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Abstract

With increasing use of proteins in many different applications, ranging from phramaceuticals to biosensors and
biomaterials, there has emerged a need for protein structural characterisation in diverse environments. In many cases it is not
sufficient to just have the three-dimensional structure of a protein in H O or in the crystalline state. Often information on the2

structural properties of a protein is required in the presence of organic solvents, detergent micelles, phospholipid membranes
Ž .and so on. Fourier transform infrared spectroscopy FTIR has been identified as one of the few techniques that can be

applied for structural characterisation of proteins in such environments. Here we discuss how this technique is being used to
obtain information on protein structure and stability in both aqueous and non-aqueous media. Examples are drawn from our
studies of water soluble proteins and membrane proteins. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

With the progress in sequencing of the hu-
man genome, the disparity between the number
of known sequences and the number of experi-
mentally determined protein structures contin-
ues to increase. Consequently, there is a clear
demand for development of techniques for rapid
structural characterisation of the encoded pro-
teins. X-ray crystallography and nuclear mag-

Ž .netic resonance NMR spectroscopy provide
the complete three-dimensional structure of a
protein and are by far the most powerful tech-

AbbreÕiations: FTIR, Fourier transform infrared spectroscopy;
NMR, Nuclear magnetic resonance spectroscopy
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niques available to structural biochemists. Al-
though X-ray crystallography is an excellent
technique for the determination of three-dimen-
sional structure of proteins it has the following
disadvantages: crystallographic studies require
high-quality single crystals which are not avail-
able for many proteins such as most of the
membrane proteins, and the structure of a pro-
tein in a crystal may not always relate to its
structure in solution. X-ray diffraction data pre-
sents a static picture of protein structure which
does not represent the protein conformation with
its dynamic nature in biological systems. The
slowness of the procedure is the other disadvan-
tage of the technique. NMR spectroscopy has
better flexibility to study protein structure in
solution. However, the interpretation of NMR
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spectra of larger proteins is very complex, and
the technique is presently limited to small pro-

Ž .teins 30 kDa .
It is important to point out that no one tech-

nique in the present arsenal of protein structural
methods is able to provide information on all
aspects of protein structure. Therefore, a ratio-
nal strategy is to employ a concerted approach
in which the protein is examined using several
structural techniques. Information obtained from
different techniques can be cross-correlated to
provide a more complete picture of the chemical
and physical state andror bioactivity of the
protein under different conditions. One of the
techniques which has recently become very
popular for structural characterisation of pro-

Ž .teins is Fourier transform infrared FTIR spec-
troscopy. Here, we discuss the application of
infrared spectroscopy for structure and stability
studies of proteins in aqueous and non-aqueous
media.

Infrared spectroscopy is based on molecular
vibrations. Chemical bonds undergo various
forms of vibrations such as stretching, twisting
and rotating. The energy of most molecular
vibrations corresponds to that of the infrared
region of electromagnetic spectrum. Many of
the vibrations can be localised to specific bonds
or groupings, such as the C5O and O–H groups.
This has led to the concept of characteristic
group frequencies. Typical group frequencies of
interest to biochemists include C5O, –COOH,
COOy, O–H and S–H. There are many vibra-
tional modes that do not represent a single type
of bond oscillation but are strongly coupled to
neighbouring bonds. For example, the infrared
spectrum of a protein is characterised by a set of
absorption regions known as the amide modes.
With developments in FTIR instrumentation it
is now possible to obtain high quality spectra

w xfrom dilute protein solutions in H O 1–4 . The2

overlapping H O absorption can be digitally2

subtracted from the spectrum of the protein
solution. In addition, the broad infrared bands in
the spectra of proteins can be analysed in detail
using second-derivative and deconvolution pro-

w xcedures 1–4 . These procedures can be utilised
to reveal the overlapping components within the
broad amide bands. Difference spectroscopy has
the advantage in providing highly detailed infor-
mation on conformational changes in proteins
w x5 .

The most important advantage of FTIR spec-
troscopy for biological studies is that spectra of
almost any biological material can be obtained
in a wide variety of environments. Spectra of a
protein can be obtained in single crystals, in
aqueous solution, organic solvents, detergents
micelles, lipid membranes, etc. The chemical
environment in which a peptide or protein exists
influences its structure and stability. This has
important implications for the formulation, stor-
age and delivery mechanisms for protein thera-
peutics. There is increasing evidence indicating
that the environment can be important in deter-
mining the secondary structure formed by an

w xamino acid sequence 6,7 . Other advantages of
the technique include the following: the amount

Ž .of protein required is relatively small 10 mg ;
the size of the protein is not important; there is
no light scattering or fluorescent effects; kinetic
and time-resolved studies are possible; and in-
expensive compared to the cost of X-ray diffrac-
tion, NMR, ESR and CD spectroscopic equip-
ments.

