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Abstract. This review paper reports usefulness of two-dimensional (2D) correlation spectroscopy in analyzing infrared (IR)
spectra of proteins in aqueous solutions. In the 2D approach, spectral peaks are spread over the second dimension, thereby
simplifying the visualization of complex spectra consisting of many overlapped bands, and enhancing spectral resolution. 2D
correlation spectroscopy has a powerful deconvolution ability for highly overlapped amide I, amide II, and amide III bands of
proteins, enabling these bands to be assigned to various secondary structures. It also provides the specific order of the spectral
intensity changes taking place during the measurement on the value of controlling variable affecting the spectra. Therefore,
one can monitor the order of secondary structure variations in proteins by using 2D IR correlation spectroscopy. 2D correlation
spectroscopy also provides new insight into the hydrogen bondings of side chains of proteins. In this review the principles and
advantages of 2D correlation spectroscopy are outlined first and then three examples of the applications of 2D IR spectroscopy
to protein research are presented.

1. Introduction

Infrared (IR) spectroscopy has long been used as a powerful method for investigating the secondary
structures of proteins and their dynamics. One of the significant advantages of IR spectroscopy for the
studies of proteins is that spectra of proteins with a high signal-to-noise ratio can be obtained easily under
various conditions irrespective of the size of proteins [1–16]. One can measure IR spectra of proteins in
aqueous solutions, crystals, solids, and even in the presence of other biomolecules. In the IR region, the
frequencies of bands due to the amide I, II, and III vibrations are sensitive to the secondary structure of
proteins, Particularly, the amide I band is useful for the secondary structure studies. In general, the amide
bands consist of several component bands assignable to different secondary structures. Therefore, many
attempts have been made to assign the components of the amide bands to secondary structure elements
such asα-helix andβ-sheet. Usually, second derivative, Fourier self deconvolution (FSD) and curve
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fitting are used to deconvolute the amide bands. However, the results obtained by the above methods are
not always conclusive, especially for complex proteins consisting of various secondary structures.

IR spectroscopy is useful also for investigating the hydrogen bonds of side chains of proteins. However,
information about the side chains obtained from IR spectra of proteins is still limited [15,16].

The purpose of this review article is to demonstrate potential of generalized two-dimensional (2D)
IR correlation spectroscopy [17–25] in protein research. The 2D IR correlation spectroscopy has four
major advantages in investigating protein structures [26–40]. One is that the 2D correlation spectroscopy
deconvolutes amide bands into component bands due to different secondary structures. Another is that it
enables one to establish the correlations between bands due to different secondary structures of protein
through selective correlation peaks for given perturbation. Yet another is that one can monitor inten-
sity variations even in very weak protein bands such as those due to the COOH and COO− groups of
glutamic (Glu) and aspartic (Asp) acid residues and aromatic amino acid residues. Moreover, it provides
information about specific order of secondary structural changes and changes in side chains under various
environments.

The first example of the application of 2D IR correlation spectroscopy to protein research was con-
cerned with the secondary structure of myoglobin. In this study hydrogen–deuterium (H/D) exchange of
the amide proteins was employed as an external perturbation to generate the 2D spectra [26]. Since
that time 2D IR correlation spectroscopy has extensively been used to explore the secondary struc-
ture of proteins. Sefara and Richardson [27,28] studied thermal transitions inβ-lactoglobulin (BLG)
using both 2D IR and near-infrared (NIR) spectroscopy. Smeller and Heremans [29,30] and Dzwolak
et al. [31] reported 2D IR studies of pressure-dependent structural modifications of proteins. Paquet et
al. [32] employed 2D IR spectroscopy to investigate the aggregation of cytochromec in the presence of
dimyristoylphophatidylglycerol. There are many other examples [33–40]. Czarnik-Matusewicz et al. [33]
explored adsorption-induced and concentration-dependent structural variations of BLG in aqueous solu-
tions by use of 2D attenuated total reflection (ATR)/IR correlation spectroscopy.

Very recently, new types of applications of 2D IR correlation spectroscopy to protein research have
been presented. Murayama et al. [34] extended 2D IR correlation spectroscopy studies of proteins to
those of hydrogen bondings of side chains of human serum albumin (HSA) in aqueous solutions. Wu
et al. [35] combined principal component analysis with 2D correlation spectroscopy to investigate the
secondary structure and kinetics of H/D exchange of HSA.

