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Abstract This review paper aims at outlining the principle of two—dimensional(2 D)IR spectroscopy and its applications to 

the subtle structural changes of proteins in aqueous solutions．Our studies have dual purposes．One is to show that 2D ATR／ 

IR spectroscopy can be utilized to explore the effects of adsorption of proteins on an ATR cel1．Another purpose is to provide 

new insight into temperature and acid induced protein structure and denaturation by using 2 D IR spectroscopy． 

Key words two—dimensional correlation spectroscopy，protein，structural changes，infrared spectroscopy(IR)． 

二维相关红外光谱研究溶液中蛋白质的结构 
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摘要 概述了二维相关红外光谱基本原理以及它在研究蛋白质结构变化方面的最新应用，所综述的内容主要包括 

以下几个方面：(1)二维相关掠角反射红外光谱研究蛋 白质分子在样品池上的吸附过程；(2)重点概述二维相关红 

外光谱在研究温度、酸度等物理变量诱导蛋白质变性及结构变化方面的应用． 

关键词 二维相关光谱，蛋白质，结构变化，红外光谱． 

INTRODUCTION 

Fourier transform infrared spectroscopy(FT—IR) 

has been used extensively as a powerful technique for 

exploring the secondary structures of proteins．[ ]By 

using FT—-IR one can investigate the secondary struc—- 

tures even for proteins with huge molecular weight．It 

is also of note that IR spectroscopy allows one compare 

the secondary structure of proteins among aqueous solu— 

tions，solids，and crystals．In the IR region，the fre- 

quencies of bands due to the amide I，II，and Ill vi- 
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brations are sensitive to the secondary structure ele— 

ments of proteins．[ Usually
， second derivative， 

Fourier self deconvolution(FSD)and curve fitting are 

used to deconvolute the amide I band．However．the 

results obtained by the above methods are not always 

conclusive，especially for complex proteins consisting 

of various secondary structures． 

In recent years generalized two-dimensional(2D) 

correlation spectroscopy[6I7]has been introduced as a 

new technique for analyzing amide I， II and 1II 

bands of proteins．[ ]2D IR correlation spectroscopy 
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is very useful for protein research because of three ma— 

jor reasons．One is that 2 D correlation spectroscopy en— 

ables one to deconvolute the amide bands into compo— 

nent bands due to different secondary structures． An— 

other is that it allows establish the correlation between 

different secondary structures of protein through selec— 

tive correlation peaks for a given perturbation．Yet an— 

other is that it gives information about specific order of 

secondary structural changes and changes in amino 

acid residues under various environments． 

This review paper aims at outlining the principle 

of 2 D IR spectroscopy and its applications to the struc— 

rural and dynamics studies of proteins in aqueous solu— 

tions．It consists of two parts；the first part deals with 

the mathematical background and important properties 

of 2 D IR．The advantages of 2 D IR correlation analysis 

for protein research are also discussed in the first part． 

In the second part of this review，our recent studies on 

applications of 2D IR to proteins are described． Our 

studies have dual purposes．One is to develop 2 D IR 

spectroscopy as powerftd methods for investigating pro— 

teins in aqueous solutions．It was also shown that 2D 

ATR／IR spectroscopy can be utilized to explore the 

effects of adsorption of proteins on an ATR cel1． 

Another purpose of our studies is to provide new insight 

into protein structures and denaturation by using 2 D IR 

spectroscopy．We have been particularly interested in 

protein denaturation by temperature ．acid[15】
。
and 

c0ncentrati0n[ 
． 

1 Principles of 2D Correlation Spectroscopy 

Fig．1 illustrates the basic scheme for a 2D corre— 

lation spectroscopy experiment based on an external 

perturbation．The general experimental approach used 

in 2D correlation spectroscopy is based on the detection 

of dynamic variations of spectroscopic signals induced 

by an external perturbation．_6I7' 引 Thus
。
for example． 

one can employ temperature—dependent IR spectra， 

pH—dependent NIR spectra， concentration dependent 

Raman spectra，and so on for obtaining 2 D correlation 

sDectra．_l 9l20] 