2. Materials

2.1. Instrumentation

Early studies of proteins using infrared spec-
troscopy was hindered by the low sensitivity of
infrared spectrometers and absorption of liquid
water over much of the infrared spectrum. With
developments in FTIR instrumentation these
problems have been solved. There are several
companies that manufacture FTIR spectrometers
and provide softwares for spectral analysis. A
broad range of FTIR accessories are also avail-
able to overcome the problems of studying bio-
logical samples. For example, coupling of opti-
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cal microscopes to an FTIR spectrometer en-
ables the study of very small quantities of bio-
logical samples. Spectra of small crystals of
peptides and proteins can be analysed using this
approach. FTIR spectra of biological samples
are most commonly recorded via the transmis-
sion mode, while the Attenuated Total Reflec-

Ž . w xtion ATR method is a useful method 8–10
for characterising the orientation of components
of thin films, such as lipids and peptides in
biomembranes.

2.2. Sample handling

Since H O is a strong absorber of infrared2

radiation, it is necessary to use short path length
cells to record spectra of protein in H O. Con-2

sequently, a relatively high protein concentra-
Ž .tion ;10 mgrml is needed for such studies.

However, 2H O and many organic solvents do2

not have strong absorption bands in the amide I
Ž .region 1600–1700 and in these cases much

longer path length cells can be used, and hence
Ž .much lower protein concentration ;1 mgrml

is required to obtain high quality spectra.
For recording FTIR spectra, aqueous samples

Ž .between 10 ml to 50 ml are placed in a
thermostated cell fitted with usually CaF win-2

Ždows with a 6 mm tin spacer for measurements
in H O or a 50 mm Teflon spacer for samples2

2 .in H O . Other window materials which are2

not soluble in water can also be used. Spectra of
biological materials can be recorded at the de-
sired temperature by linking a temperature con-
troller unit to the FTIR spectrometer. Spectra
are usually recorded at a resolution of 4 cmy1.
The number of scans accumulated depends on
the concentration of the biological material used.
For a proteins in H O, at a concentration of 102

mgrml, approximately 200–400 scans are suffi-
cient to obtain a high signal-to-noise ratio spec-
trum. In 2H O one can use fewer number of2

scans, often 100–150 scans are sufficient.
Acquisition of high signal-to-noise ratio spec-

tra of peptides and proteins requires the elimina-
tion of water vapour from the sample compart-

ment of the spectrometer. This is because the
narrow water vapour bands overlap with the
conformation sensitive amide I band. Water
vapour contributions can be reduced by purging
the instrument with dry air or nitrogen, and by
employing a sample shuttle which allows the
background to be signal-averaged concurrently
with the sample. Also a pre-recorded water
vapour absorption spectrum can be subtracted
from the protein absorption spectrum to reduce
the vapour bands still further. However, subtrac-
tion of water vapour bands can be complicated

Ž .Fig. 1. A Transmittance spectrum of H O overlaid on top of the2
Ž .spectrum of a water-soluble protein in H O. B The absorbance2

spectrum of the protein obtained after the digital subtraction of the
H O spectrum from the spectrum of the protein in H O. The2 2

absorbance spectrum shows bands corresponding to the amide I,
amide II and amide III regions. The spectra were recorded using
CaF windows fitted with 6 mm tin spacers. The spectrum was2

recorded at 208C.
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and over-subtraction or under-subtraction can
introduce artifacts.

Fig. 1A shows the transmittance spectrum of
a water soluble protein in H O. The spectrum2

of H O itself is overlaid on top of the protein2

spectrum. Due to the strong absorbance of H O,2

the bands from the protein are masked out. In
order to visualise the protein bands, it is neces-
sary to digitally subtract the solvent absorption
from the spectrum of the protein sample. Fig.
1B shows the absorbance spectrum of the pro-
tein in H O after subtraction of the overlapping2

water absorbance. Fig. 2 shows the absorbance
spectra of a protein in H O and 2H O. For2 2

accurate solvent subtraction, spectra of the sol-
vent need to be recorded under identical condi-

w xtions as the sample spectrum 3,11,12 . Thus,
cell pathlength, temperature, number of scans,
resolution, etc., need to be kept as identical as
possible. Buffer subtraction are carried out digi-
tally to give a straight baseline between 2000–
1800 cmy1. More details regarding digital sub-
traction of H O and 2H O from spectra of2 2

protein solutions can be found in our earlier
w xpublications 3 .

When carrying out FTIR spectroscopic mea-
surements it is important to check the purity of

Fig. 2. Absorbance spectra of a predominantly b-sheet protein,
Ž . 2

a-chymotrypsin, in H O continuous line and in H O after2 2
Ž .extensive hydrogen–deuterium exchange broken line . Both spec-

tra were recorded at 208C. The amide I band maximum is centred
at 1638 cmy1 and the amide II band at 1549 cmy1. In 2 H O the2

amide II band is reduced in intensity as it shifts to ;1455 cmy1.

the peptide and protein samples. This is because
there are possibilities of trace contaminants re-
maining in the sample from the various steps
involved in the purification and synthesis pro-

Ž .cesses. For example, trifluoroacetic acid TFA
is commonly used for the cleavage of peptides
from the resin after synthesis, and is also used
for HPLC purification procedures. This molecule
can often remain strongly associated with the
peptide. The COOy stretching vibration of the
trifluoroacetate counterion gives rise to an in-
tense band at 1673 cmy1, overlapping with the
amide I band. The need to be cautious in assign-
ing bands at this frequency in the spectra of
peptides which have been in contact with TFA

w xhas been previously reported 2,13 .

