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Abstract

Prediction of protein secondary structure from FTIR spectra usually relies on the absorbance in the amide I-amide II region
of the spectrum. It assumes that the absorbance in this spectral region, i.e., roughly 1700-1500 cm™! is solely arising from
amide contributions. Yet, it is accepted that, on the average, about 20% of the absorbance is due to amino acid side chains.
The present paper evaluates the contribution of amino acid side chains in this spectral region and the potential to improve
secondary structure prediction after correcting for their contribution. We show that the p-sheet content prediction is improved
upon subtraction of amino acid side chain contributions in the amide I-amide II spectral range. Improvement is relatively
important, for instance, the error of prediction of f-sheet content decreases from 5.42 to 4.97% when evaluated by ascend-
ing stepwise regression. Other methods tested such as partial least square regression and support vector machine have also
improved accuracy for f-sheet content evaluation. The other structures such as a-helix do not significantly benefit from side
chain contribution subtraction, in some cases prediction is even degraded. We show that co-linearity between secondary
structure content and amino acid composition is not a main limitation for improving secondary structure prediction. We
also show that, even though based on different criteria, secondary structures defined by DSSP and XTLSSTR both arrive at
the same conclusion: only the f-sheet structure clearly benefits from side chain subtraction. It must be concluded that side
chain contribution subtraction benefit for the evaluation of other secondary structure contents is limited by the very rough
description of side chain absorbance which does not take into account the variations related to their environment. The study
was performed on a large protein set. To deal with the large number of proteins present, we worked on protein microarrays
deposited on BaF, slides and FTIR spectra were acquired with an imaging system.

Keywords FTIR spectroscopy - Secondary structure - Protein spectroscopy - Protein microarrays - Amino acid side chain

Introduction

Fourier transform infrared (FTIR) spectroscopy has become
a global tool for the study of protein structure (Barth 2007;
Wang et al. 2008), protein glycans (Derenne et al. 2020) and
lipids (Dreissig et al. 2009; Derenne et al. 2014). Numer-
ous publications report the establishment of a mathematical
relationship between protein FTIR spectra and secondary
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structure content (Lee et al. 1990; Prestrelski et al. 1992;
Pribic et al. 1993; Severcan et al. 2001; Smith et al. 2002;
Oberg et al. 2003, 2004; Wilcox et al. 2016). To improve
protein secondary structure prediction from FTIR spectra,
we recently defined a large reference protein set, called
cSP92, containing 92 commercially available proteins for
which high-resolution structures are available (De Meutter
and Goormaghtigh 2020) and we investigated the potential
of partial deuteration to improve secondary structure predic-
tion (De Meutter and Goormaghtigh 2021a) This protein
set was designed to span the entire structural space in terms
of secondary structures and also higher-order structures as
described by CATH (Orengo et al. 1997). Great care was
taken to check that the proteins used in the experimental
work have the same origin/sequence as the protein from
which the high-resolution structure was obtained. Finally,

@ Springer


http://orcid.org/0000-0002-2071-2262
http://crossmark.crossref.org/dialog/?doi=10.1007/s00249-021-01507-7&domain=pdf

642

European Biophysics Journal (2021) 50:641-651

the purity of the proteins retained in cSP92 and used in the
present experimental work was checked by SDS-PAGE.