2. Principles of 2D correlation spectroscopy

Figure 1 shows a general scheme for obtaining 2D correlation spectra [18]. When an arbitrary pertur-
bation is applied to a system, various chemical constituents of the system are selectively excited. The
excitation and subsequent relaxation process toward the equilibrium can be monitored with electromag-
netic probes. The intensity changes, band shifs, and changes in band shapes are typical spectral variations
observed under external perturbation. The monitored fluctuations of spectral signals are then transformed
into 2D spectra by use of a correlation method. However, before the calculation of 2D correlation spectra,
dynamic spectra must first be calculated.



Y. Ozaki et al. / 2D infrared correlation spectroscopy 81

Fig. 1. General scheme for obtaining 2D correlation spectra. (Reproduced from [18] with permission.c©2000, Society for
Applied Spectroscopy.)

2.1. Dynamic spectra

For a spectral intensity variationy(ν, t) observed as a function of a spectral variableν during an interval
of some additional external variablet betweenTmin andTmax, thedynamic spectrum̃y(ν, t) is defined as

ỹ(ν, t) =
{

y(ν, t) − ȳ(ν) for Tmin � t � Tmax,
0 otherwise.

(1)

The external variablet will be referred to astime for convenience, although it can be any reasonable
measure of a physical quantity, such as temperature, pressure, and concentration. Thereference spectrum
ȳ(ν) may often be set to thetime-averagedspectrum defined by

ȳ(ν) =
1

Tmax− Tmin

∫ Tmax

Tmin

y(ν, t) dt (2)

although other forms of reference spectra may also be chosen.

2.2. Generalized 2D correlation spectra

A formal definition of the generalized 2D correlation spectrum is given by [17]

Φ(ν1,ν2) + iΨ(ν1,ν2) =
1

π(Tmax− Tmin)

∫ ∞

0
Ỹ1(ω) · Ỹ ∗

2 (ω) dω. (3)

The synchronousandasynchronous2D correlation spectra,Φ(ν1,ν2) andΨ(ν1,ν2), represent, respec-
tively, the overall similarities and differences of the time-dependent behavior of spectral intensity varia-
tions measured at two distinct spectral variables,ν1 andν2, during the observation period betweenTmin

andTmax. The termỸ1(ω) is the forward Fourier transform of the spectral intensity variationsỹ(ν1, t)
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observed at some spectral variableν1

Ỹ1(ω) =
∫ ∞

−∞
ỹ(ν1, t)e−iωt dt,

= Ỹ Re
1 (ω) + iỸ Im

1 (ω),
(4)

whereỸ Re
1 (ω) andỸ Im

1 (ω) are, respectively, the real and the imaginary components of the Fourier trans-
form. The Fourier frequencyω represents the individual frequency component of the variation ofỹ(ν1, t)
measured along the variablet. Likewise, the conjugate of the Fourier transform̃Y ∗

2 (ω) of spectral inten-
sity variationsỹ(ν2, t) observed at spectral variableν2 is given by

Ỹ ∗
2 (ω) =

∫ ∞

−∞
ỹ(ν2, t)e+iωt dt,

= Ỹ Re
2 (ω) − iỸ Im

2 (ω).
(5)

2.3. Synchronous and asynchronous spectra

Examples of the synchronous and asynchronous 2D correlation spectra are shown in Fig. 2(A) and (B),
respectively [18]. A synchronous spectrum is symmetric with respect to a diagonal line corresponding
to spectral coordinates,ν1 = ν2. The intensities of peaks on the diagonal line correspond to the autocor-
relation function of spectral intensity variations observed during a periodT . Those peaks are therefore
referred to as autopeaks. The intensities of autopeaks represent the overall extent of dynamic fluctuations
of spectral signals. Cross peaks located at the off-diagonal positions of a synchronous spectrum repre-
sent the simultaneous changes of spectral signals at two different wavenumbers. If the sign of a cross
peak is positive, it means that spectral intensities at corresponding wavenumbers are either increasing or

Fig. 2. (A) Schematic contour map of a synchronous 2D correlation spectrum. (B) Schematic contour map of an asynchronous
2D correlation spectrum. (Reproduced from [18] with permission.c©2000, Society for Applied Spectroscopy.)
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decreasing together. If the sign is negative, it is indicated that one spectral intensity is increasing while
the other is decreasing.

An asynchronous 2D correlation spectrum, which consists exclusively of off-diagonal cross peaks,
provides information complementary to the synchronous spectrum. Asynchronous cross peaks develop
only if the basic trends of dynamic spectral variations observed at two different wavenumbers of the
cross peaks are dissimilar. The sign of an asynchronous cross peak can be either positive or negative. If
the intensity change atν1 takes place predominantly before that atν2, the sign is positive. On the other
hand, if the change atν1, occurs after that atν2, the sign becomes negative. It must be kept in mind that
this rule is reversed ifΦ(ν1,ν2) < 0.