3. Methods

3.1. Data processing techniques

The amide I band of proteins consists of
many overlapping component bands that repre-
sent different structural elements such as a-
helices, b-sheets, turns and non-ordered or ir-
regular structures. The width of the contributing
component bands is usually greater than the
separation between the maxima of adjacent
peaks. As a consequence, the individual compo-
nent bands cannot be resolved in the experimen-
tal spectra. The Fourier deconvolution proce-
dure, sometimes referred to as ‘resolution en-
hancement’ involves narrowing the widths of
infrared bands, allowing increased separation of
the overlapping components present within the

w xbroad band envelope 14 . Increased separation
of the overlapping bands can also be achieved

Žby calculating the second derivative rate of
.change of slope of the absorption spectrum,

w x15 . Fig. 3 shows the absorbance, deconvolved
and second derivative FTIR spectra of a pre-
dominantly a-helical protein. Bands revealed
using these band-narrowing techniques enables
one to identify the different structures present in
a protein and also to detect conformational
changes by monitoring alterations in the fre-
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Ž . Ž . Ž .Fig. 3. Absorbance A , deconvolved B and second-derivative C spectra of a predominantly a-helical membrane protein, the reaction centre from R. sphaeroides, in H O phosphate2

buffer. The spectrum was recorded at 208C.



( )P.I. Haris, F. SeÕercanrJournal of Molecular Catalysis B: Enzymatic 7 1999 207–221212

w xquency and intensity of these bands 1–4,17,18 .
Both second-derivative and deconvolution pro-
cedures have been successfully applied in the
qualitative study of a large number of proteins.
In addition to providing valuable information
about their secondary structure, the method has
been shown to be useful for detecting conforma-
tional changes arising as a result of ligand bind-
ing, pH, temperature, organic solvents, deter-
gents, etc. In many cases results obtained using
this approach has been later supported by stud-
ies using other techniques such as X-ray diffrac-
tion and NMR. However, both derivative and
deconvolution techniques should be applied with
care since they amplify the noise significantly.
Another problem that needs to be considered is
that atmospheric water vapor display very nar-
row absorption bands which overlap with the
amide I band and are also amplified in second-
derivative and deconvolved spectra. As men-
tioned earlier a good purge of the spectrometer
with dry air or nitrogen is necessary to over-
come this problem.

Difference spectroscopy is another approach
that is very useful for investigating subtle differ-
ences in protein structure. The principle of dif-
ference spectroscopy involves the subtraction of
a protein absorbance spectrum in state A from
that of the protein in state B. This results in the
simplification of the spectrum since absorption
from those groups within the protein that do not
participate in the conformational change are
subtracted. The resultant difference spectrum
only shows peaks that are associated with those
groups involved in the conformational change.
Much of these types of spectroscopic studies
have been carried out on large membrane bound
proteins, that contain an internal trigger, such as
the photosynthetic reaction centres and bacterio-

w xrhodopsin 5,19 .

3.2. Analysis and assignment of protein infrared
spectra

The amide bands that arise from the vibration
of the peptide groups provide information on

the secondary structure of polypeptides and pro-
teins. Analysis of the peptide group vibration in
model compounds and in polypeptide systems
allows assignment of these characteristic bands.
Changes in the hydrogen bonding involved in
the peptide linkages results in changes in the
vibrational frequency of the different amide
modes. The modes most widely used in protein
structural studies are amide I, amide II and

Ž .amide III see Fig. 1 . The amide I band arises
principally from the C5O stretching vibration
of the peptide group. The amide II band is
primarily N–H bending with a contribution from
C–N stretching vibrations. The amide III ab-
sorption is normally very weak in the infrared,
arising primarily from N–H bending and C–N
stretching vibrations.

As seen from Figs. 1–3, the amide I absorp-
tion occurs in the region 1600–1700 cmy1.
Hydrogen bonding and the coupling between
transition dipoles are amongst the most impor-
tant factors governing conformational sensitivity
of the amide bands. Amide I bands in the
spectral range 1620–1640 cmy1 with proteins

wcan be attributed to b-sheet structure 1–4,
x18,20 . Fig. 3 shows a predominantly b-sheet

Ž .containing-protein a-chymotrypsin in H O2

and in 2H O. As can be seen from the figure,2

there is a large reduction in the intensity of the
amide II band in 2H O. This is due to the2

hydrogen–deuterium exchange of the amide
bonds resulting in the shift of the amide II band

Žtowards lower frequency approximately 1455
y1. w xcm 3 . It is interesting to note from Fig. 2

that there is very little change in the position of
the amide I band in 2H O compared to its2

position in H O. However, in some proteins2

such as in ribonuclease A the amide I band
shifts to lower frequency by about 10 cmy1.

It has been reported that ‘b-bands’ can occur
y1 w xeven below 1620 cm for some proteins 17 .

