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Abstract. The analysis of the structure-function relationship is extremely important in the study of proteins. The
importance of function-related motions of large parts or subglobules of protein molecules stimulates the spectro-
scopic study in the low-frequency (terahertz) domain. However, only tentative assignments are available and the
spectroscopic data are insufficiently discussed in terms of structural changes. This work is aimed at the analysis
of regularities of changes in the low-frequency (100 to 600 cm−1) FTIR and Raman spectra of proteins related to
their structural modifications. We study the spectra of two proteins with substantially different structures (albumin
and chymotrypsin) and the spectra of samples in which the structures of protein molecules are modified using
inhibition, thermal denaturation, and cleavage of disulfide bonds. The results indicate that the low-frequency
spectral interval can be used to characterize protein conformations. Correlated variations in the intensities
of several low-frequency bands are revealed in the spectra of the modified proteins. The strongest spectral
changes are caused by thermal denaturation of proteins, and the effect of cleavage of disulfide bonds is gen-
erally weaker. It is demonstrated that the inhibitor binding in the active site causes spectral changes that can be
compared to the changes induced by thermal denaturation. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE)
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1 Introduction
The topicality of the study of protein molecules is related to their
decisive role in biochemical processes in living matter. The
interpretation of such processes necessitates comprehensive
characterization of the functional activity of enzymes, which can
be considered as macromolecular machines with specific func-
tions. The enzymatic activity significantly depends on the
molecular structure. Even minor structural modifications of an
enzyme may lead to substantial changes of conformational
dynamics and, hence, functional activity.

Several methods can be used to modify protein structure. The
structure of the surface amino acid residues can easily be
changed using variations in the native (aqueous) environment of
a protein molecule. In particular, the state of surface amino
groups of α-chymotrypsin (CT) is modified when the native
environment (water) is changed by organic solvents and the
functional activity is transformed from the hydrolysis of peptide
bonds into transesterification with a significant decrease in the
catalytic activity.1–3 The presence of crown-ether molecules in
organic solvents leads to an increase in the activity by several
orders of magnitude due to the interaction with surface amino
groups.4

Thermal denaturation evidently leads to modification of pro-
tein structure. The changes of FTIR and Raman spectra of CT
upon thermal denaturation have been studied in Ref. 5. The

spectral changes show that the denaturation causes changes
in the secondary structure, conformation of tyrosine residues,
and conformation of disulfide bridges.

Several chemical agents specifically interact with the struc-
tural elements of a protein globule. In particular, tris(2-carbox-
yethyl)phosphine (TCEP) and dithiothreitol (DTT) provide the
cleavage of disulfide bonds and the corresponding spectral
changes have been studied in Refs. 6–8. Enzyme functioning
can be terminated using specific agents (inhibitors) that interact
with the active site. In particular, phenylmethanesulfonylfluor-
ide (PMSF) may serve as the inhibitor for CT.9,10

FTIR and Raman spectroscopic techniques are known to
be efficient tools in the study of function-related structural
changes of protein molecules. Conformation-sensitive amide I
(∼1640 cm−1) and amide III (∼1230 cm−1) bands can be used
to characterize the secondary structure of a protein molecule.
The bands assigned to the disulfide bridges are detected in
the spectral interval of 500 to 550 cm−1. Relative intensities of
the tyrosine doublet (830 and 850 cm−1) are sensitive to H-
bonding. These and several additional spectral features from
the fingerprint range are normally used in the study of protein
molecules. However, there has been considerable recent interest
in the spectral measurements in the low-frequency (50 to
500 cm−1) range. (One of the reasons is the significant progress
in the terahertz spectroscopy, which can be considered in several
applications as a modification of the FTIR spectroscopy.)
Subglobular and cooperative oscillations of macromolecules
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must be manifested in this range11–13 and, hence, conformational
changes of protein molecules can additionally be characterized
using the spectroscopic techniques.