3. Application of 2D IR correlation spectroscopy to protein research

In this section we introduce three examples of 2D IR studies on proteins from our recent research [33–
35].

3.1. 2D ATR/IR correlation spectroscopy study of concentration-dependent structural variations of
β-lactoglobulin in aqueous solutions

Czarnik-Matusewicz et al. [33] studied adsorption-induced and concentration-dependent structural
modifications ofβ-lactoglobulin (BLG) in aqueous solutions by use of 2D ATR/IR correlation spec-
troscopy. A number of studies have been reported for the secondary structural changes of BLG under
various perturbations such as temperature, pH, pressure, concentration and dielectric constant of sol-
vent [41–43]. It is of particular interest that even the concentration changes induce secondary structural
modifications in BLG [43].

Figure 3 depicts ATR/IR spectra in the 4000–650 cm−1 region of BLG solutions with a concentration
of 1, 2, 3, 4, and 5 wt% and a phosphate buffer solution (pH 6.6) [33]. The spectra are very close to

Fig. 3. ATR/IR spectra in the 4000-650 cm−1 region of the buffer solution and five different aqueous solutions of BLG with
concentrations of 1, 2, 3, 4, and 5 wt%. (Reproduced from [33] with permission.c©2000, American Chemical Society.)
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Fig. 4. Concentration-dependent ATR/IR spectral variations in the 1720–1200 cm−1 region of the BLG solutions after the four
pretreatments, except for normalization. (Reproduced from [33] with permission.c©2000, American Chemical Society.)

an ATR/IR spectrum of water. To extract concentration-dependent spectral changes, the original spectra
were subjected to pretreatment procedures consisting of ATR correction, subtraction of the spectrum of
the buffer solution, smoothing, and normalization over the concentration [33]. Figure 4 shows the re-
sulting spectra of the protein solutions after the four pretreatments expect for the normalization [33].
Czarnik-Matusewicz et al. [33] examined both adsorption-induced and concentration-dependent spec-
tral variations of BLG using 2D ATR/IR correlation spectroscopy. It was found from the adsorption-
dependent spectral changes that the interaction between BLG molecules and an ATR prism is character-
ized by intensity changes in bands assigned toβ-sheet elements buried in the hydrophobic core of the
molecule and that the intensity variations induced by the adsorption are about one-tenth of those induced
by the concentration changes [33]. In this review only the concentration-dependent structural changes in
BLG are discussed.

Figure 5 illustrates the synchronous 2D ATR/IR correlation spectrum calculated from the concentration-
dependent spectral changes of the BLG aqueous solutions. The strongest autopeaks at 1652 and
1662 cm−1 are assigned to hydrophilic secondary structure motives located on the outer surface of BLG
that are built fromα-helices and 310-helices, respectively. These secondary structures are less protected
from water penetration than theβ-strands forming the calyx. A minimal intensity variation in the band at
1636 cm−1 due to antiparallel “buried”β-sheets is consistent with the fact that the C=O groups located
inside the hydrophobic core of BLG are more resistant to the interaction with water molecules than those
in the hydrophilic, solvent exposed part of BLG.

Figure 6 depicts the corresponding asynchronous correlation spectrum and Fig. 7 shows a slice
spectrum extracted at 1665 cm−1 from the asynchronous 2D spectrum in Fig. 6, together with that
at 1640 cm−1 from the asynchronous spectrum calculated from the adsorption-dependent spectral
changes [33]. It can be seen from comparison between the two slice spectra that the unrelated inten-
sity variations stimulated by concentration change are at least one order of magnitude higher than those
induced by the adsorption process. According to the rule proposed by Noda [17,18], the asynchronous
spectrum in Fig. 6 and the slice spectrum at 1665 cm−1 in Fig. 7 suggest the following sequence of the
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Fig. 5. Synchronous 2D ATR/IR correlation spectrum in the 1720–1580 cm−1 region constructed from concentration-dependent
spectral changes of BLG. (Reproduced from [33] with permission.c©2000, American Chemical Society.)

Fig. 6. Asynchronous 2D ATR/IR correlation spectrum in the 1720–1580 cm−1 region constructed from concentra-
tion-dependent spectral changes of BLG. (Reproduced from [33] with permission.c©2000, American Chemical Society.)

spectral events occurring during the concentration increase:

(1645≈ 1642)→ (1694≈ 1683≈ 1658≈ 1654)→ 1673≈ 1665→ (1638≈ 1633≈ 1628)→
1623→ 1616→ 1606 cm−1.

