sheets, 10.7%R-helices, 26.7% unordered
structures, and 12.1% turns. These values are similar to those
predicted by least-squares analysis of the amide I band made
on native AGP by Kopecky et al., thus confirming the full
reversibility of denatured AGP (16).

To better visualize conformational changes taking place
during thermal unfolding of AGP, difference absorbance
spectra from 20 to 90°C were plotted (Figure 3A). Each
difference spectrum allows the monitoring of small changes
and is obtained by subtracting the spectrum recorded at the
lower temperature from the one recorded 5°C higher.
Negative or positive bands in the amide I′ region reflect
protein denaturation while adjacent positive and negative
bands of similar intensities are indicative of band shifts in
the two original absorbance spectra (17, 40, 41). The plot
shows that in the 20-50°C temperature range no appreciable
changes can be observed, except for the small negative band
at 1625 cm-1 corresponding to the disappearance ofâ-edge
structures. Then, in the 50-65°C temperature range negative
and positive adjacent bands of similar intensities appear
(1691-1682 and 1637-1626 cm-1). These bands together
with the absence of negative bands in the amide I′ region
confirm thatâ-sheet structures experience solvent exchange
and not denaturation in this range of temperature. This
phenomenon is only possible ifâ-sheets become more
exposed to the solvent (2H2O), thus allowing the protein to
exchange residual amide hydrogens that had not exchanged
during sample preparation. In fact, additional1H/2H exchange
is supported by the appearance of the negative 1545 cm-1

band (residual amide II band) in the 55-50, 60-55, and
65-60 °C difference spectra. These observations are indica-
tive of a less folded state in which secondary structure
elements are maintained. Above 65°C the plots show that
the protein begins to lose its secondary structures, as observed
by the presence of two negative peaks, a small one at 1684
cm-1 and a large one at 1629 cm-1, and a positive peak at

1665 cm-1 corresponding to loss ofâ-sheet structures and
formation of turns/bends, respectively. Maximum denatur-
ation is observed between 65 and 75°C. These difference
spectra analyses further support the data reported and
commented in Figure 2A.

AGP thermal unfolding can also be detected by monitoring
the amide I′ peak position and the residual amide II band
intensity as a function of temperature (Figure 3B). The amide
I′ peak position curve shows a first transition between 55
and 65 °C, reflecting theâ-sheet band shift observed in
Figures 3A and 2A. Then a second transition occurs between

FIGURE 3: Difference spectra of AGP in the 20-90 °C temperature
range (panel A), plot of the amide I′ peak position and of the
residual amide II band intensity as a function of temperature (panel
B), and phase diagram representing unfolding of AGP induced by
temperature (panel C). Panel A: Each trace is obtained by
subtracting the absorbance spectrum recorded at the lower tem-
perature from the one recorded at the temperature 5°C higher. Panel
B: Monitoring of the position of the amide I′ peak (0) and of the
intensity of the residual amide II band (b) vs temperature. The
continuous line of the residual amide II band intensity curve
represents the sigmoid fit based on the experimental points; itsT1/2
corresponds to 56.4°C. Panel C: Each straight line represents an
all-or-none transition between two conformers, denoted as N
(native), MG (molten globule), and U (unfolded). Temperature
values are indicated in the vicinity of theI(λ1) vs I(λ2) points (9).
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65 and 90°C, which rapidly increases between 65 and 75
°C, reflecting protein denaturation. The residual amide II
band intensity curve tracks solvent exchange of AGP with
increasing temperature. From the curve one can deduce that
exchange takes place between 50 and 65°C and that from
65 °C onward protein solvent exchange is complete. This
curve has aT1/2 of 56.4°C that coincides with the onset of
the first transition of the amide I′ peak position. This
demonstrates the correlation between1H/2H exchange and
â-sheet downshift. The end of solvent exchange also cor-
relates well with the onset of protein denaturation, supporting
the data described for Figure 3A.

Figure 3C represents the thermal unfolding of AGP using
the phase diagram method of FT-IR. Using this multipara-
metric approach, we can validate that the temperature-
induced unfolding of AGP involves one intermediate state.
As can be seen from the diagram, this consists of two linear
parts corresponding to 20-65 and 65-90 °C, indicating that
the unfolding of AGP follows a three-state model: the native
state (N)f the intermediate state (a less folded state, MG)
f the unfolded state (U). In other words, the conformational
transition between the native state and the intermediate state
of this protein occurs in the temperature range of 20-65
°C, and the transition between the intermediate and the
unfolded state occurs between 65 and 90°C.