Protein secondary structure prediction is usually based
on the analysis of the amide I and amide II band of pro-
teins. The mathematical process implicitly assumes that
the absorbance in this spectral region, i.e., roughly
1700-1500 cm™, is solely arising from amide contributions.
Yet, it is accepted that, on the average, about 20% of the
absorbance in this region is due to amino acid side chains
(Chirgadze et al. 1975; Rahmelow et al. 1998) and this
value varies obviously from protein to protein according to
its primary structure. Evaluating the contribution of amino
acid side chains in the amide I-amide II spectral region is,
therefore, of utmost interest. There are numerous examples
in the literature of analyses of some specific side chain for
understanding how enzyme work, e.g., (Barth 2002; Barth
and Zscherp 2002; Liu et al. 2005; Lérenz-Fonfria et al.
2015; Rudack et al. 2015; Kottke et al. 2017) but there is
much less work reporting systematic information on all side
chains. The first extensive series of data was reported by
Chirgadze et al. (1975) and Venyaminov and Kalnin (1991),
reviewed in Goormaghtigh et al. (1994a). These data have
the advantage to express side chain contributions as a sum
of Lorentzian/Gaussian bands whose parameters (band posi-
tion, width, intensity, fraction of Gaussian component) are
known. It is, therefore, easy to synthetize these contributions
for each protein as a function of the actual amino acid con-
tent. Numerous papers have added information to this first
set of data as reviewed extensively by Barth (2000, 2007).
More recently, another extensive study of the infrared spec-
tra and molar absorption coefficient of the 20 amino acid
side chains was reported by Wolpert and Hellwig (2006).
The latter data were obtained on free amino acids and do not
therefore include the effect for a side chain being included in
a peptide. Yet, it remains one of the most extensive sources
of consistent information on side chain absorption. At the
opposite, Ramelow et al. (1998) included amino acids in
short peptides and extracted mathematically the side chain
contributions. Due to experimental limitations, results are
not as detailed as for free amino acids but have the advantage
of considering the side chains in a peptidic environment.
Numerous papers also report theoretical computations of
side chain contributions. There are extremely valuable to
better understand the spectra and to test the effect of the
environment on the spectrum. For instance, a series of such
computations has been carried out in Ghomi’s lab (Derbel
et al. 2007; Hernandez et al. 2009, b, 2010a; Pfliiger et al.
2010). Yet, results cannot be directly used to process experi-
mental data as frequencies, scaling and band widths are not
precisely known.

The key issue for the purpose of this work is that the
actual amino acid side chain contributions in the amide
I-amide II spectral region depends on many parameters.
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Besides physical parameters such as temperature (Anderson
et al. 2014) or pressure (Scott and Vanderkooi 2011), most
variability comes from the environment of the side chain
including H-bonds, local pH, local polarity of the medium,
coupling with other vibrations (Bagchi et al. 2009), etc.
which cannot be accessed nor taken properly into account.
Furthermore, the expected ionization may be strongly
affected by modification of pK, such as in bacteriorhodop-
sin where Asp®® has a pK, above 12 (Zscherp et al. 1999).
It can, therefore, not be expected that an exact subtraction
of amino acid side chain contribution can be obtained. We
address in this paper the question of the potential secondary
structure prediction improvement that could be achieved by
subtracting a rough estimate of the side chain contributions
in the amide I-amide II spectral range.

To deal with the large number of proteins present in
cSP92, we recently proposed to work on protein microar-
rays deposited on BaF, slides. Protein sample density is in
the range of 2,000—4,000 samples per cm? (De Meutter et al.
2016, 2017) and FTIR spectra are acquired with an imag-
ing system. This approach results in fast measurement and
high signal-to-noise ratio spectra. It has been applied here
to obtain all FTIR spectra presented.

Materials and methods
Proteins and protein secondary structure content

The list of the proteins, their commercial source and their
characterization (sequence, purity, etc.) has been reported
earlier (De Meutter and Goormaghtigh 2020). The high-res-
olution structure PDB files were obtained for each protein
from the PDB repository (Bernstein et al. 1977). A list of the
selected PDB files for each protein can be found in De Meut-
ter and Goormaghtigh (2020). Each PDB file was analyzed
by DSSP (Kabsch and Sander 1983) which defines 8 second-
ary structure types: H, a-helix content denoted here dH to
indicate it has been obtained according to DSSP definition;
dE, B-sheet; dG, 3,,-helix; dI, n-helix; dT, helix-turn; dB,
p-bridge and dS, bend. The amino acids that do not belong
to one of these structures are assigned to d-. In this work, we
also define whatever is not a-helix or f-sheet as “dOthers”,
i.e. dOthers = 100-dH-dE. All values are expressed in % of
the total number of amino acids present in a protein.
Another set of secondary structure definitions has also
been tested. XTLSSTR (King and Johnson 1999) has been
initially designed for the analysis of circular dichroism
(CD) spectra. It identifies xH, a-helix; XE, f-strand (E); xG,
3,o-helix; xT, hydrogen-bonded turn; xN, non-hydrogen-
bonded turn and xP, poly(L-proline) II type 3,-helix. It also
makes a distinction between the core of the a-helix “H” and
the side or unconnected stretch “h”. The sum xH + xh is,
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therefore, the total a-helix content. It similarly makes a dif-
ference between xE and xe. Overall, large discrepancies can
be observed between dH and xH or dE and xE as the defini-
tions are different (De Meutter and Goormaghtigh 2021c).