The above sequence reveals that the first event in the intensity variations occur for the bands due
to the random coil structure (1645 and 1642 cm−1), followed by the intensity changes in the bands
assigned to the high-wavenumberβ-sheet component (1694 cm−1), β-turn (1683 cm−1), andα-helix
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Fig. 7. Slice spectra extracted along (a) 1640 cm−1 in the asynchronous spectrum generated from the adsorption-dependent
spectral variations and (b) 1665 cm−1 in the asynchronous spectrum presented in Fig. 6. (Reproduced from [33] with permis-
sion. c©2000, American Chemical Society.)

(1658 and 1654 cm−1). The intensity variations arising from another type ofβ-turn (probably type III)
(1673 cm−1) and 310 helix (1665 cm−1) take place next. The intensity modifications attributed to both
buried (1638 cm−1) and exposedβ-strands (1633 and 1628 cm−1) are behind those due to the structures
described above, but ahead the changes induced by aggregated components (1623 cm−1). The last event
in the sequence is attributed to the side-chain vibrations (1616 and 1606 cm−1). The negative sign of
the synchronous peak around (1652, 1622) cm−1 suggests that, at the expense of the intramolecular
hydrogen bonds located in the disordered/α-helix components, the number of intermolecular hydrogen
bonds increases. This conclusion is consistent with those reached from thermal denaturation studies of
BLG by IR spectroscopy [41] and circular dichroism [42].

3.2. 2D ATR/IR correlation spectroscopy study on pH-dependent changes in the secondary structures
and in the hydrogen bondings of side chains of human serum albumin

Murayama et al. [34] applied 2D correlation spectroscopy to pH-dependent ATR/IR spectral changes
to explore pH-dependent variations in the secondary structures and in the hydrogen bondings of side
chains of HSA. HSA consists of three homologous domains I, II, and III built from 585 amino acid
residues with a molecular weight of approximately 66.4 kDa [44–46].

Figure 8 depicts a ribbon diagram of the structure of HSA drawn from the X-ray data by Carter and
Ho. [47] HSA is composed of 67% helix, 10% turn, and 23% extended chain. Noβ-sheet structure
is involved in HSA. It is well known that the three domains have different stability against external
perturbation and that theα-helix structures in HSA are considerably stable with temperature and pH
changes. HSA undergoes several transitions in dependence of pH, assuming E form (below pH 2.7),
F form (pH 2.7–4.3), N form (pH 4.3–8), B form (pH 8–10), and A form (over pH 10).

The 2D IR study provided unambiguous evidences for pH-dependent changes in the secondary struc-
tures and hydrogen bondings of side chains, particularly of COOH and COO− groups of Glu and Asp
and the relation between the changes in the secondary structures and the hydrogen bondings [34].
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Fig. 8. Ribbon diagram of the structure of HSA drawn from the X-ray data by Carter and Ho. [47]

Fig. 9. Representative difference IR spectra in the 1750–1580 cm−1 region of HSA in buffer solutions (2.0 wt%) of pH 3.2, 3.6,
4.2, 4.6 and 5.0. At each pH the spectrum of the buffer solution was subtracted from the corresponding spectrum of the HSA
solution. (Reproduced from [34] with permission.c©2001, American Chemical Society.)

3.3. ATR/IR spectra of HSA in aqueous solutions

Figures 9 and 10 show representative ATR/IR spectra in the 1750–1580 cm−1 region of HSA in aque-
ous solutions (2.0 wt%) with pH of 3.2, 3.6, 4.2, 4.6, and 5.0, and their second derivatives, respec-
tively [34]. The second derivative spectra reveal that the amide I band is composed of a strong band at
1654 cm−1 due toα-helix and weak satellite components at 1681 and 1628 cm−1 assigned to theβ-turn
andβ-strand structures, respectively.
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Fig. 10. Second derivaties of the spectra shown in Fig. 9. (Reproduced from [34] with permission.c©2001, American Chemical
Society.)

Table 1

Frequencies (cm−1) and assignments of IR bands of the HSA solutions observed in the second derivative
spectra and 2D correlation maps

2nd derivative N form (2D) N–F transition (2D) F form (2D) Assignment
1740 1740 Free COOH group
1715 1715 1715 Hydrogen bonded (weak) COOH

1705 Hydrogen bonded (medium) COOH
1696 1696 Hydrogen bonded (strong) COOH

1681 1678 β-turn
1667 1667 β-turn

1654 1654 1654 α-helix
1647 Random coil

1640 1640 1638 β-strand
1632 1635 β-strand

1628 β-strand
1620 1622 β-sheet

1614 1614 1616 Side chains
1598 1598 COO−

Of note in the second derivative spectra is appearance of weak features at 1740 and 1598 cm−1. They
are ascribed to a C=O stretching mode of COOH groups and COO− antisymmetric stretching mode,
respectively, of Glu and Asp acid residues in HSA.