2D-IR COS Analysis of the Protein Unfolding Process.
For a detailed analysis on the thermal behavior of AGP,
generalized 2D-IR correlation spectroscopy on the infrared
spectra obtained at different temperatures was applied. With
this analysis two kinds of correlation spectra, synchronous
and asynchronous, are generated from a set of dynamic
spectra calculated from perturbation-induced dynamic fluc-
tuations of spectroscopic signals (42-46). A synchronous
spectrum represents the simultaneous or coincidental changes
in spectral intensities measured at two discrete and indepen-
dent wavenumbers,ν1 andν2 (onx- andy-axes, respectively).
An asynchronous spectrum represents sequential or unsyn-
chronized changes of spectral intensities measured atν1 and
ν2 (24). Autopeaks are present only on the diagonal of a
synchronous map while cross-peaks are present in either
synchronous or asynchronous maps at the off-diagonal
positions and they can be positive or negative. The sign of
synchronous cross-peaks becomes positive if the spectral
intensities at corresponding wavenumbers are either increas-
ing or decreasing together as a function of temperature.
Negative synchronous cross-peaks indicate that one of the
spectral intensities is increasing while the other is decreasing.
The sign of asynchronous cross-peaks becomes positive if
the intensity change atν1 occurs predominantly beforeν2.
On the other hand, it becomes negative if the change occurs
afterν2. This rule is reversed if the synchronous cross-peak
at ν1 andν2 is negative (24, 47).

Figure 4 depicts the contour map representation of the
synchronous and asynchronous spectra of AGP, generated
from temperature-perturbed IR spectra in the 20-65 °C
temperature interval. The synchronous spectrum is dominated
by seven autopeaks: 1518, 1545, 1629, 1637, 1665, 1682,
and 1691 cm-1 corresponding to tyrosine, residual amide II,
â-sheets, â-sheets, turns/bends,â-sheets, andâ-sheets,
respectively. The 1637, 1682, and 1691 cm-1 ones are more
intense, showing that these bands change markedly in this
range of temperature. The description of all cross-peaks in

the synchronous and asynchronous spectra is summarized
in Tables 1 and 2. For instance, the positive cross-peak at
1545 vs 1637 cm-1 represents the correlation between

FIGURE 4: Synchronous and asynchronous 2D-IR COS spectra of
AGP. Contour maps were generated using deconvoluted spectra in
the 20-65 °C temperature range. Negative cross-peaks are repre-
sented in gray while positive cross-peaks are represented in white.
Multiple lines represent intense peaks.

Table 1: Schematic Representation of the Synchronous Spectrum of
AGP Obtained Using Deconvoluted Spectra from 20 to 65°C in the
1700-1500 cm-1 Spectral Rangea

1518V A
1545V A +
1629v A -
1637V A - + +
1665v A - + -
1682v A + - + - -
1691V A - - + - + +
cm-1 1691V 1682V 1665V 1637V 1629v 1545V 1518V

a Peaks in the lower part of the synchronous spectrum of AGP (Figure
4) are shown. Autopeaks are represented by letters (A). Positive and
negative cross-peaks are represented by the signs (+) and (-),
respectively, and they are described byν1 (latter row) andν2 (first
column). The symbols (v) and (V) indicate the increase and decrease in
peak intensity, respectively.
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residual amide II and the 1637 cm-1 â-sheet bands, whose
intensities both decrease with increasing temperature. On the
other hand, the negative cross-peak at 1545 vs 1629 cm-1

shows that the residual amide II and the 1629 cm-1 â-sheet
bands decrease and increase, respectively. In the asynchro-
nous spectrum, the positive cross-peak at 1545 vs 1637 cm-1