All structural features have been extracted and tabulated
from the PDB files and the DSSP files output files by a mod-
ule of the home-made Kinetics software running under Mat-
lab, as described elsewhere (De Meutter and Goormaghtigh
2020).

Protein microarrays printing

Details of the experimental procedure are described else-
where (De Meutter et al. 2016, 2017). Microarrays were
printed with an Arrayjet Marathon noncontact inkjet Micro-
arrayer (ArrayJet, Roslin, UK) on 40Xx26 X2 mm?> BaF,
slides (Neyco, France). Drops of ca. 100 pL protein solution
were deposited to form regular arrays. Spot diameter was
about 80 pm. Spot-to-spot distances in the X and Y direc-
tions were 200 pm or 220 um, resulting in ca 2,000 protein

samples per cm>.

FTIR imaging of protein microarrays

FTIR imaging of protein microarrays has been described
earlier (De Meutter et al. 2016, 2017). Briefly spectra were
recorded as the average of 64 scans/pixel, between 3650
and 900 cm™! at a nominal resolution of 8 cm™'. FTIR data
were collected using an Agilent mid-IR imager equipped
with a liquid nitrogen cooled 128 X 128 Mercury Cadmium
Telluride (MCT) Focal Plane Array (FPA) detector and a
15X objective (NA =0.62). Automated spectrum extraction
was described previously (De Meutter et al. 2017), includ-
ing the procedure followed to subtract the background. A
single spot usually contained ca 300 pixels, i.e., 300 spectra.
After correction for background, spectra filtered for signal-
to-noise ratio and maximum absorbance were averaged (De
Meutter et al. 2016, 2017). Finally, the average spectra of
quadruplicates obtained for a same protein were averaged,
yielding one spectrum per protein. Spectra were then base-
line-corrected by subtraction of a straight line interpolated
between the spectral points at 1720 and 1480 cm™!. Scaling
was obtained by dividing the spectra by the area under the
spectrum between 1720 and 1480 cm™".

Subtraction of amino acid side chain contribution

Side chain contributions, in first approximation represented
as the sum of Lorentzian—Gaussian bands, can be easily
reconstituted (Goormaghtigh et al. 1996; Raussens et al.
2004; Goormaghtigh 2009). The key issue is the use of
realistic parameters to represent the side chain absorption
as discussed under Results and Discussion. Briefly, each

vibration mode requires at least 4 parameters: band intensity,
band position, band width and fraction of Gaussian. Usu-
ally one side chain contribution is made out of several such
bands. For instance, in the amide I-amide II spectral range,
arginine has a strong absorption near 1673 cm™~! assigned
to v,(CN;Hs"), a less strong one near 1633 cm™' assigned
to V,(CN;Hs") and a weaker one at 1522 cm™" assigned to
8,(CN5H;™). In such a case, the three contributions have
to be summed up to obtain the contribution of arginine. In
other instances, different ionization states have to be taken
into account. For instance, aspartic acid has a major band
at 1729 cm™! assigned to v (C=0) for the protonated form
of the carboxylic acid and a major band at 1570 cm™"! for
the ionized form assigned to v,,(COO™). In such a case,
the experimental pH and the pK, are taken into account to
compute the fractional contribution of both forms which are
then summed up. Finally, all the side chain contributions are
added to obtain the overall contribution of the side chains
that will be ultimately subtracted from the protein spectrum.
The parameters used to compute the side chain contributions
are reported in Table S1.