For the homopolypeptide poly-L-lysine, the b-
sheet band frequency is located at 1610 cmy1.
Variation in hydrogen-bonding strength as well
as differences in transition dipole coupling in
different b-strands can strongly influence the
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position of this band. The assignment of bands
in the region 1620–1640 cmy1 to b-sheet struc-
ture is consistent with both theoretical calcula-
tions and experimental studies on a large num-

w xber of peptides and proteins 1–4,17,18,20 .
However, bands in this region can sometimes be
observed for proteins which are known to con-
tain very little or no b-sheet structure, for exam-

w xple, myoglobin 21 . It has been suggested that
bands in this region in the spectrum of myo-
globin can be assigned to short extended seg-
ments that do not form b-sheet structures. More
recently, model calculations by Torii and Tasumi
w x22 for the protein myoglobin indicate that
bands below 1640 cmy1 may also arise from
vibrational motions of a-helical structures. Band
assignment in this region is further complicated
by the possibility of b-turn structure also ab-

w xsorbing in this region 23 . Anti-parallel b-sheet
structure can be identified by the presence of
another band near 1670–1695 cmy1. This com-
ponent is normally weak and its precise assign-
ment is often made difficult by the overlap of
absorption from b-turn and unordered struc-
tures. For the homopolypeptide poly-L-lysine, a
weaker band associated with high-frequency vi-
bration of anti-parallel b-sheet structure is seen
at 1680 cmy1.

Experimental studies on proteins of known
structure show that a-helical conformations
gives rise to infrared absorption in the range
1650–1658 cmy1. Fig. 3 shows the absorbance,
second-derivative and deconvolved spectra of a
membrane protein, photosynthetic reaction cen-
tre from Rhodobacter sphaeroides. The crystal
structure of this protein has been determined
w x24 and has been shown to contain a predomi-
nantly a-helical structure. The amide I maxi-
mum at 1654–1656 cmy1 can be assigned to
a-helical structure with some overlap from ran-
dom coil structure. For samples in H O the2

amide I band arising from a-helical absorption
can overlap with that arising from random coil
structures. These two types of structures can
normally be distinguished by carrying out ex-
periments with 2H O. In this media rapid hy-2

drogen–deuterium exchange of the peptide N–H
groups in the random coil structure results in a
large shift of the amide I band to lower fre-
quency. In 2H O, proteins with a random coil2

arrangement show absorption near 1644 cmy1.
It should be noted that the absorption of a-heli-
cal structures can often be sensitive to the sur-
rounding environment. For example, in mem-
brane proteins the a-helical absorption occurs in

y1 w xthe range 1656–1658 cm 25 , whereas in
water-soluble proteins it normally occurs near
1650–1655 cmy1. Furthermore, with highly sol-

w x 2vent exposed helices 26 in H O, the amide I2

band can shift to a low frequency of 1644
cmy1. In some cases the amide I maximum for
a-helical structure can occur at even lower fre-

w xquencies 27,28 . For example, the amide I max-
imum for a-helical structure in the ho-
mopolypeptide poly-L-lysine occurs at 1638

y1 w xcm 28 . It is possible for the band frequency
for an a-helical structure in a short, solvent
exposed peptide to be significantly different
from the absorption of helical structure which
may be buried within a solvent inaccessible
region of a highly folded globular protein. These
factors should be taken into consideration when
assigning bands in the spectra of peptides and
proteins.

3.3. Protein secondary structure prediction

While second-derivative and deconvolution
procedures are useful for qualitative analysis of
proteins, it is necessary to develop methods for
quantitative analysis of infrared spectra of pro-
teins which provide information on fraction of
different secondary structural elements. Al-
though several methods have been developed
for the quantitative analysis of infrared spectra
of proteins the most popular methods are based
on curve fitting and pattern recognition.

3.3.1. CurÕe fitting analysis
w xByler and Susi 21 introduced the curve-fit-

ting analysis of deconvolved amide I band con-
tours as a linear combination of individual com-
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ponent bands by iterative adjustment of heights,
widths, and position of these bands. The frac-
tional areas of the individual bands gives the
fraction of secondary structure elements. This
procedure provided a very good estimate of
protein secondary structure and has been adopted

w xby others with some modifications 9,17 . There
are, however, a number of problems associated
with the curve-fitting procedure. These include
the need to assign all the bands within the
amide I region. Another assumption in this
method is that the molar absorptivities of the
bands associated with different secondary struc-
tural elements are taken to be identical. Studies
on poly-L-lysine have shown that the molar
absorptivities of different secondary structures

w xcan be substantially different 27,28 . There is
also a significant element of subjectivity associ-
ated with curve-fitting, such as the initial choice
of input parameters. The results of fitting with a
large number of adjustable parameters is not
necessarily unique.