The wavenumbers of the bands observed in the second derivative spectra and their assignments are
summarized in Table 1.

3.4. 2D correlation spectra of N isomeric form of HSA

Figure 11(A) and (B) show synchronous and asynchronous 2D IR correlation spectra of the N isomeric
form of HSA in a buffer solution, constructual from the pH-dependent (pH 5.0, 4.8, 4.6, and 4.4) spectral
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Fig. 11. (A) Synchronous 2D IR correlation spectrum in the 1750–1580 cm−1 region constructed from the pH-dependent
(pH 5.0, 4.8, 4.6 and 4.4) spectral variations of the HSA solutions with a concentration of 2.0 wt%. (B) The corresponding
asynchronous correlation spectrum. (Reproduced from [34] with permission.c©2001, American Chemical Society.)

variations in the 1750–1580 cm−1 region, respectively. A broad autopeak near 1654 cm−1 in the syn-
chronous spectrum corresponds to the amide I band of theα-helix structure of HSA. Several cross peaks
are developed in the asynchronous spectrum, and from the analysis of the cross peaks, one can identify
bands at least at 1715, 1667, 1654, 1641, and 1614 cm−1. The band at 1715 cm−1 is not identified in the
second derivative spectra at pH 5.0 and 4.6, demonstrating that 2D correlation spectroscopy is powerful
in detecting subtle spectral changes. Murayama et al. [34] ascribed the band at 1715 cm−1 to a C=O
stretching mode of the hydrogen bonded COOH groups of Glu and Asp residues of HSA. About half of
the carboxyls of Asp and Glu residues are considered to ionize with an intrinsic pK of 4.3. The asynchro-
nous spectrum suggests that some carboxylate groups are protonated even in this pH range (pH 4.0–5.0).
The broad feature of the cross peak near (1715, 1654) cm−1 indicates that the COOH groups with the
hydrogen bonds of different strength are formed upon the protonation.

On the basis of the Noda’s rule, Murayama et al. [34] deduced the following sequence of the intensity
variations:

Hydrogen-bonded COOH (1715 cm−1), side chains (1614 cm−1) → α-helix (1654 cm−1) →
β-strand (1641 cm−1) → β-turn (1667 cm−1).

3.5. 2D correlation spectra of N–F transition region of HSA

In the N–F transition the major structural changes take place in domain III and domain I undergoes
only minor changes in the secondary structure [48]. Figure 12(A) and (B) illustrate the synchronous and
asynchronous correlation spectra of the N–F transition, respectively. The synchronous spectrum yields a
broad autopeak at 1654 cm−1 and negative cross peaks at (1705, 1632) cm−1 and (1740, 1640) cm−1.
The bands at 1740 and 1705 cm−1 are due to a C=O stretching vibration of free and hydrogen bonded
COOH groups, respectively, of Asp and Glu side chains. In this pH range, many carboxylate groups are



90 Y. Ozaki et al. / 2D infrared correlation spectroscopy

Fig. 12. (A) Synchronous 2D IR correlation spectrum in the 1750–1580 cm−1 region constructed from the pH-dependent
(pH 4.6, 4.4, 4.2, 4.0 and 3.8) spectral variations of the HSA solutions with a concentration of 2.0 wt%. (B) The corresponding
asynchronous correlation spectrum. (Reproduced from [34] with permission.c©2001, American Chemical Society.)

protonated. It is very likely that the unfolding or expansion of domain III induces the free COOH groups
in the N–F transition. The band at 1705 cm−1 due to the hydrogen bonded COOH group and that at
1632 cm−1 assignable toβ-strand structures share the cross peak, suggesting that the formation of the
hydrogen bonded COOH groups upon the protonation and the secondary structure change inβ-strand
structures are cooperative in the N–F transition.

The asynchronous spectrum (Fig. 12(B)) develops cross peaks at (1696, 1654) and (1620, 1654) cm−1.
The bands at 1696, 1654, and 1620 cm−1 may be due to hydrogen bonded COOH groups,α-helices,
andβ-sheets, respectively. Of note is that two kinds of hydrogen bonded COOH groups show the C=O
stretching mode at 1705 and 1696 cm−1 in the N–F transition. It seems that they hydrogen bonds of
different strength. The C=O groups can form hydrogen bonds with NH groups of the main chains or side
chains or with OH groups of side chains or water molecules. This shows that 2D correlation spectroscopy
enables one to investigate the C=O stretching bands arising from COOH groups located in a variety of
environments. The signs of the asynchronous cross peaks indicate the following sequence of the structural
changes in HSA during the N–F transition.