The mathematical background for 2 D correlation 

spectroscopy has been described in detail by Noda．[ ' ] 

Briefly，the following procedures are applied to obtain 

2 D correlation spectra．Let us consider a series of time— 

dependent spectra．First，a series of dynamic spectra 

Y(口，t)must be calculated by subtracting a reference 

spectrum (口)from each spectrum obtained． 

=  

¨

。 

一  ／2
． 

(1) 

Where (口)is the reference spectrum．The selection 

0f the reference spectrum is somewhat arbitrary．but it 

is usually set to be the static or time—averaged spectrum 

de ned as 

( )= 
一  

⋯  

For the next step，it is necessary to Fourier transform 

the dynamic spectra measured in the time domain into 

the frequency domain．The dynamic spectra are then 

discreted Fourier transform to Yl 

～  ^
∞  

Y (to)=f (口 )e-io)tdt 
J一 

l， e ( )+ l，： ( ) (3) 

Where l， ( )and ( )are the real and imaginary 

components of the complex Fourier transform of ( 1，t)． 

The Fourier frequency to represents the individual fre— 

quency component of the time—dependent variation of 

Y(口l，t)．Similarly，Y2(to)，the conjugate of the Fou— 

rier transform of dynamic spectral intensity (口2，t)at 

spectral variable口2，is given by Eq．(4)： 
～  

∞  

Y2 ( )=J (口2， )e+ioJtdt 
J一∞ 

= yR ( )一 ( )． (4) 

Fig．1 General scheme for obtaining 2 D correlation spec- 

tra(Reproduced from Ref．[7]with permission．Copy- 

right@2000，Society for Applied Spectroscopy．) 

图 1 获取二维相关光谱图的一般示意图(摘 自文献 

[7]，版权⑥2000，应用光谱学会) 
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Fig．2 ATR／IR spectra of the bufier solution and five 

kinds of aqueous solutions of BLG with concentrations of 

1．2．3．4，and 5 wt％ (Reproduced from Ref．[13]with 

Dermission．Copyright@ 2000，American Chemical So— 

ciety．) 

图2 乳球蛋白缓冲溶液的衰减全反射红外光谱图， 

溶液中乳球蛋白的质量百分比浓度分别为 1，2，3，4， 

5％(摘自文献[13]，版权@2000，美国化学学会) 