Several technical problems of the spectroscopy in the
low-frequency range and the problems related to the analysis
and interpretation of spectra containing relatively broad over-
lapped bands impede the application of the potentially inform-
ative spectral interval in the analysis of protein conformational
changes. Only in a few works are spectral bands assigned to
specific vibrational modes of protein molecules (see, for exam-
ple, Refs. 14 and 15). Note that contradictory interpretations are
sometimes proposed in the literature. Thus, the analysis of vibra-
tional spectra of protein molecules in the low-frequency range
and application of the corresponding results in the study of the
function-related structural changes are topical problems.

In this work, we measure the low-frequency (100 to
600 cm−1) FTIR and Raman spectra of native proteins [CT and
bovine serum albumin (BSA)] and samples in which protein
molecules are modified due to thermal denaturation, cleavage
of disulfide bridges, or inhibition. The similarities and dif-
ferences of spectral changes are discussed and attempts at inter-
pretation of the spectral data are made.

2 Experimental
In the experiments, we use chymotrypsin from Samson-Med
(CAS #9004-07-3) and BSA from MP Biomedicals (CAS
#9048-46-8). The molecular masses of the native proteins are
MBSA ¼ 66.5 kD and MCT ¼ 25 kD, and the numbers of disul-
fide bridges are NSS

BSA ¼ 17 and NSS
CT ¼ 5.16 The dominant

element in the secondary structure of BSA is α-helix, whereas
CT is almost free of α-helices and the contents of β-sheets and
random coils in it are almost equal.16

For cleavage of disulfide bridges, we employ DTT from
Sigma (CAS #3483-12-3) and TCEP from Thermo Scientific
(CAS #51805-45-9). CT is inhibited using PMSF from
Helicon (CAS #329-98-6).

Thermally denatured BSA and CTare obtained using 90-min
heating of aqueous solutions of proteins (1 mg∕ml) at 80°С and
subsequent lyophilization.

For inhibition, CT aqueous solution at a concentration of
1 mg∕ml is mixed with PMSF solution in acetonitrile (acetoni-
trile prevents hydrolysis of PMSF prior to mixing). The protein-
to-PMSF molar ratio in the solution is 1∶3. Then, the mixture is
lyophilized.

Proteins are denatured using TCEP and DTT with the aid of
the procedures of Refs. 6 and 8, respectively. The protein-to-
TCEP and protein-to-DTT molar ratios are 1∶15 and 1∶10,
respectively.

For Raman measurements, lyophilized powders are used. For
FTIR measurements, the lyophilized samples are pressed into
tablets.

For FTIR measurements, we use a Thermo Scientific
Nicolet-6700 spectrometer. Each spectrum results from averag-
ing over 300 scans. The measurement interval is 100 to
600 cm−1, and the resolution is 2 cm−1. Relatively high absorp-
tion coefficients of the samples under study necessitate a
decrease in the thickness of tablets to several tens of microns.
Such thin tablets are mechanically unstable, and we mix lyophi-
lized proteins with paraffin at a protein-to-paraffin ratio of∼1∶5.
Thus, the samples for FTIR measurements represent protein-
paraffin tablets with a mass of 35 to 40 mg, a diameter of 13 mm,
and a thickness of ∼0.3 mm that are pressed at a pressure of

∼20 MPa. The FTIR spectrum of paraffin in the spectral interval
under study is free of developed bands, and the paraffin signal
represents a relatively low background in the spectra of the pro-
tein-paraffin tablets.

For Raman measurements, we use a Thermo Scientific DXR
Raman confocal microscope. The excitation wavelength is
532 nm, mean power at the sample is no greater than 10 mW,
and the spectral resolution is 5 cm−1 (the dispersion is ∼1 cm−1

per pixel). In the experiments, we use lyophilized powders.
To analyze the FTIR data, we follow the approach of Ref. 14

and fit the spectra using Lorentzian curves to determine the peak
positions. Such a procedure is needed since the FTIR spectra of
the samples under study contain relatively broad overlapped
spectral bands. We use the initial set of the Lorentzian compo-
nents of Ref. 14, where the FTIR spectra of several proteins
(trypsin, lysozyme, and BSA) have been fitted. For several sam-
ples, a few bands were added to appropriately fit the measured
spectra. Below, we use the positions of the fitting Lorentzian
components in the analysis of the FTIR spectra.