Hydrogen bonded COOH (1696 cm−1) → α-helix (1654 cm−1) →

β-sheet (1620 cm−1), β-turn (1667 cm−1) → β-strand (1632cm−1).

The above sequence suggests that the protonation of COO− groups starts the N–F transition, followed by
the unfolding of theα-helices in domain III. In the last step, theβ-turns,β-sheets, andβ-strands undergo
the secondary structure change, leading to the F isomeric form of HSA.
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Fig. 13. An FT-IR spectrum of HSA in a H2O solution and those of HSA in a D2O solution as a function of exposure time. The
spectrum with the dotted line; the H2O solution: The spectra with solid line; the D2O solution measured (from top to bottom)
from 1.5 to 260 min after the initiation of the exposure of HSA to D2O at 25◦C. In each spectrum the spectrum of H2O or D2O
was subtracted. (Reproduced from [35] with permission.c©2001, American Chemical Society.)

3.6. 2D IR spectroscopy and principal component analysis studies of the secondary structure of human
serum albumin in aqueous solutions using hydrogen–deuterium exchange

IR spectra were measured as a function of time after dissolving HSA into D2O to investigate the
secondary structure and kinetics of H/D exchange [35]. 2D IR correlation spectroscopy and PCA were
used to analyze the obtained spectra [35]. 2D IR spectra in the amide I and amide II (and amide II′)
regions were generated from time-dependent spectral variations in different exposure time domains of
HSA in the D2O solution. The synchronous and asynchronous spectra in each time domain provided a
clear separation of amide bands due to the different secondary structures and the asynchronous spectra
showed the specific sequence of the secondary structure exposed to the H/D exchange. PCA was used
to select the appropriate time domains for the calculation of 2D correlation spectra. The loadings plots
of PCA are useful also to assist the band assignments in the amide I and II region and to investigate the
mechanism of the H/D exchange.

3.7. Hydrogen–deuterium exchanges in amide protons of HSA monitored by IR spectra

Figure 13 shows a series of IR spectra measured as a function of time after dissolving HSA into D2O
(pD 7.0, pD= pDread+ 0.44) [35]. The spectrum shown by a broken line is the spectrum of HSA in
H2O. The amide I region shows a broad maximum at 1654 cm−1 characteristic of aα-helical structure.
Of note in Fig. 13 is a dramatic decrease in the intensity of the amide II band centered at 1552 cm−1 and
a concomitant intensity increase at 1450 cm−1 (amide II′). The intensity decrease in the amide II band
provides a direct measure for both the time course and the extent of amide H/D exchange (see Fig. 14).

Wu et al. [35] monitored the reaction of –CONH–+ D2O → –COND–+ HOD by measuring the de-
crease in the intensity of the amide II region. One can assume that during the H/D exchange the intensity
of the amide I band in the 1700–1600 cm−1 region remains constant. Therefore, Wu et al. [35] took the
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Fig. 14. (A) The ratios of the area of amide II or amide II′ divided by that of amide I for the spectra shown in Fig. 13 versus
time after the initiation of the H/D exchange in HSA in the D2O solution. (B) Fraction of the non-exchanged amide protons in
HSA in the D2O solution. (Reproduced from [35] with permission.c©2001, American Chemical Society.)

ratio of the area of the amide II band (or amide II′) to that of the amide I band centred at 1654 cm−1

(Aamide II/Aamide I or Aamide II′/Aamide I) to eliminate possible fluctuations in intensity. In order to es-
timate the fraction of the non-exchanged amide protons (X), the initial value ofAamide II/Aamide I is
expressed by the ratio of the area of the amide II band to that of amide I band of HSA in the H2O
solution [35]. It was found that the initial value ofAamide II/Aamide I is 0.56.

The ratios ofAamide II/Aamide IandAamide II′/Aamide Iare plotted as a function of the time in Fig. 14(A).
The decrease in theAamide II/Aamide I may be ascribed as the sum of the individual exponential decay for
each amide proton. It is noted that a large number of amide protons remain unchanged even after a few
hours. The fraction,X, of the non-exchanged amide protons at a time,t, can be estimated as:

X = Aamide II/0.56Aamide I.

Figure 14(B) plots the fraction ofX versus time [35]. Figure 14(B) reveals that roughly 50% of the
amide protons undergo the H/D exchange within 2 min after the exposure of HSA to D2O, additional
12% over the next 30 min, and further 10% over the next a few hours. Roughly 25% of the amide protons
resist to being deuterated even 4 hour after the exposure of HSA to D2O at 25◦C.

