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Hz, PhCH,), 1.65 (X part of ABX;, 3H, Jgx =1 Hz, CHy.
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Applications of the Fourier Deconvolution Procedure For Quantitative
Analysis of Raman Spectra of Biomolecules
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The constrained, iterative Fourier deconvolution procedure was applied to quantitatively analyze the overlapped bands in
the Raman spectra of biomolecules. When applied to Raman spectra of lysozyme and « -amylase, this procedure resolved the
amide I band into five component peaks. The relative intensities of the resolved peaks can possibly provide the composition
of secondary structure elements in proteins. The deconvolution procedure was also useful in monitoring the small changes in
relative intensities of C-S stretching modes due to different conformers of L-methionine in aqueous solutions at different pH
values. The implemented procedure is generally applicable to the problem of resolution enhancement of spectroscopic, chro-

matographic, and electrophoretic data.

Introduction

Raman spectra of aqueous solutions of biomolecules often
show broad, overlapped bands. Interpretation of these low
resolution Raman spectra are greatly facilitated by the ability
to resolve the broad bands into their component peaks.
Three approaches have been generally followed to achieve
the necessary resolution enhancement of the spectral data.
The curve-fitting method' is conceptually simple and
straightforward to implement on a personal computer. How-
ever, it requires some a priori imformation about the number
of component bands, their shape and width, and the forms of
the baselines. The maximum entropy method? is capable of
providing an exellent resolution enhancement but the com-
putationat requirement makes its implementation on a per-
sonal computer impractical at present.

Recently, the constrained, iterative Fourier deconvolution
method for the analyses of overlapped bands in Raman spec-
tra has been developed®*. The Fourier deconvolution me-
thod is computationally efficient and neither a knowledge
about the number of components in the complex band nor

*To whom correspondence should be addressed.

the starting guesses for peak ampitudes and locations are
required.

In this paper, we demonstrate the potential application of
the constrained, iterative Fourier deconvolution procedure im-
plemented on a personal computer for quantitative analysis
of the overlapped bands in the Raman spectra of some bio-
molecules.

Experimental

Sample Preparation and Raman Specixoscopy. Lyso-
zyme from hen egg white, a ~amylase from Bacillus amyloli-
guefaciens, and L-methionine were purchased from Sigma
Chemical Co. An aqueous solution containing lysozyme at
100 mg/m! concentration was maintained at pH 7.0 with 50
mM potassium phosphate buffer. An agueous solution of
a-amylase at (.6 mM concentration was maintained at pH
7.0 with 5 mM tris buffer. The pH values of aqueous solu-
tions of L-methionine were adjusted with HC] and NaOH.
The samples were inserted into glass capillary cells and the
cell was sealed at both ends.

The Raman spectra were obtained with the Japan Spec-
troscopic Company model R-300 laser Raman spectrometer
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using the 514.5 nm line of Ar* laser (Spectra Physics model
164-06) as an exciting source. The spectrometer was inter-
faced with an IBM-PC/AT computer and the digital data
were stored in the computer. The data were generally taken
at 0.7 cm™ ! interval with an integration time of 0.3 sec. Other
spectral conditions were as follows: laser power, 200 mW;
scan speed, 144 cm™'min}!; and spectral slit width, 9-11
cm™). In order to improve the quality of the Raman spectrum,
it was generally required to average multipie scans. For the
background subtraction, Raman data of the agueous solution
containing the buffer alone were recorded under the same
condition as many times as the sample spectrum itself.

Data Handling and Deconvolution. In orcder to mini-
mize the spectral noise, which can be an obstacle in gener-
ating the accurately deconvoluted profile of the observed Ra
man spectrum, each spectrum was obtained by (i) averaging
the multiple scans, (ii) subtracting the solvent contributions,
and then (iii) smoothing the spectrum according to the Savit-
zky and Golay method®. For the spectra in this paper, one cy-
cle of 13-point smoothing was found to be adequate. The fast
Fourier transformation in the deconvolution procedure was
done by Cooley and Tukey algorithm®. The baseline for the
smoothed spectrum was adjusted so that the spectral values
at hoth ends of spectral region to be deconvoluted are zero
and the number of data points was made to be 2” by exten-
ding the zero values beyond both ends of spectral region of
interest. For the deconvolution, we have emploved the modi-
fied Janssen-VanCittert’ constrained, iterative deconvolu-
tion scheme developped by Agard ef al.® and applied previou-
slysiﬁ ]image enhancement problems¥'® and Raman spec-
tra™ .