The measured Raman spectra are RðνÞ-converted.17 Then,
the background is subtracted,18 and the spectra are smoothed
using 20-points Savitzky-Golay filter.

To determine the positions of the spectral bands in both
Raman and FTIR spectra, we additionally use the second deriv-
atives of the spectral curves.

3 Results
Figure 1(a) presents the FTIR spectra of BSA in the spectral
interval of 100 to 370 cm−1. For comparison, the spectra are
arbitrarily shifted along the vertical axis. It is seen that the sam-
ples exhibit broad asymmetric spectral bands in the interval of
100 to 200 cm−1 that cannot be fitted using a single Lorentzian

Fig. 1 FTIR spectra of [(a) to (c)] bovine serum albumin (BSA) and
[(d) to (f)] chymotrypsin (CT) samples: (1) tris(2-carboxyethyl)phos-
phine (TCEP)-protein complexes, (2) thermally denatured proteins,
(3) dithiothreitol (DTT)-protein complexes, (4) native proteins, and
(5) inhibited CT.
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component. At least two Lorentzian components in this interval
are needed for the approximation. In particular, the peak posi-
tions for the native BSA are 118 and 168 cm−1. The position of
the first peak remains unchanged for the remaining samples,
whereas the position of the second component ranges from
159 to 167 cm−1. Note also additional variations in the widths
and relative amplitudes. The bands in this interval can be
assigned to the NH out-of-plane bending, CN torsion, or
C═O out-of-plane bending.14

Similar results are obtained for CT [Fig. 1(d)]. The positions
of the fitting components for the native protein are 115 and
148 cm−1. Almost the same positions are obtained for the
sample with TCEP and denatured protein although the relative
amplitudes are different. For the sample with DTT, the fitting
components are shifted to 109 and 141 cm−1, respectively. For
the inhibited protein, the peak positions are 121 and 155 cm−1.
For both proteins, the widths of the fitting Lorentzian compo-
nents are ∼100 cm−1.

Significant changes are observed in the BSA spectra in the
interval of 200 to 280 cm−1. The spectrum of the native protein
exhibits a very weak band. The interaction with DTT leads to an
increase in the band at 255 cm−1. The band further increases in
the thermally denatured sample and the sample with TCEP. The
band at 250 to 260 cm−1 has been assigned to the C─C─C

bending in Ref. 15.
Each CT sample exhibits a band at ∼235 cm−1. In compari-

son with the spectrum of the native CT [curve 4 in Fig. 1(d)], all
of the remaining samples exhibit an increase in the intensity at
∼250 cm−1 (similar to the BSA samples). The band at 235 cm−1

has been assigned to the methyl torsion in Ref. 2. Aweak band at
290 cm−1 in the spectrum of the inhibited CT can be assigned to
the C─CN deformation or N─C torsion.2

The band at ∼325 cm−1 in the spectra of all samples can be
assigned to the CNC deformation, C═O in-plane bending, and
CCN deformation.1

Figures 1(b) and 1(e) show the FTIR spectra in the interval of
370 to 600 cm−1. The presence of significant almost linear
backgrounds impedes the analysis of spectral changes.
Therefore, we additionally process the experimental data using
double differentiation and double integration of the curves with
subtracting mean levels prior to integration. Such a procedure
makes it possible to delete constant and linear background
components. The processed spectra are presented in Figs. 1(c)
and 1(f). For comparison, curve 4 in Fig. 1(c) (native BSA) is
scaled up by a factor of 2.