Now，one can define the complex 2 D correlation inten— 

sity between夕( 1，t)and夕(口2，t)．2D correlation is 

nothing but a quantitative comparison of spectral inten‘ 

sity variations observed at two different spectral varia— 

bles over some finite observation interval between T 

and T⋯ Eq．(5)yields the complex 2 D correlation in 

tensity． 

(v1，v2)+ (v1，v2) 
∞

一  ～  

f Y ( )l， ( )d (5) J
0 

Where (vl，v2)and (vl，v2)are called the syn 

chronous and asynchronous intensities， respectively． 

The synchronous 2 D correlation spectra represent the 

simultaneous or coincidental changes of spectral inten- 

sity variations measured at v1 and v2 during the interval 

between T i and T⋯ ，while the asynchronous 2 D cor‘ 

relation spectra represents sequential，or successive， 

changes of spectral intensities． 

2 Application of 2D 

troscopy to Proteins 

IR Correlation Spec- 

Recently，generalized 2 D IR correlation spectros— 

copy has been extensively used to investigate the con— 

formationa1 changes of proteins．[。～ ， For exam 

ple Nabet and Pezolet【 J clearly showed the potential of 

2 D IR correlation spectroscopy in probing the confor— 

marion of proteins using H-D exchange， Smeller and 

Heremans[ 
．
and Dzwolak et a1． reported 2D IR 

studies of pressure．dependent structural modifications 

of proteins．Paquet et a1．⋯ employed 2D IR spectros 

copy to investigate the aggregation of cytochrome c in 

the presence of dimyristoylphophatidylglycero1．There 

are many other examp1es． 川 。’ 0] In this section 

we intrc}duce two examples of 2 D IR studies form our 

recent research．1I 3l J 

2．1 2D ATR／IR correlation spectroscopy studies 

of concentration-dependent spectral variations of B- 

lactoglobulin in aqueous solutions． 

Fig．2 displays ATR／IR spectra in the 4000- 

650cm 一 region of BLG solutions with a concentration 

of 1，2，3，4，and 5wt％ and phosphate buffer solution 

(pH 6．6)． As expected，the spectra are almost 

featureless and very colse to an ATR／IR spectrum of 

water．To pick out subtle changes in spectral intensi— 

ties from the stack of raw spectral traces，the original 

spectra were subjected to pretreatment procedures con 

sisting of ATR correction，subtraction of the spectrum 

ofthe buffer solution，and smoothing． ” Fig．3 shows 

the resulting spectra of the protein solutions after the 

four Dretreatments expect for the normalization． 13 J One 

can clearly identify amide I，lI，and m bands in the 

regions of 1690 ～ 1620，1570 ～ 1520，and 1320 ～ 

1220 cm一 ．respectively．Czarnik-Matusewicz et al 

examined both adsorption-induced and concentration· 

dependent spectral variations of BLG using 2 D ATR／IR 

correlation spectroscopy． It was found from the ad· 

0．04 

0．02 

0 

1700 1500 1400 1300 1200 

／cm 

Fig．3 Concentration．dependent ATR／IR spectral varia- 

tions of the BLG solutions after four kinds of pretreat· 

ments．except for normalization． (Reproduced from 

Ref．『13]with permission．Copyright@2000，Ameri— 

can Chemical Society，) 

图3 不同浓度的乳球蛋 白溶液的衰减全反射红外 

差减光谱图；对应浓度分别为 1，2，3，4，5％．(摘自文 

献[13]，版权@2000，美国化学学会) 
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Fig．4 Synchronous 2D ATR／IR correlation spectrum re— 

gion constructed from concentration-dependent spectral 

changes of BLG(Reproduced from Ref．[13]with permis— 
sion．Copyright@2000．American Chemical Society．) 

图4 以浓度为变量的乳球蛋白溶液的二维同步相 

关红外光谱图(摘 自文献[13]，版权@2000，美国化 

学学会) 

sorption-dependent spectral variations that the interac． 

tion between BLG molecules and an ATR prism is 

characterized by intensity changes in bands assigned to 

13-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．In this review only the con- 

centration-dependent structural changes in BLG are 

discussed． 

Fig．4 depicts the synchronous 2D ATR／IR corre． 

1ation map obtained from concentration-dependent 

spectral changes of the BLG aqueous solutions． The 

strongest autopeaks are developed at 1 652 and 

1662cm‘。． These peaks are assigned to hydrophilic 

secondary structure motives located on the outer surface 

of BLG that are build from ot-helices and 3l0-helices． 

These secondary structures are less protected from wa- 

ter penetration than the 3-strands forming the calyx．A 

minimal intensity variation in the band at 1 636cm 

due to antiparallel“buried”13-sheets is consistent with 

the fact that the C二 O groups located inside the hy． 

drophobic core of BLG are more resistant to the interac． 

tion with water molecules than those in the hydrophili6
， 

solvent exposed part of BLG．This 2D result leads to 

the conclusion that the C= O groups in the 13-sheets 

are less accessible to water molecules than those in the 

ot-helical fragments． 

Fig．5 depicts the corresponding asynchronous cor- 

relation spectrum and Fig．6 shows a slice spectrum ex- 

tracted at 1 665 cm‘。from the asynchronous 2 D spec- 

trum in Fig．5，together with that at 1640cm一 from the 

asynchronous spectrum calculated from the adsorption- 

dependent spectral changes． Comparison between the 

two slice spectra shows that the unrelated intensity vari． 

ations 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，_6．7]the asynchronous spectrum in Fig
． 5 and 

the slice spectrum at 1 665 cm‘。in Fig．6 suggest the 

following sequence of the spectral events occurring dur- 

ing the concentration changes： 

(1645 1642)一(1694 1683 1658 1654)一(1673 1665) 