3.8. PCA Study

Figure 15 shows a PC1vs PC2 score plot of the time-dependent IR spectra in the 1720–1360 cm−1

region [35]. The two PCs account for nearly 99.9% of the total variance. One can easily find three
groups, Group I, II and III in the score plot. Group I, II, and III comprise the spectra measured between
1.8 (HD02) and 5.3 (HD06) min, between 6.4 (HD07) and 13.4 (HD16) min, and between 25.2 (HD19)
and 181 (HD27) min after the initiation of the H/D exposure, respectively. The result in Fig. 15 provides
very important basis for the selection of the time domains for the 2D correlation analysis.
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Fig. 15. A PC1vsPC2 plot of PCA for the time-dependent IR spectra of HSA shown in Fig. 13. (Reproduced from [35] with
permission.c©2001, American Chemical Society.)

The loadings plots of PC1 and PC2 for the score plot in Fig. 15 are shown in Fig. 16(A) and (B),
respectively [35]. In the loadings plot of PC1 positive peaks are developed around 1682, 1667, 1663,
and 1540 cm−1, which correspond to the bands due toβ-turn (bands at 1682, 1667, and 1663 cm−1

in the amide I region) andβ-strand (a band at 1540 cm−1 in the amide II region). This means that
in Group I and Group II the H/D exchanges occur largely in the amide groups ofβ-turns. A negative
peak at 1625 cm−1 and those at 1452 and 1437 cm−1 may be due to the amide I band of intermolecular
β-strands and the amide II′ bands ofα-helices overlapped with the band arising from the bending mode of
HOD, respectively. It seems that the formation of the intermolecularβ-strands, HOD, and the deuterated
α-helices are predominant in Group III.

The loadings plot of PC2 shows all positive bands at 1698, 1687, 1672, 1666, 1650, 1630, and
1620 cm−1 in the amide I region, those at 1573, 1558 and 1538 cm−1 in the amide II region, and those at
1468 and 1460 cm−1 in the amide II′ region. These positive peaks mean that Group I and Group III are
characterized by these band features. They contribute greatly to the separation of Group I and Group III
from Group II, especially the separation between Group I and Group II. Even though the characteristic
features of Group I and Group II are the H/D exchanges in theβ-turns, there are still great differences
between them as revealed by the positive peaks in the loadings plot for PC2. The loadings plot for PC2
suggest that in Group III the H/D exchanges take place largely in theα-helices (1650 and 1558 cm−1)
and that the aggregatedβ-strands (between 1630 and 1620 cm−1) are formed.
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Fig. 16. Loading plots of PC1 (A) and PC2 (B) for the score plot in Fig. 15. (Reproduced from [35] with permission.c©2001,
American Chemical Society.)

3.9. 2D IR correlation spectroscopy

Figure 17 shows the (A) synchronous and (B) asynchronous correlation maps of HSA for the rapidly
exchange amide protons, which are constructed from the five spectra in Group I (in Fig. 15). The power
spectrum along the diagonal line of the synchronous spectrum shown in Fig. 18 (I) reveals that the
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(A)

(B)

Fig. 17. (A) Synchronous and (B) asynchronous 2D IR correlation spectra of HSA calculated from five spectra (Group I), which
measured between 1.83 and 5.30 min after the initiation of the H/D exchange. (Reproduced from [35] with permission.c©2001,
American Chemical Society.)
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Fig. 18. Power spectra extracted from the synchronous 2D contour maps; (I) from Fig. 17(A), Group I, (II) from Fig. 20(A),
Group II, and (III) from Group III. (I′) Slice spectra at 1667 cm−1 extracted from the synchronous 2D contour maps shown in
Fig. 17(A). (Reproduced from [35] with permission.c©2001, American Chemical Society.)

synchronous map is characterized by autopeaks at 1683, 1666, and 1625 cm−1 in the amide I region,
that at 1542 cm−1 in the amide II region, and those at 1452 and 1437 cm−1 in the amide II′ region.
The appearance of these autopeaks mean that the intensities of these amide bands change significantly
with the progress of the H/D exchange. The amide I bands at 1683 and 1666 cm−1 are due to theβ-turn
structures. Therefore, it seems that the amide groups associated with theβ-turn structures are involved
in the first H/D exchange during the deuteration process.

It is noted that the slice spectrum at 1666 cm−1 extracted from the synchronous spectrum in Fig. 17(A)
(Fig. 18 (I′)) is very similar to the loadings plot for PC1 in Fig. 16(A). The results of the 2D correlation
analysis and PCA are in a very good agreement [35].