An asymmetric spectral feature is observed in the BSA spec-
tra in the interval of 380 to 440 cm−1. The modifications of the
protein molecule lead to the shift of the spectral maximum from
403 to 420 cm−1 if the samples are ordered in the following
way: native protein, sample with DTT, thermally denatured sam-
ple, and sample with TCEP. The bands in this interval are
assigned to side-chain vibrations.2

A developed peak at 425 cm−1 and a shoulder at 403 cm−1

are observed in the CT spectra. Based on this result, we may
assume that the same doublet is observed in BSA spectra and
the visible shift of the spectral maximum is due to a decrease in
the relative intensity of the low-frequency component. Such a
decrease is also observed in Fig. 1(f) for almost the same order
of the samples. The spectrum of the inhibited CT is most similar
to the spectrum of the sample with TCEP.

The redistribution of the relative intensities is also observed
for the bands at 460 and 490 cm−1 in the BSA spectra. These

bands are assigned to the C─C─C bending and side-chain vibra-
tions, respectively.2 Both bands are clearly visible only in the
spectrum of the thermally denatured CT. The remaining CT
samples exhibit only the band at 460 cm−1.

The BSA spectra exhibit the band at 515 cm−1. For the above
order of the samples, we observe an increase in the relative
intensity of the band at 545 cm−1. The spectrum of the native
BSA exhibits the band at 565 cm−1, which is almost undetect-
able in the spectra of the remaining samples.

In the spectral interval of 500 to 600 cm−1, the spectrum of
the native CT substantially differs from the spectra of the
remaining samples. The original spectra in Fig. 1(e) show an
increase in the relative intensity of the band at 565 cm−1 in
the modified samples, and the most developed band corresponds
to the inhibited CT.

To additionally characterize protein changes related to the
interaction with reagents, we employ Raman spectroscopy.
Figure 2 shows the processed Raman spectra that are arbitrarily
shifted along the vertical axis.

Figures 2(a) and 2(b) present the spectra of native and modi-
fied BSA. An asymmetric spectral feature at 150 cm−1 that pre-
sumably consists of several spectral components is observed in
all spectra. The interactions with reagents cause redistribution of
intensities and, hence, variations in the band shape. Note an
increase in the intensity at 170 cm−1, which is most developed
in the spectrum of the thermally denatured sample. This sample
also exhibits a small band at 190 cm−1, which is not observed in
the spectra of the remaining samples. The Raman bands at
frequencies of <200 cm−1 in the CT spectra are also sensitive
to interactions. In particular, the band of native protein at
110 cm−1 vanishes in the spectrum of the denatured sample
and the intensity of the broad band at 155 cm−1 decreases. In
the remaining modified samples, we observe an increase in
the intensity at 175 cm−1.

The thermal denaturation of BSA also leads to noticeable
changes of the broad band at 220 cm−1: the intensity of the

Fig. 2 Raman spectra of [(a) and (b)] BSA and [(c) and (d)] CT sam-
ples: (1) TCEP-protein complexes, (2) thermally denatured proteins,
(3) DTT-protein complexes, (4) native proteins, and (5) inhibited CT.
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low-frequency (high-frequency) component decreases (increases).
This band is slightly shifted in the TCEP-protein sample and
remains almost unchanged in the DTT-protein sample. The
broad band at 235 cm−1 in the spectrum of the native CT is
transformed into a doublet in the spectra of the inhibited protein
and TCEP-protein complex. As in the spectra of albumin, the
thermal denaturation causes a significant decrease in the inten-
sity of the band and the interaction with DTT does not cause
significant changes.

The thermal denaturation causes significant changes of the
BSA band at 325 cm−1. The interaction with TCEP leads to
the shift of this band to 335 cm−1, and the interaction with DTT
results in the changes of the band shape. The broad band at
335 cm−1 in the CT spectrum is similar to the corresponding
band in the BSA spectrum, but a developed shoulder appears
at 305 cm−1 in the former spectrum. The spectral component at
305 cm−1 becomes dominant in the spectrum of inhibited CT.
The redistribution of the relative intensities of spectral compo-
nents in the frequency interval of 300 to 370 cm−1 is observed in
the spectra of the denatured sample and the sample with TCEP.
In the spectra of both proteins, the interaction with DTT pre-
dominantly causes a decrease in the total intensity of the
band at 330 to 335 cm−1.