(1638 1633 1628)一1623—1616—16O6cm 

concentratlon 

The above sequence reveals that the first event in 

the intensity variations occur for the bands due to the 

random coil structure．followed by the intensity chan． 

ges in the bands assigned to the high．．wavenumber 13．． 

sheet component(1694cm )，13-turn(1683am )， 

and ot-helix(1 658 and 1 654cm )．The intensity var． 

iations arising from another type of 13-turn(probably 

type llI)(1673cm )and 310 helix(1665cm )take 

place next． The intensity modifications attributed to 

both”exposed”13-strands(“buried”(1638cm )， 

1633，and 1628cm )are behind those due to the 

structures described above，but ahead the changes in． 

duced by aggregated components(1 623 cm )．The 

last event in the sequence is attributed to the side． 

chain vibrations(1616，1606cm )． 

2·2 2D ATR／IR correlation spectroscopy study of 

pH-dependent changes in the secondary structures 

and hydrogen bonding of carboxylic groups of hu- 

man serum albumin 

It is well known that HSA molecule undergoes 

several transitions under acidic and basic conditions
， 

assuming E from (below pH 2．7)，F form (pH 2．7— 

4．3)，N form (pH 4．3—8．0)，B form (pH 8．0 
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甚 

I，／cm。 

Fig 5 Asynchronous 2 D ATR／IR correlation spectrum 

in the 1720～1 580cm。。region constructed from concen- 

tration—dependent spectral changes of BLG (Reproduced 

from Ref [1 3]with permission．Copyright@2000，A— 

merican Chemical Society．) 

图5 以浓度为变量的乳球蛋白溶液的二维非同步 

相关红外光谱图，光谱范围为 1720～1580波数(摘 

自文献[13]，版权⑥2000，美国化学学会) 

lO)and A form f over pHlO)． ～ The acid．induced 

structural modifications of HSA are characterized by 

changes in secondary as well as tertiary structures and 

microenvironmental changes in side chains．The acid— 

induced transitions in bovine serum albumin(BSA) 

and HSA have been investigated extensively by use of a 

variety of methods，but there are still many things to be 

explored as to the secondary structural changes，roles 

in microenvironmental changes in side chains， and 

flunctions of the three domains． Muravama et a1．[ ] 

employed 2D IR correlation spectroscopy to investigate 

pH-·dependent alterations in the backbone conforma-· 

tions and hydrogen bonding of side chains，particularly 

of COOH and COO—groups of glutamic(Glu)and as- 

partic(Asp)acid residues and relation between the 

changes in the secondary structures and the hydrogen 

bonds． 

Fig．7 displays difference ATR／IR spectra in the 

1750～1580cm region of the HSA solutions(2．0 

wt％)with pH of 3．2，3．6，4．2，4．6 and 5．0(the 

spectrum of buffer solution at each pH was already sub— 

tracted)．[15_ 

Fig．8 a and Fig．8 b show synchronous and asyn- 

chronous 2 D IR correlation spectra of the N isomeric 

j 

39x10’10 

19x10" 

O 

v／cm一’ 

Fig．6 Slice spectra extracted along(a)1 640cm i“ 

the asynchronous spectrum generated from the adsorp— 

tion．dependent spectral variations and(b)1665cm i“ 

the asynchronous spectrum presented in Fig．5 f Repro— 

duced from Ref．[1 3]with permission Copyright⑥ 

2000，American Chemical Society ) 

图6 (a)以浓度为变量的乳球蛋白溶液的二维同步 

相关光谱在 1640波数处的切面图；(b)以浓度为变 

量的乳球蛋白的二维非同步相关光谱在 1665波数处 

的切面图 (摘 自文献 [13]，版权⑥2000，美国化学 

学会 ) 