The asynchronous spectrum (Fig. 17(B)) looks complicated, but the deconvoluted peak positions in
the asynchronous spectrum are in a good agreement with those in the second derivative spectra [35].
A slice spectrum extracted at 1543 cm−1 from the asynchronous spectrum is shown in Fig. 19(I). The
slice spectrum develops four new bands at 1655, 1640, 1613 and 1604 cm−1 in the amide I region,
assigned toα-helices (1655 cm−1), intramolecularβ-strands or random coil (1640 cm−1), and side chains
(1613 and 1604 cm−1), respectively. In fact, the H/D exchanges in the side chains should occur very
fast according to the proposed two crucial inhibition factor for the H/D exchange in native proteins.
The asynchronous map allows one to explore the order in the H/D exchange of secondary structure
elements. The asynchronous spectrum shows cross peaks at (1640, 1669) and (1640, 1685) cm−1 in the
amide I region. However, no asynchronous cross peak is developed among the bands at 1685, 1669, and
1625 cm−1, suggesting that the secondary structures giving the peaks at 1685, 1669, and 1625 cm−1 show
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Fig. 19. Slice spectra at 1543 cm−1 extracted from the asynchronous 2D contour maps; (I) from Fig. 17(B), Group I, (II) from
Fig. 20(B), Group II, and (III) from Group III. (Reproduced from [35] with permission.c©2001, American Chemical Society.)

very similar or almost equal H/D exchange kinetics. In contrast, it seems that the secondary structure that
has the band at 1640 cm−1 shows quite different behavior in the H/D exchange from those with the amide
I band at 1685 and 1669 cm−1. The signs of cross peaks at (1640, 1669) and (1640, 1685) cm−1 suggest
that the H/D exchange occurs in theβ-strands (1640 cm−1) earlier than in theβ-turn structures (1685
and 1669 cm−1).

Figure 20 shows the (A) synchronous and (B) asynchronous correlation maps of HSA calculated from
nine IR spectra (spectra from HD07 to HD16, Group II in Fig. 15) measured between 6.4 and 13.4 min
after the initiation of the H/D exchange. The power spectrum and the slice spectrum extracted from
the synchronous and asynchronous spectra in Fig. 20(A) and (B) are shown in Fig. 18 (II) and 19 (II),
respectively. The most notable difference between the synchronous spectra in Fig. 17(A) and Fig. 20(A)
is the appearance of an autopeak near 1658 cm−1 in Fig. 18 (II). This band obviously arises from the
α-helix structure. This observation reveals that besides the H/D exchanges in theβ-turns (1678 cm−1),
the D2O molecules start going into the accessible parts ofα-helices in the second time domain of the
H/D exchange.

The asynchronous spectrum develops cross peaks at (1671, 1683), (1653, 1671), (1653, 1683), (1623,
1671), and (1623, 1653) cm−1 in the amide I region. The signs of the cross peaks suggest the following
sequences of the H/D exchanges in the amide protons.

β-turns (1683 cm−1) → aggregatedβ-strands (1623 cm−1) →
β-turns (1671 cm−1) → 1653 cm−1 (α-helices).
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(A)

(B)

Fig. 20. (A) Synchronous and (B) asynchronous 2D IR correlation spectra of HSA calculated from nine spectra (Group II)
measured between 6.4 and 13.4 min after the initiation of the H/D exchange. (Reproduced from [35] with permission.c©2001,
American Chemical Society.)
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Wu et al. [35] also investigated the (A) synchronous and (B) asynchronous correlation maps of HSA,
constructed from the nine spectra measured between 25.2 to 181 min after the beginning of H/D ex-
change process (Group III). Fig. 18 (III) and Fig. 19 (III) show the power spectrum and the slice spectrum
extracted from the synchronous and asynchronous spectra, respectively. It was found from the synchro-
nous map that the exchanges in theα-helices (1656 cm−1) and the formation of aggregatedβ-strands
(1623 cm−1) dominate in this time domain.

The sequence order of H/D exchange revealed by the sign of the asynchronous cross peaks is summa-
rized as follows;

β-turns (1663 cm−1) → β-turns (1683 cm−1), random coil (1643, 1540 cm−1) →
α-helices (1653, 1549 cm−1) → aggregatedβ-strand (1623 cm−1).

This study has demonstrated that 2D IR correlation spectroscopy study is powerful to explore the
kinetics of the H/D exchanges in HSA and to unravel poorly resolved amide I, II, and II′ regions. The
combination of PCA and 2D correlation analysis turns out to be very efficient to distinguish the fast
kinetics from the slow ones during the H/D exchange process.
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