Briefly, the main features of this deconvolution proce-
dure® are as follows. It is assumed that the observed spec-
trum is produced by convolution of a true spectrum with a
single line shape function {band broadening or smearing
function) which is slightly narrower than the observed data.
The Gaussian-Lorentzian product function (1:1) was found
to be the most satisfactory for the tested Raman spectra.
Therefore, the goal of the deconvolution procedure is that
the true spectrum is extracted from the observed spectrum
by the knowledge of the single line shape function. The out-
line of the iterative deconvolution process is as follows. The
starting point is that the observed data (¢{x)) are considered
as the true spectrum {Ax)). Then, the calculated observed
data (0(x)) are produced by the convolution of £x} with the
band smearing function (s(x}). The #x) is corrected by the
proportion of the difference between o{x} and 0'(x). The above
procedure is iterated until there is no significant difference
between the observed data and the calculated observed data
{0'(x)). Iteration was stopped when E, defined as Zjo(x)-0'(x)|/
Zo(x), falls below 0.05. In our computation, the spectral
noise resulting from the deconvolution procedure was reduc-
ed by a 5-point smoothing in every cycle of iteration. The
deconvolution procedure may give more than one solution.
This difficulty is further compounded by the presence of ex-
perimental noise ir the observed profile. Following the sug-
gestion by Agard ¢f al.>® that the non-negativity of the true
spectrum can effectively solve the problems of uniqueness
and the increased noise, the negative values were truncated
to be zero in our computation before the next cycle of decon-
volution. Throughout the deconvolution computation, the
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Figure 1. A comparison of the observed Raman spectrum (heavy
fine) in the amide I band region with the deconvoluted spectrum
(light line) of an aqueous solution of lysozyme. The total bandwidth
of the smearing Gaussian-Lorentzian product {1:1) line shape func-
tion employed was 23 cm-Ll. The observed spectrum was obtained
by averaging of 8 scans, solvent subtraction, and 13-point smooth-
ing.
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Figure 2. A comparison of the observed Raman spectrum (heavy
line) in the amide } band region with the deconvoluted spectrum
(light line) of an aqueous solution of a-amylase with essentiat Ca2+
ions bound. The total bandwidth of the smearing Gaussian-Lorent-
zian product (1:1) line shape function employed was 23 cmL. The
observed spectrum was ohtained by averaging of 10 scans, solvent
subtraction, and 13-point smoothing.

area under each peak is maintained, thus allowing a quantita-
tive analysis of the results®. When the deconvolution proce-
dure does not converge rapidly, a different bandwidth of the
band smearing function is tried. Usually 50 cyctes of iteration
were enough with an adequate band smearing function.

All computations were carried out on an IBM-PC/AT
computer. 100 cycles of the constrained iteration for 512 data
points took less than 10 minutes of computer CPU time. The
deconvolution program was written in PASCAL and the pro-
gram is available from the authors.

Results and Discussion
Amide [ Bands of Lysozyme and a— Amylase. The ob-

served and deconvoluted Raman spectra of lysozyme and a-
amylase in the 1510-1730 cm™* region are compared in Fig-
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Table 1. A Tentative Assignment of the Deconvoluted Raman
Spectrum of Lysozyme in the Amide I Band Region and the Relative
Intensities of Five Component Peaks of the Amide I Band

Peak Position{cm-1)  Relative Intensity (%o}  Assignment? 12.14

1531

1550 Trp

1576 Trp

1585 Phe

1602 Phe, Tyr
1614 Trep, Tyr
1625

1636

1645 7.9 Amide [ (Hp,U)
1654 33.9 Amide [(T,UH)
1664 30.0 Amide I{U,T Hy)
1677 19.5 Amide [ (B.H,)
1689 8.7 Amide 1(H,.B)
1705

2The notations for amide I band assignment are as follows; H,
{mono-hydrogen bonded a-helix), H, (bi-hydrogen bonded a-helix),
T (turn), U (undefined), and B (paralle] and antiparallel g-sheet).
Phe, Tyr, and Trp are the three letter abbreviations for phenylatani-
ne, tyrosine, and tryptophan residues, respectively.