Note that the bands at 280 and 360 to 375 cm−1 appear in
the spectra of modified proteins. The most intense bands at 280
and 360 cm−1 are observed in the spectra of the DTT-protein
samples. The intensity of the band at 280 cm−1 is also signifi-
cant in the spectra of the TCEP-BSA and denatured BSA sam-
ples. The spectra of the modified proteins (except for the DTT-
protein samples) exhibit the spectral bands shifted to
375 cm−1. The bands at 280 and 360 to 375 cm−1 cannot
be assigned to the reagents, since the characteristic bands of
reagents are not observed in the spectra at the experimental
concentrations. The corresponding measurements in the
fingerprint range have also proven the absence of the character-
istic bands of reagents.

A doublet at 410 and 425 cm−1 is observed in the spectra of
all samples. As for several bands above, the interaction with
DTT does not lead to significant spectral changes. However,
the spectra of the remaining modified samples exhibit a decrease
in the low-frequency component of the doublet and an increase
in the high-frequency component.

A single peak at 450 cm−1 in the spectra of the native BSA
and DTT-BSA sample is transformed into a doublet in the spec-
tra of the remaining modified samples with the second compo-
nent at 460 cm−1. Almost the same doublet is observed in the
spectra of the CT samples but the high-frequency component
dominates. Only in the spectrum of the native CT is the doublet
not developed and the high-frequency component is observed at
460 cm−1. In the modified samples, the intensity of the low-fre-
quency component increases.

In general, the thermal denaturation causes the most signifi-
cant changes in the Raman spectra in the interval of 100
to 480 cm−1.

The bands assigned to disulfide bridges are observed in
the spectral interval of 500 to 550 cm−1 [Figs. 2(b) and 2(d)].
It is commonly accepted that the bands at 510, 525, and
540 cm−1 are assigned to the gauche-gauche-gauche, gauche-
gauche-trans, and trans-gauche-trans conformations of S-S
bridges.19

The spectrum of the native BSA exhibits a single band at
506 cm−1, which indicates the dominant gauche-gauche-gauche

conformation of the disulfide bridges. The thermal denaturation
causes a minor blue shift of the band and, hence, minor modi-
fication of the conformation of bridges. The effect of DTT
involves the cleavage of the disulfide bonds in the protein mol-
ecule and the formation of such bridges in the oxidized DTT
(trans-4,5-dihydroxy-1,2-dithiane). Thus, we observe an
increase in the intensity of the blue-shifted band, which must
be assigned to the oxidized DTT rather than the protein.
TCEP also provides the cleavage of disulfide bonds, but, in
this case, new bridges are not formed and we observe a dramatic
decrease in the intensity in the spectral interval of 500 to
550 cm−1, which indicates almost complete absence of disulfide
bridges in the TCEP-BSA sample.

The Raman spectra of CT samples show that the denaturation
weakly affects the conformations of the disulfide bridges. The
inhibition and the interaction with TCEP lead to the shift of the
most intense band from 510 to 515 cm−1 and an increase in the
relative intensity of the band at 540 cm−1. The intensity of the
band at 515 cm−1 in the Raman spectrum of the DTT-CT sample
increases due to the S-S bridges in the oxidized DTT, but the
intensity of the band at 540 cm−1 remains almost unchanged.
Thus, the results for DTT-CT and TCEP-CT samples indicate
that CT is more stable than BSA against the agents that provide
the cleavage of disulfide bonds.

4 Discussion
The low-frequency FTIR and Raman spectra of BSA and CT
are generally similar. However, developed spectral differences
can be due to significantly different structures of the two
proteins.