3.3.2. Approaches based on pattern recognition
This method avoids the need to deconvolve

the amide I band and the assignment of the
bands to different structures. The method em-
ployed is similar to that in use with CD and
Raman spectroscopy. It involves the use of a
calibration matrix of the infrared spectra of
proteins of known X-ray structure. Mathemati-

w xcal tools such as factor analysis 29 and partial
w xleast squares analysis 30 are used in the analy-

sis of the infrared spectra. The former method
w xused the program CIRCOM 29 . Factor analy-

sis of the infrared spectra of 18 proteins whose
crystal structures are known from X-ray studies
were used. A good correlation is observed
between the infrared estimates and those calcu-
lated from X-ray data. This method gave stan-
dard errors of prediction of 3.9% for a-helices,
8.3% for b-sheets and 6.6% for turns. This
compares well with values obtained using other
spectroscopic techniques such as CD spec-
troscopy. Best results are obtained when only
amide I bands of normalized infrared spectra of

known proteins are used to construct the calibra-
tion matrix. Nevertheless, the approach has some
drawbacks, such as the influence of overlap of
absorbance from amino acid side chains in the

w xamide I region. Dosseau and Pezolet 30 ob-
tained the best result when both amide I and
amide II regions were used to generate the
calibration set. A number of other methods for
quantitative estimation of protein secondary
structure using FTIR has also been reported
w x31–34 .

There are a number of problems still associ-
ated with all the methods that are in current use.
These include normalization procedures which
assumes equal absorptivity of amide bands irre-
spective of secondary structure variation. Fur-
thermore, the technique encounters difficulties
in cases where the spectral properties of the
unknown protein lies outside the properties of
the spectra within the calibration set. In these
situations an incorrect estimation of the sec-
ondary structure may be possible. An additional
common problem for both the curve-fitting
method and the pattern recognition method is
the overlap of amino acid side chains in the

w xamide I region 35,36 . The different methods
developed for the quantitative analysis infrared
spectra are based upon soluble proteins. There
are no methods available specifically catering
for the analysis of peptides or membrane pro-
teins. The pattern recognition method, for exam-
ple, relies on calibration spectra derived from
soluble proteins with well-characterised struc-
tures from X-ray crystallography.

4. FTIR spectroscopy of proteins in aqueous
solutions

4.1. InÕestigation of protein structure and con-
formational changes

FTIR spectroscopy has been successfully used
to investigate conformational changes in many
different soluble proteins in aqueous solution
Ž 2 .both H O and H O . Here, we present FTIR2 2
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spectra of three proteins: Fig. 2 shows the FTIR
spectra of a predominantly b-sheet containing
water soluble protein in H O and 2H O; FTIR2 2

spectrum of a predominantly a-helical mem-
brane protein in H O is presented in Fig. 3; and2

finally Fig. 4 shows the spectra of a predomi-
nantly a-helical water-soluble protein in 2H O.2

Infrared spectroscopy is extremely sensitive
to changes in hydrogen bonding and therefore
potentially useful for obtaining subtle changes
in protein structure. In order to detect very
small changes in hydrogen bonding in proteins
using FTIR spectroscopy, it is important to em-
ploy derivative, deconvolution and difference
spectroscopy. These techniques have been
utilised for investigation of conformational
changes in a large number of water-soluble
proteins. For example, conformational differ-
ences between the native and reactive-centre

w xcleaved forms of a -antitrypsin 37 have been1

shown. Differences were observed in the spectra
indicative of greater hydrogen bonding occur-
ring with the reactive-centre cleaved form of the

Fig. 4. Deconvolved spectra of pig citrate synthase recorded at
258C, 658C and after cooling back to 258C. Thermal unfolding is
characterised by the appearance of new bands near 1618 and 1682
cmy1. The spectra were recorded for the protein in 2 H O.2

protein. The hydrogen–deuterium exchange
within the polypeptide backbone is also found
to be less for the cleaved form. This difference
in the hydrogen–deuterium exchange was fur-

w xther supported by NMR spectroscopy 37 .
A large number of metalloproteins such as

w x w xcalmodulin 26 and concanavalin A 38 have
also been studied. In these studies changes in
protein structure upon interaction of the proteins
with metal ions were detected. The structure of

w xiron binding proteins 39 , human serum trans-
ferrin, rabbit serum transferrin and human lacto-
ferrin have been characterised. The transferrins
are involved in the regulation of iron homeosta-
sis by the controlled release and binding of iron.
Hydrogen–deuterium exchange measurements
using the Amide II band indicate that the metal
free proteins exchange to a greater extent than
the corresponding metal-bound proteins. This
difference was attributed to changes in flexibil-
ityrmobility in the proteins, since little or no
change in secondary structure content is de-
tected. The pathway of iron uptake into the vast
majority of cell types involve the interaction of
transferrin with its receptor. FTIR spectroscopy
was used to investigate the solution structure of
the water-soluble extracellular fragment of hu-
man transferrin receptor at extracellular and en-

w xdosomal pH 40 . At extracellular pH, the FTIR
quantitative analysis indicates the protein to
consist of 56% a-helix, 19% b-sheet and 14%
turns. Upon acidification to endosomal pH the
a-helical content of the protein is reduced and
the b-sheet content increased by nearly 10%.