shows that the residual amide II band decreases before the
1637 cm-1 â-sheet band does while the negative cross-peak
at 1545 vs 1623 cm-1 means that the residual amide II band
decreases after the 1623 cm-1 â-sheet band does. On
analyzing synchronous and asynchronous maps, it is possible
to obtain the succession of spectral intensity changes
associated with secondary structural elements: that is, the
sequence of thermal unfolding events (24, 31). The inter-
pretation of the 2D-IR COS data for AGP revealed the
following sequence of events in the 20-65 °C temperature
interval: [1623 cm-1 V (â-edge), 1645 cm-1 v (unordered)];
f [1665 cm-1 v (turns/bends)];f [1518 cm-1 V (tyrosine),
1545 cm-1 V (residual amide II)];f [1691 cm-1 V (â-sheets),
1682 cm-1 v (â-sheets)];f [1637 cm-1 V (â-sheets), 1629
cm-1 v (â-sheets)], where the arrows (V and v) stand for
decrease and increase, respectively, in band intensity. The
events in square brackets occur simultaneously. The data
indicate that as temperature increases the outerâ-strands (â-
edge) of AGP break down forming unordered structures. This
event is followed by an increase in turns/bends. Then,
decreases in residual amide II and tyrosine bands reflect the
beginning of1H/2H exchange of AGP. In fact, the subsequent
events are the simultaneous decrease of the 1691 cm-1 and
increase of the 1682 cm-1 bands, followed by the concomi-
tant decrease of the 1637 cm-1 and increase of the 1629 cm-1

bands. These shifts can only be explained if the protein’s
structure relaxes, leading to the exposure ofâ-sheets residing
in the protein core that now become exposed to the solvent.
In fact, no major secondary structure changes were detected
except for the initial loss in the outerâ-strands. Synchronous
and asynchronous spectra of AGP in the 60-95 °C temper-
ature range were also generated. In the synchronous spectrum
one intense autopeak at 1629 cm-1 and a weak one at 1665
cm-1 were observed (data not shown). The first autopeak
corresponds to the loss ofâ-sheet structures while the second
one is generated by the increase in turns/bends. The
asynchronous spectrum showed a noisy pattern where out-
of-phase cross-peaks were poorly defined, indicating the

simultaneous occurrence of the events (48). Therefore, in
the 60-95 °C temperature range, the unfolding ofâ-sheets,
together with the formation of turns/bends, is the only event
detectable during protein denaturation by 2D-IR COS. All
of the information obtained in the synchronous and asyn-
chronous spectra were consistent with and confirm the
comments made on the second derivative and difference
absorbance spectra of AGP.

Thermal Unfolding of AGP from CD Spectra.The effect
of temperature on the CD spectra of AGP is illustrated in
Figure 5A,B. One can observe that the far-UV spectra (Figure
5A) recorded between 20 and 55°C show only minor spectral

Table 2: Schematic Representation of the Asynchronous Spectrum
of AGP Obtained Using Deconvoluted Spectra from 20 to 65°C in
the 1700-1500 cm-1 Spectral Rangea

1518V
1545V
1623V -a -a
1629v -b
1637V +b +b +b
1645v +a
1665v +a -a -b +a
1682v +b +a -b
1691V -b -b -a +b
cm-1 1691V 1682v 1665v 1645v 1637V 1629V 1623v 1545V 1518V

a Peaks in the lower part of the asynchronous spectrum of AGP
(Figure 4) are shown. They are described byν1 (latter row) andν2

(first column). The signs (+) and (-) represent positive and negative
peaks, respectively. The letters (a) and (b) indicate that the intensity
change atν1 occurs predominantly after and beforeν2, respectively.
The symbols (v) and (V) indicate the increase and decrease in peak
intensity, respectively.