The analysis of the FTIR and Raman spectra shows that the
most significant structural changes of the proteins result from
thermal denaturation. The changes of several bands in the spec-
tra of modified proteins are similar. In particular, the FTIR data
for CT show that the amplitude of the band at 255 to 260 cm−1

increases if the samples are ordered in the following way: native
protein, sample with DTT, sample with TCEP, and thermally
denatured protein. The intensity of this band in the BSA spectra
also increases for almost the same order: native protein, sample
with DTT, thermally denatured protein, and sample with TCEP.
Note that the bands in the spectra of the last two samples are
almost identical so that the orders for the two proteins are
virtually identical. When the spectra are ordered in the same
way, the intensity of the band at 403 cm−1 decreases for both
proteins.

For the above order of the CT samples, we observe an
increase in the intensity of the Raman band at 255 cm−1 relative
to the intensity of the band at 235 cm−1. The bands at 225 and
230 cm−1 in the Raman spectra of BSA exhibit the same
transformations.

The bands at 410 and 425 cm−1 are observed in the Raman
spectra of both proteins. For BSA (CT) samples, the intensity of
the low-frequency (high-frequency) component is higher. The
same relationship of the intensities is valid for the bands at
450 and 460 cm−1. For the above order of the samples, the
intensity of the band at 450 ð460Þ cm−1 increases in the
Raman spectra of CT (BSA).

A relatively small PMSF (inhibitor) molecule
(MCT∕MPMSF ≈ 150) interacts with the CT active site and bind-
ing pocket. Such interaction can be classified as local with
respect to the protein molecule as a whole and similarity of the
spectra of native and inhibited CT can be expected. However,
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the spectra of inhibited CT noticeably differ from the spectra of
the native protein, which indicates that the ligand binding indu-
ces significant conformational changes of the protein molecule
in agreement with the general concept of the structurefunction
relationship.

The spectral changes resulting from CT inhibition are similar
to the spectral changes due to CT inhibition with an alternative
ligand (anthranilic acid).20 In both cases, the redistribution of
relative intensities at 510 and 540 cm−1 can be due to transfor-
mation from the gauche-gauche-gauche to trans-gauche-trans
conformation. Such a similarity is an expected result, since
the conformations of the S-S bridges, which are not in direct
contact with the CTactive site, must not be sensitive to a specific
ligand.

Raman spectra of DTT-protein and TCEP-protein samples
significantly differ from Raman spectra of native proteins.
Raman data show that (1) TCEP provides almost complete
cleavage of disulfide bridges in BSA and (2) the cleavage of
S-S bridges in proteins due to the effect of DTT is accompanied
by the formation of the bridges in the oxidized DTT. Taking into
account the absence of significant changes in FTIR spectra of
the same samples, we may conclude that the bands of disulfide
bridges are not observed in FTIR spectra.

In accordance with the published experimental data and
model calculations, amide VI and amide VII bands must be
observed in spectral intervals of 500 to 610 and 160 to
250 cm−1, respectively.21–25 Both Raman and FTIR spectra of
BSA differ from the corresponding spectra of CT in the
above intervals (recall that the secondary structures of the
two proteins are significantly different). Interaction with chemi-
cal agents and thermal denaturation also lead to spectral changes
in the above intervals. However, only tentative assignments can
be found in the literature and the results on the relation of the
corresponding band shapes and contents of secondary-structure
elements are missing. Thus, the existing data are insufficient for
analysis in terms of amide bands.

5 Conclusions
Based on the differences between the low-frequency (100 to
600 cm−1) vibrational spectra of proteins with significantly dif-
ferent structures, we assume that the spectral interval can be
used to characterize protein conformations.

The experimentally observed correlated variations in the
intensities of several low-frequency bands in the series natural
protein, DTT-protein sample, TCEP-protein sample, and dena-
tured protein may indicate increasing conformational changes in
such a series.

The strongest spectral changes are caused by thermal dena-
turation of the protein samples. However, comparable changes
result from the cleavage of disulfide bonds.

In spite of the local character of the PMSF interaction with
CT, the ligand binding induces significant spectral changes.
Presumably, the corresponding conformational changes of the
protein molecule can be compared to the changes induced by
thermal denaturation.
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