FTIR spectroscopy has been applied to gain
insights into the structure of a number of differ-
ent complement proteins. Many of these pro-
teins are extremely large in size and very little
is known about their structure. Proteins that we

w xhave studied include factor H 16 , properdin
w x w x41 and factor B 42 . Factor H is a regulatory
component of the complement cascade of im-
mune defense and functions as a cofactor for the
enzyme factor I in the breakdown of C3b of
complement to form iC3b. It is composed en-
tirely of 20 repetitive sequences of polypeptide
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Ž .known as short consensus repeats SCRs , where
each sequence is 61 residues long. FTIR spec-
troscopy was used to investigate the secondary
structure of human complement factor H in

2 w xH O and H O buffers 16 . The amide I band2 2

components are consistent with the existence of
an extensive antiparallel b-strand secondary
structure. The hydrogen–deuterium exchange
properties of factor H as measured in 2H O are2

rapid and lead to an estimate of N–H proton
non-exchange that is comparable with those for
small globular proteins. The application of FTIR
spectroscopy to factor H was complemented by
comparisons with secondary structure predic-
tions of the main-chain conformations in the
SCR. The predictive method was applied simul-
taneously to compute the average prediction for
all 101 SCR sequences that are currently avail-
able in order to improve the precision of the
calculations. A structural model based on anti-

w xparallel b-strands was proposed 16 . The large
size of factor H prevents its structural character-
isation using NMR spectroscopy. However, one
of the SCR domains of factor H was expressed
in a yeast secretion system and its solution
structure determined using NMR spectroscopy
w x43 . The results of this study were in good

w xagreement with our conclusions 16 . By linking
FTIR spectroscopy with structure prediction
methods, one can obtain a more reliable picture
of the structural organisation of a protein
molecule.

4.2. InÕestigation of protein thermostability

Several factors are involved in the destabi-
lization of proteins. These are mainly pH, ex-
treme salt conditions, ionic strength, denaturant
such as urea and guanidine, and finally tempera-
ture. Here only the effect of temperature on
protein stability will be discussed.

Understanding the molecular basis of ther-
mostability in proteins remains an important
challenge in biochemistry. Once the mechanism
of thermostability is understood, the industrially
important mesophilic enzymes will be engi-

neered to form thermophilic enzymes which
have biotechnological applications. FTIR spec-
troscopy is a particularly useful technique for
monitoring temperature induced changes in pro-
tein structure. We have been using this tech-
nique to compare the thermostability of differ-
ent proteins in order to identify the factors that
are responsible for conferring greater stability to
thermophilic proteins compared to their
mesophilic counterparts. Citrate synthase is one
protein that we have been investigating. This
enzyme can be obtained from both mesophilic
and thermophilic organisms. Fig. 4 shows the
deconvolved FTIR spectra of a pig citrate syn-

Ž . 2thase PCS recorded in H O. Spectra of the2
Ž . Žprotein recorded at 258C native , 658C dena-

.tured and after coiling back to 258C are pre-
sented. As can be seen from the figure, thermal
denaturation leads to a loss of native secondary
structure and the appearance of new bands near
1618 cmy1. The latter band is close to the
frequency associated with b-sheet structure.
However, it occurs at a significantly lower fre-
quency compared with b-sheet structure in na-
tive proteins. This structure has been attributed
to aggregated b-sheet structures. When polypep-
tide chains unfold at high temperatures, they
interact with each other forming strongly hydro-
gen-bonded aggregated structures that give rise
to distinct bands in the region 1620–1615 cmy1.
These bands are good diagnostic tools for moni-
toring thermal unfolding of proteins. The irre-
versible nature of the denaturation process is
indicated by the fact that these bands remain
after cooling the sample back to 258C. The
irreversible change in the spectrum indicates
that the PCS protein undergoes irreversible ther-
mal denaturation. Precise information regarding
the thermal unfolding temperature, and about
the unfolding behaviour of specific secondary
structural elements can also be determined using
FTIR spectroscopy. For example, the tempera-
ture dependent variation in the intensities of the
a-helix and ‘aggregation b-band’ is presented
in Fig. 5. As seen from this figure, with pro-
gressive increase in temperature, the intensity of
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Fig. 5. A plot of the temperature induced changes in the intensity
y1 Žof Amide I bands at 1654 cm associated with a-helical

. y1 Ž .structure and 1618 cm aggregated b-sheet structure for pig
citrate synthase in 2 H O. The loss in intensity of the 1654 cmy1

2

coincides with the increase in intensity of the 1618 cmy1 band.

the a-helix decreases. Simultaneously, the in-
tensity of the bands due to the aggregated b-

Ž y1.sheet structure 1618 cm , which appear upon
thermal denaturation, increases. According to
the mid-point transition of the a-helix and ‘ag-
gregated b-band’, thermal unfolding tempera-
ture of PCS occurs at 598C.

We have also used FTIR spectroscopy to
investigate temperature-induced structural
changes in a large number of other proteins
such as albumin, immunoglobulin G, fibrino-
gen, lysozyme, a-lactalbumin, and ribonuclease
S. In order to analyze the data, a new method
was developed in which the data were analyzed

w xglobally with the aid of a spectral model 44 .
Seven or eight bands were sufficient to fit the

full data set of spectra ranging from 1420 to
1760 cmy1 with a root mean square error of
1–2% of the maximum. Subsequently, the esti-
mated band amplitude curves which showed a
sigmoidal progression with increasing tempera-
ture were fitted with a two-state thermodynamic
model. In this way, information on structural
changes as well as on the thermal stability of
the proteins was obtained. We observed that an
enhanced hydrogen–deuterium exchange oc-
curred at temperatures well below the unfolding
of the secondary structure. This was explained
as being due to a change in tertiary structure
leading to enhanced solvent accessibility. In all
the proteins investigated, with the exception of
ribonuclease S, an intermolecular b-sheet band
indicative of aggregation appeared concomitant
with the denaturation of the proteins.