FIGURE 5: Far- (panel A) and near- (panel B) UV CD spectra of
AGP in the 20-70 °C temperature range and phase diagram
representing unfolding of AGP induced by temperature based on
near/far-UV CD spectra (panel C). Panel A: CD spectra of 8µM
AGP in 20 mM phosphate buffer (pH 7.4) as a function of
temperature recorded in the 200-250 nm region. Panel B: CD
spectra of 20µM AGP in 20 mM phosphate buffer (pH 7.4) as a
function of temperature recorded in the 250-350 nm region. Panel
C: Each straight line represents an all-or-none transition between
two conformers, denoted as N (native), MG (molten globule), and
U (unfolded). Temperature values are indicated in the vicinity of
the [θ]222 vs [θ]296 points (9).
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changes in the secondary structure of AGP in accordance
with the FT-IR data. Accordingly, the shape of the CD
spectra remains virtually the same in this temperature range.
However, at 60°C there is a remarkable change in the shape
of the CD spectrum, which shows a decrease in negative
ellipticity around 222 nm and a decrease in positive ellipticity
around 200 nm, suggesting loss in secondary structure. At
70 °C the spectrum resembles the typical pattern of a random
coil structure indicating that the protein has undergone
considerable denaturation. The qualitative appearance of the
CD spectra in the near-UV (Figure 5B) shows that at 50
and 55°C there is a decrease in rigid tertiary structure as
can be deduced from the decrease in positive ellipticity,
implying that the protein experiences a more relaxed state.
The loss in tertiary structure becomes remarkably evident at
60 °C where the spectrum closely resembles that recorded
at 70°C, the temperature at which the protein is completely
devoid of its tertiary structure. From these data it would
appear that AGP maintains considerable nativelike compact-
ness and secondary structure well up to 55°C whereas its
tertiary structure experiences relaxation. These observations
in the CD spectra suggest the presence of an intermediate
folded state between 50 and 55°C during CD thermal
unfolding of AGP. This assumption was confirmed by
applying the phase diagram method using the ellipticity at
222 nm vs that at 296 nm. As can be seen from Figure 5C,
this consists of two linear parts corresponding to 20-60 and
60-70 °C, indicating that the unfolding of AGP follows a
three-state model, thus confirming the FT-IR data described
in Figure 3. However, the discrepancies between the transi-
tion temperatures observed using FT-IR and CD spec-
troscopies are likely ascribed to the different experimental
conditions employed (protein concentration, sample volume,
etc.) and the different sensitivity of the two techniques for
detecting protein structures as previously reported (49).

DISCUSSION

From the results presented in this study using the FT-IR
technique combined with 2D-IR correlation spectroscopy and
CD spectroscopy for monitoring AGP’s conformational
properties at definite temperatures, an interesting aspect has
emerged. This is the formation of a molten globule-like state,
which is different from the native and the unfolded protein.
This may be regarded as a more open, relaxed condition of
the protein in which a significant amount of native secondary
structure is retained but little tertiary folds are present due
to loosening of the network of the hydrogen bonds. The
increased flexibility of the side chains and of the backbone
leads to an influx of water, so that the molten globule state
is rather highly hydrated (50, 51). This lends some stability
to the protein, which by its open, more flexible nature allows
more surface for water interactions. This relaxation of the
tertiary structure and the existence of water inside the globule
have been demonstrated by NMR (52-54) and 1H/2H
exchange techniques (55, 56) and more recently by FT-IR
spectroscopy (17, 31, 57, 58). In fact, the peculiar charac-
teristics of the molten globule fit with our findings of a
further 1H/2H exchange in AGP between 55 and 65°C as
observed in the second derivative and difference spectra, and
that corresponds to the first transition in the amide I′ peak
position curve. In addition, within this temperature range no
significant loss in secondary structure of the protein prior to

denaturation was observed. The discrepancy in the temper-
ature range at which the molten globule was observed with
CD spectroscopy may be explained by the different experi-
mental conditions employed as well as by the difference in
sensitivity of the two techniques (49). The phase diagram
of FT-IR and CD showing two linear parts that represent a
three-state model and 2D-IR COS analysis revealing the
sequence of secondary structures events also confirmed the
formation of this less folded state.

The finding that AGP experiences a temperature-induced
molten globule-like state lends support to the proposal of
other authors who hypothesized the formation of an inter-
mediate transient state during thermal unfolding of AGP
using other spectroscopic techniques. For instance, Rojo-
Dominguez et al. detected an intermediate state in AGP by
the appearance of unusual positive difference absorption
bands in the 287-295 nm region, which occurred at lower
temperatures than the common denaturation bands at 284
and 291 nm. They assumed that the formation of this state
apparently involves a local conformational change that
perturbs the environment of tryptophyl residues, without
affecting the secondary structure of the protein as judged
from circular dichroism spectra (13). Instead, in the calori-
metric study of Halsall and Kirley, van’t Hoff enthalpies
around 1.22 were found which indicate that thermal unfolding
of AGP departs from a two-state model. They suggested that
the source of the apparent multistate behavior may lie in the
existence of polypeptide variants, known to be present in
AGP (11). We now demonstrate that AGP experiences a
molten globule-like state which has been observed for a
number of proteins under different conditions, including at
low pH and/or high temperatures, at moderately low dielec-
tric constant and in the presence of denaturants (52, 54, 59).
It is important to underline that features of the molten globule
state were not observed on analyzing FT-IR second derivative
spectra during thermal cooling from 90 to 20°C of AGP
(Figure 2B). Indeed, by the time the protein has reached 90
°C it has entirely1H/2H exchanged; hence detection of the
formation of this intermediate state by monitoring the
parameters previously used upon heating is no longer
possible.