Table 2. A Tentative Assignment of the Deconvoluted Raman

Spectrum of a-Amylase in the Amide I Band Region and the Rela-
tive Intensities of Five Component Peaks of the Amide I Band

Peak Position (cm-1}  Relative Intensity (%)  Assignments 12,14

1532

1547 Trp

1576 Tep

1589 Phe

1598 Phe, Tyr
1611 Trep, Tyr
1620

1633

1644 20.4 Amide I (Hp,U)
1652 7.7 Amide I(T,U,H,)
1660 30.4 Amide I {U, T H,}
1673 286 Amide | (B,Hy)
1687 12.9 Amide ! (H;,B)
1711

2The notations are the same as in Table 1.

ures 1 and 2, respectively. The tentative assignments of the
component peaks are given in Tables 1 and 2. The decon-
volution procedure resolved the amide 1 band into five com-
ponent peaks, even though the overlap seemed hoplessly
severe, Each component peak of the amide I band can be as-
signed as due to a combination of two or three secondary
structure elements in proteins. Assignments of some other
peaks to the aromatic amino acids are also given in Tables 1
and 2. The component peak at about 1710 cm™" with a negli-
gible intensity may be disregarded as resulting from the
noise in the spectrum, although a similar peak is present in
the deconvoluted Raman spectrum of the filamentous bac-
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teriophage Xf!'. The two extremely weak peaks at about
1532 and 1586-1588 cm™! in Figures 1 and 2 are likely to be
artifacts due to the spectral noise. However, the two mode-
rately strong peaks at 1625 and 1636 cm™ in Figure 1and the
corresponding peaks at 1620 and 1630 cm™! in Figure 2 are
not likely to be artifacts, although their assignments cannot
be made with confidence.

Qur assignment of the component peaks in the amide |
bands is well correlated with reference Raman intensity pro-
files of Williams ¢! ef.}>13 obtained for the following secon-
dary structures in proteins ; mono-hydrogen bonded e-helix,
bi-hydrogen bonded e-helix, parallel g8-sheet, antiparallel
B-sheet, reverse turn, and undefined structure. The refer-
ence Raman spectra for parallel and antiparallel 8-sheet
structures seem to be similar enough to make it difficult to
justify a distinction of these two secondary structures by the
amtide [ band analysis. The reference spectra for the turn and
undefined structures are also very similar to each other but a
side band, present near 1662 cm™! in the reference spectrum
of the undefined structure, apparently gives a resolved peak
at 1664 and 1660 cm™! in the deconvolued Raman spectra of
lysozyme and e-amylase in Figures 1 and 2, respectively.

Since the observed Raman amide I band region can be as-
signed to be a linear combination of the contributions from
each secondary structure elements, one can estimate the
composition of secondary structures in a given protein by
least squares method. The result of this method is very sen-
sitive to the reference Raman spectra for secondary struc-
ture elements. As mentioned above, the similarity of the re-
ference spectra of some secondary structures makes this me-
thod prone to error when one attempts to classify the protein
secondary structures into more than three or four. That is,
Williams ¢f 1213 recomended to classify the secondary
structures into four groups; a-helix, g-sheet, g-turn, and
random coil. Verjot et al.'* used the four reference Raman
spectra (a,- and a,-helix, g-sheet, and undefined structure)
to improve the accuracy of the estimation. Clearly, there are
limitations in applying the method of using reference Raman
intensity profiles for the secondary structure estimation.