FTIR spectroscopy was used to investigate
the thermal stability of the water-soluble extra-
cellular fragment of human transferrin receptor

w xat extracellular and endosomal pH 40 . At the
Ž .extracellular pH 7.4 , the mid-point tempera-

ture of thermal denaturation for the loss of
secondary and tertiary structure, and the forma-

Žtion of aggregated structures 1617 and 1683
y1. Ž .cm , is 718C. At endosomal pH 5.6 this

temperature is reduced by approximately 158C.
Thermal denaturation of proteins such as

calmodulin, transferrin and lactoferrin were also
studied in the presence and absence of metal
ions. The removal of metal ions leads to thermal
destabilization of these proteins. FTIR analysis
shows that a distinct loss of protein secondary
structure occurs at the transition temperature

w xshown by differential scanning calorimetry 39 .
According to our studies thermostability of met-
alloproteins are significantly enhanced when
they are bound to metal ions.

4.3. Structure and stability of recombinant pro-
teins

Advances in recombinant DNA technology is
rapidly generating a large number of proteins
for medical and industrial applications. How-
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ever, the process which lead to the correct
folding of a denatured or newly-synthesised pro-
tein is poorly understood. Insight into the under-
lying principles and conditions which promote
protein folding will help in the production and
purification of proteins especially those pro-
duced in bacteria and yeast as inactive, mis-
folded, or aggregated proteins. Also little infor-
mation is available as to how other factors such
as variation in glycosylation influences the
structure and stability of such proteins. At pre-
sent most recombinant proteins intended for
human therapy are glycoproteins. In order to
successfully use recombinant proteins for medi-
cal and biotechnological applications, it is nec-
essary to characterise their structure and stabil-
ity under various conditions. FTIR spectroscopy
is ideally suited for such studies as it can be
used for recording spectra of proteins in virtu-
ally all types of environments. Furthermore, the
ability of FTIR spectroscopy to detect small
changes in protein structure makes it useful for
rapid comparison of the structure and stability
of wild-type proteins with their site-directed
mutant form.

We have been using FTIR spectroscopy to
characterise the structure of a number of recom-
binant proteins. One such protein is the Strepto-

Ž .coccal antigen IrII SA IrII . This is a cell
surface adhesin of Streptococcus mutants which
mediates attachment of the bacterium to teeth
w x45 . The deduced amino acid sequence of SA

Ž .IrII 1561 residues includes a leader sequence
Ž .residues 1–38 , four tandem repeats of an Ala-

Ž .rich sequence residues 121–447 , three tandem
Žrepeats of a Pro-rich sequence residues 839–

.955 and a consensus recognition sequence for
attachment to the bacterial cell wall. The con-
formation of the native and recombinant form of
this adhesin has been studied by FTIR spec-

w xtroscopy 45 . The studies shows that there are
minor variations in thermal stability of the two
forms of the protein. The reason for the varia-
tion in thermal stability is not clear but it may
be due to some misfolding of the recombinant
protein. These types of studies indicate that

mere testing of functional activity of a recombi-
nant protein is not sufficient to indicate that it
has the same properties as the native version of
the protein.

Recently, we have used a combination of
secondary structure prediction methods and
FTIR spectroscopy to investigate the structure
of HPV-16 E7 protein. The E7 and E6 proteins
are the main oncoproteins of human papillo-

Ž .mavirus types 16 and 18 HPV-16 and HPV-18 .
The structure of these proteins are unknown.
Secondary structure prediction was carried out
using the GOR IrIII, Chou-Fasman, SAPIENS

w xand PHD methods 46 . The results obtained
using these methods were compared with data
obtained for recombinant HPV-16 E7 in H O2

and 2H O buffers using FTIR spectroscopy.2

Quantitative analysis of the FTIR spectra of the
recombinant E7 protein, using the factor analy-

w xsis method 29 , revealed that it contained simi-
lar amounts of a-helix and b-sheet structures
w x46 . This is in good agreement with the results

w xof the theoretical prediction methods 46 of
a-helix and b-sheet structures in E7. The results
of the spectroscopic and prediction methods
were used to propose a topology model for the
structure of the zinc-binding motif of HPV-16

w xE7 46 .