form of HSA in the buffer solutions，generated from the 

pH—dependent(pH 5．0，4．8，4．6 and 4．4)spectral 

changes in the 1750～1580cm 。。region． The syn— 

chronous correlation map develops only a prominent au— 

topeak near 1 654cm。。．This autopeak is largely due to 

the amide I band of the d．helix structures of HSA． 

In contrast to the synchronous spectrum the asyn— 

chronous spectrum shows a number of cross peaks．The 

analysis of cross peaks identifies bands at least at 1 7 1 5， 

1667，1654，1641，and 1614cm 。。． Of note is an ap· 

pearance of a broad feature around 1 7 1 5 cm 一 assignable 

to a C = O stretching mode of the hydrogen bonded 

COOH groups of Glu and Asp residues of HSA．This 

band is not identified in the second derivative spectra at 

pH 5．0 and pH 4．6．Thus，the clear observation of the 

band at 1715cm demonstrates the usefulness 0f 2D 

correlation spectroscopy．It was reported that about half 

of the carboxyls of Asp and Glu residues are ionized 

with an intrinsic p of 4．3 Therefore，it seems that 

some carboxylate groups undergo protonation even in 

this pH range(pH 5．0～4．4)，yielding the C= O 

stretching mode of the COOH groups at 1715 (ml一． 
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Fig．9 (a)Synchronous 2D IR correlation spectrum 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 c0ncentration of 2．0 wt％．(b)The corresponding asynchr0nous 2D 

IR c0rrelation spectrum．(Reproduced from Ref．[15]with permission．Copyright@2001，American Chemical Society-) 

图 9 以酸度为变量的二维相关红外光谱图，对应 pH值分别为 4．6，4．4，4．2，4．0，3．8：(a)同步相关红外光 

谱图；(b)非同步相关红外光谱图．(摘自文献[15]，版权⑥2001，美国化学学会) 

share the cross peak，suggesting that the formation of 

the hydrogen bonded COOH groups upon the protona— 

tion and the conformational change in 3-strand struc— 

tures are cooperative in the N—F transition．Moreover， 

the long cross peak between the band at 1 740cm～ and 

other bands indicates that both the —helix and B— 

strand structures change in—phase with the formation of 

the free COOH groups． 

The asynchronous spectrum (Fig．9b)develops 

cross peaks at(1696，1654)and (1620，1654) 

am ～
．
The bands at 1696，1654，and 1620cm一 may 

be due to hydrogen bonded COOH groups， —helices， 

and 3-sheets，respectively．It is noted that there are 

two kinds of hydrogen bonded COOH groups in the N—F 

transition that show the C二 O stretching mode at 1 705 

and 1696cm～．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． 

Therefore．the C 二 O stretching bands of the hydro— 

gen—bonded COOH groups appear in a rather wide 

range． 

The close inspection of the signs of the asyn— 

chronous cross peaks in Fig．9b suggests the following 

sequence of the structural changes in HSA during the 

N—F transition． 

Hydrogen—honded COOH (1696cm ) —helix 

(1654cm ) 

B—sheet(1620cm )，13-turn(1667cm ) 

3-strand(1632cm ) 

Therefore，it seems that the protonation of COO—groups 

starts the N—F transition，followed by the unfolding of 

the —helices in domain IU．In the last step，the B— 

turns，3-sheets，and 3-strands undergo the secondary 

structure changes， leading to the Fisomeric form of 

HSA．Both in the N isomeric form and in the N—F tran— 

sition，the formation of hydrogen bonded COOH groups 

upon the protonation of COO—groups induces the con— 

formational changes of HSA．However，one must notice 

that the COOH groups with the stronger hydrogen bonds 

are formed in the N—F transition；the bands due to the 

COOH groups appear at 1715cm一 in the N form but 

they appear at 1705 and 1696cm ～ in the N—F transi— 

tion．Besides the 2D IR study by Murayama et a1．． 

there are much evidence showing that the protonation of 

carboxylate groups plays a key role in the initiation of 

the N—F transiti0n．(2s]M0st 0f the evidences c0me fr0m 

the Trp and Tyr Fluorescence studies． 

In this way the acidic unfolding process of HSA 

was investigated by generalized 2 D ATR／IR correlation 

spectroscopy．The 2 D correlation spectra provided in— 

formation not only about the secondary structure varia— 

tions but also about the changes in the CO0一 and 
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COOH groups and other side chains． This is unique 

advantage of 2 D IR correlation spectroscopy in protein 

research． 
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