Another interesting aspect that has come out during the
course of this study is that the FT-IR data of AGP during
thermal denaturation are very similar to those observed for
two other â-sheet-rich proteins, porcine odorant-binding
protein (OBP) and thioredoxin fromEscherichia coliand
Alicyclobacillus acidocaldarius. In both of these proteins a
molten globule-like state was detected (17, 31). This suggests
that FT-IR spectroscopy might be a very useful tool for
identifying this intermediate state in small proteins rich in
â-sheets because this can be revealed by monitoring the
position and intensity of the mainâ-sheet bands. It is worth
recalling that FT-IR spectroscopy shows a higher sensitivity
in detectingâ-sheets thanR-helices. However, in the case
of a protein with a low content ofâ-sheets, the detection of
a molten globule state is probably much more difficult or
not possible. Moreover, we analyzed the structure of small
proteins. In the case of larger proteins, even with a high
content ofâ-sheets but with different domains, it would be
difficult to unambiguously assign changes in the character-
istics of aâ-sheet band to the formation of a molten globule-
like state.
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Interestingly, identical FT-IR deconvoluted and second
derivative spectra of AGP and OBP were also noticed (17).
Both AGP and OBP belong to a small subgroup of the
lipocalin family, a large group of small extracellular proteins
characterized by a highly conserved eight-strandedâ-barrel
structure despite lacking high sequence similarity (often well
below 20%) (1). The fact that two proteins belonging to the
same family have the same FT-IR spectral characteristics
and show the same thermal unfolding behavior highlights
the precision and reproducibility of the FT-IR technique. On
account of the similarities in the FT-IR spectra of AGP with
those of OBP, we attempted to achieve by homology
modeling a 3D structure of AGP using OBP as template.
OBP has been crystallized and its secondary structure
previously calculated by us from its FT-IR spectra is in
accordance with the values observed by X-ray diffraction
(17). However, AGP has proved difficult to crystallize; hence
its 3D structure is unknown. As can be observed in Figure
6, the 3D model of AGP is very similar to that of OBP. In
both proteins one can spot the conservedâ-barrel structure
with one end typically open to the solvent providing access
to the cavity. Interestingly, the secondary structure of AGP
calculated from this 3D model (56%â-strand, 11.4%R-helix,
and 27% unordered structures) is in strong agreement with
the content estimated from the FT-IR deconvoluted spectrum
of refolded AGP by the curve fitting method. This finding
demonstrates that proteins which share almost identical FT-
IR spectral characteristics and that behave similarly upon
thermal denaturation also exhibit very similar 3D structures.
Furthermore, the results demonstrate how FT-IR spectros-
copy can be useful to estimate the secondary structure of
proteins especially of those whose 3D structure has not yet
been identified. Overall, this detailed FT-IR study contributes
to understanding further the nature, the extent, and the
sequence of the conformational changes surrounding the
thermal stability ofR1-acid glycoprotein and highlights the
utility of FT-IR spectroscopy for obtaining such information.

Other lipocalin proteins such asâ-lactoglobulin and retinal-
binding protein have also been shown to exhibit a molten
globule state as a function of temperature and pH, respec-
tively (58, 60). Although the detection of this molten globule
state has been observed under nonphysiological conditions

(i.e., high temperatures, acidic pH), it nevertheless points
out the propensity of these proteins to exist in this more
relaxed state, which in a more physiological environment
may have important implications. In fact, it has been
suggested that the molten globule condition, probably favored
by a â-barrel topology, may be important for a number of
processes occurring in vivo, including the translocation of
proteins through membranes, their folding, and degradation
(61) as well as ligand release (62, 63).
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