5. FTIR spectroscopy of proteins in organic
solvents and membranes

Often structural studies are carried out on
proteins far removed from their natural environ-

Žment. This can be for a deliberate purpose for
example, to monitor how the structure of a
protein is influenced by its environment, and if

.this influences its function or because one has
Žno choice since no suitable technique can be

used for the structural analysis in the biologi-
.cally relevant media . As an example of the

latter situation, structure of membrane proteins
and peptides are often characterised in deter-
gents or in organic solvents rather than phos-
pholipid membranes. These systems are used to
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mimic biological membranes as it is not possi-
ble to investigate the structure of the protein in
phospholipid membranes using most techniques.
The biotechnology industry has great interest in
characterising the structure of proteins in non-
conventional media such as in organic solvents.
This is because some enzymes have been re-
ported to display higher activity in organic sol-
vents compared to aqueous media. FTIR spec-
troscopy is one of the techniques that can be
applied to study peptides and proteins in all
these environments. This is illustrated in Fig. 6
which shows the FTIR spectra of a synthetic
peptide corresponding to the voltage-sensor of
the Shaker potassium channel. Spectra of the
peptide were recorded in an organic solvent
Ž .trifluoroethanol , phospholipid membranes and
aqueous solution. The amide I maxima for this
peptide is different for each of these media
indicating that secondary structure is highly de-
pendent on properties of the surrounding envi-

Ž2 .ronment. Thus in aqueous solution H O it2

2 Ž .Fig. 6. Absorbance spectra of a synthetic peptide in H O - - - ,2
Ž . Ž .phospholipid membranes — and in trifluoroethanol TFE sol-

Ž .vent . . . . Spectra were recorded at 258C. Variations in the
frequency of the amide I band illustrates environment dependent
changes in the structure of the peptide.

has a band position near 1641 cmy1 indicative
of random coil structure. An increase in helicity
is seen in phospholipid membranes where the
band position is centred at 1651 cmy1. Even a
higher helical content is seen in TFE where the
band position is located at 1654 cmy1. In recent
years FTIR spectroscopy has been successfully
used in the structural characterisation of a large
range of membrane associated peptides and pro-

Ž w x.teins for recent reviews see Refs. 4,20,47 .

6. Structural characterisation of immobilised
proteins

Immobilization of proteins and peptides us-
ing different procedures is becoming increas-
ingly important for a number of medical and
biotechnological applications. However, there is
a distinct lack of techniques that can be used to
characterise the conformation of such immo-
bilised proteins. FTIR spectroscopy is one of
the few techniques that can provide information
in this area. The secondary structure of a chemi-
cally cross-linked protein can be readily charac-
terised using FTIR spectroscopy as long as there
is no major overlap of absorbance, in the Amide
I region, from the non-protein component. It
may be possible to reduce spectral overlap by
isotopically labelling either the protein or the
cross-linking agent. Such isotope-edited FTIR
spectroscopy has been successfully used in the
investigation of protein–protein interactions
w x48 .

FTIR spectroscopy has been used to charac-
terise the secondary structure and orientation of

w ximmobilised peptide monolayers 49 . The pep-
tides were immobilised on solid supports such
as gold. FTIR spectroscopy has also been used
to characterise the structure of proteins that
have been chemically immobilised. For exam-

w xple, Jiang et al. 50 chemically immobilised a
mutant myoglobin molecule on a silane deriva-
tised substrate. The conformation of the immo-
bilised protein was characterised using FTIR
spectroscopy. The results revealed that the
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structure of the immobilised protein was similar
to that of the native myoglobin molecule.

Studies have also been performed on proteins
that have been lyophilized in the presence of

w xmultifunctional ligands 51 . The structure of
such proteins were characterised in anhydrous
media after the removal of the ligands. Proteins
exposed to these treatments show significant
changes in their b-sheet and a-helical content

w xcompared to their native counterparts 51 . In
another study, FTIR spectroscopy was used to
quantitatively examine the secondary structure
of some dozen different proteins in lyophilised

w xforms 52 . This revealed that lyophilisation
leads to a marked increase in the percentages of
b-sheets and a parallel decrease in the content
of a-helical and disordered structures.

7. Conclusion and future prospects

FTIR spectroscopy is a versatile tool that can
be used to obtain information on different as-
pects of protein structure in a wide range of
environments. Methods for quantitative estima-
tion of protein secondary structure using this
technique are progressively improving. Combin-
ing FTIR spectroscopy with secondary structure
prediction methods provides a more reliable
structure determination than is possible by using
these methods individually. Second-derivative,
deconvolution and difference spectroscopy are
extremely useful for detection of subtle changes
in protein structure. Information on the stability
of different secondary elements in a protein can
be monitored as a function of temperature and
the precise unfolding temperature determined.
We have also shown how the conformation of a
peptide changes drastically when it is trans-
ferred from H O to phospholipid membranes2

and trifluoroethanol. The ability to characterise
structure of proteins in a large range of environ-
ments makes FTIR spectroscopy a very impor-
tant analytical tool. This is especially valuable
for the biotechnology and pharmaceutical indus-
try where there is a need for monitoring struc-

ture and stability of proteins in diverse, and
often non-conventional, environments. With ad-
vances in both FTIR technology and molecular
biology, the usefulness of FTIR spectroscopy
for protein structure characterisation will further
improve. As an example, the ability to produce
isotopically labelled proteins has led to the de-
velopment of a new method for investigating
protein–protein interaction based on isotope-

w xedited FTIR spectroscopy 48 . Similarly, ad-
vances in FTIR instrumentation has paved the
way for time-resolved FTIR spectroscopy of

w xprotein structure and stability 53,54 .
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