The deconvolution technigue has not been examined tho-
roughly as an alternative to the above method for the esti-
mation of protein secondary structures. However, our limi-
ted experiences with lysozyme, e-amylase, and other pro-
teins'® suggest that the application of the Fourier deconvolu-
tion procedure to the amide I band has the potential to be de-
veloped into a simple and reliable alternative in estimating
the content of five protein secondary structures (mono-hy-
drogen bonded a-helix, bi-hydrogen bonded e-helix, paral-
lel and antiparallel g-sheet, reverse turn, and undefined
structure), if the relative contributions of each secondary
structures to the five component peaks of the amide I band
can be established by least squares method from a large data-
base of Raman spectra of proteins { >15) with known structu-
res. This suggestion is based on the comparison of the data in
Tables 1 and 2. The discrepancies in Raman shifts of the five
component peaks in the amide I bands between lysozyme
and e-amylase are I to 4 cm™, whereas the differences be-
tween the adjacent component peaks for a given protein are 8 to
14 cm™!. And the relative intensities of the five component
peaks in lysozyme and e~amylase are significantly different,
reflecting the different secondary structures in two proteins.
Therefore, we conclude that the Fourier deconvolution of
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Figure 3. Raman spectra of aqueous solutions of L-methionine at
{a) pH 12 and (b) pH 2 in the C-$ stretching region. Heavy line indi-
cates the observed spectra and light line indicates the deconvoluted
spectra, The total bandwidth of the smearing Gaussian-Lorentzian
product (1:1) line shape function was 23 cm-!. The observed spectra
were obtained by averaging of 5 scans, solvent subtraction, and 13-

point smoothing.

amide I band in the Raman spectra of proteins may become a
viable alternative to the use of reference intensity profiles in
the estimatjon of protein secondary structures.

L - Methionine. The side chain C-8$ stretching Raman
band of L-methionine appears generally in 600-750 cm! re-
gion'®, For the side chain of L-methionine, four distinct con-
formations are possible, that is, TT, TG, GT, and GG confor-
mations. Here, the first and second letters describe either a
trans or a gauche conformation around the S-CH, and CHy-
CH, bonds, respectively. The position of the C-S stretching
mode is known to be sensitive to the conformation around
$-CH, and CH,-CH, bonds'"'®. In Figure 3. the observed
and deconvoluted Raman bands in the C-S stretching re-
gion are compared at (a) pH 12 and (b} PH 2. The C-S
stretching modes for each conformation are overlapped and
not well resolved in the observed spectra. In the decon-
voluted spectra, the bands are well resoclved. At pH 12
{Figure 3. (a)), four C-S stretching modes are resolved. The
modes appear at 650, 675, 700, and 722 cm™'. Each band is
assigned to GG, TG, GT, and TT conformers, respecti-
vely'™% And at pH 2 (Figure 3. (b)), the above four bands
are appearing at similar positions with somewhat different
relative intensities.

The quantitative results of Fourier deconvolution analysis
of the four C-$ stretching bands at pH 12, 5, and 2 are listed
in Table 3. It can be seen from Table 3 that as the pH is
lowered, the Raman intensity due to the GG conformer in-
creases while those due to TG and TT conformers decrease.
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Table 3. pH Dependence of Relative Intensities of C-S Stretching
Modes of Different Conformers in L-Methionine

Relative Intensities (%)

pH
GG TG GT TT?
12 21.2 11.1 35.3 323
5 30.2 4.0 38.6 26.7
2 376 1.0 34.2 27.2

eConformations around S-CHjy and CHa-CHy bonds. See text for de-
tails.

The observed change may be due to the change of the rela-
tive concentrations of each conformer. L-methionine exists
in the anionic form (NH,~CH(R}COO") at pH 12, in the zwit-
terionic form (NH,*~-CH(R)-COO") at pH 5, and in the catio-
nic form (NH;*-CH{(R)-COOH} at pH 2. In each ionic form,
the relative thermodynamic stabilities of different con-
formers may be slightly different, resulting in different rela-
tive intensities of each conformer at different pH values.
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