Secondary structure prediction from FTIR spectra

The mathematical relation between FTIR spectra and sec-
ondary structure content has been established as described
earlier (De Meutter and Goormaghtigh 2021b). Briefly the
ascending stepwise linear regression (ASLR) introduces, in
an ascending stepwise manner, one absorbance at a time
in a linear regression model (Goormaghtigh et al. 2006,
2009). Partial least square regression (PLS) is a multivari-
ate approach that minimizes the number of latent variables
(LVs) required for prediction (Geladi and Kowalski 1986;
Wold et al. 2001). It was computed by the software running
under Matlab developed by Norgaart et al. (Ngrgaard et al.
2000; Leardi and Ngrgaard 2005). Support Vector Machine
(SVM) dedicated to solving regression problems (Tange
et al. 2015; Ghorbani et al. 2016) was used according to the
formulation introduced by Suykens et al., with the Matlab
toolbox built by the authors (Pelckmans et al. 2002).

Two types of validations were obtained. Cross-validation
was run in a leave-one-out mode, i.e., one protein spectrum
at a time was removed from the training set and used to
challenge the model obtained with all the other proteins.
The quality of the prediction was computed as the root
mean square standard error in cross-validation (RMSECV).
This error was compared with the standard deviation of the
secondary structure content (STDDEVREFCY) by comput-
ing ¢V = STDDEVREFCY/RMSECV (Oberg et al. 2004;
Kinalwa et al. 2010). £ indicates how much better the pre-
diction is with respect to guessing the mean values is the
prediction. For instance, a value of { =3 for the a-helix
whose content distribution in ¢cSP92 is characterized by
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STDDEVREFCY = 18 3% means that the error of prediction
is 6.1%. When { is close to 1, it indicates spectroscopy does
not bring much added value to secondary structure predic-
tion. It must be noted that C is related to the correlation coef-
ficient (Fearn 2002).

A second calibration used a single subset of the cSP92
protein spectra as test set. The Kennard—Stone algorithm
(Kennard and Stone 1969) was used to select one third of
the spectra with a uniform distribution of the secondary
structure content. The quality of the prediction was judged
from the root mean square error of prediction for the Ken-
nard—Stone selected test set (RMSEKS) and CKS was com-
puted as STDDEVREFKS/RMSEKS. It must be noted that
STDDEVRFF®V is different from STDDEVREFKS,

Computations

Image analysis, spectrum processing, subtraction of side
chain contributions and multivariate analyses were all per-
formed with Kinetics, a home-made software running under
MatLab (The MathWorks Inc.).

Results and discussion
Description of amino acid side chain bands

It must be kept in mind that it remains difficult to select the
best parameters describing amino acid side chain absorption
as they vary very significantly as a function of the envi-
ronment. Side chain contributions used in this work will
be described as an overlap of Lorentzian—Gaussian bands
(Goormaghtigh et al. 1996; Raussens et al. 2004). Amino
acid side chain band parameters have been reported in H,O
(Venyaminov and Kalnin 1991) and D,0O (Chirgadze et al.
1975) and extensively used to correct FTIR spectra of pro-
teins in the course of "H/*H exchange (Raussens et al. 1997,
2004; Meskers et al. 1999). Yet, while working with cSP92
protein spectra, it was noticed that the subtracted contribu-
tion does not always match the shape required to correct the
'H form of the protein spectra. In this paper we introduce the
data provided by Wolpert and Hellwig (2006) and revised
some these values in view of the data provided by Rahmelow
et al. (1998) as indicated in Table S1. The missing elements,
usually the band width, were taken from Venyaminov and
Kalnin (Venyaminov and Kalnin 1991). All band parameters
are provided in Table S1. Table S1 highlights the modifica-
tions brought to the original data published by Wolpert and
Hellwig. With these parameters, resulting corrected spectra
appeared to be of better quality but subtraction of two side
chains, Glu and Tyr, remained problematic, i.e., the posi-
tion of the band was obviously shifted with respect to their
actual contribution in cSP92 protein spectra, resulting in
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local negative deviation in the corrected spectra. For this
reason, it was of interest to investigate whether cSP92 pro-
tein spectra themselves could be a source of information.

Extracting amino acid side chain contributions
from protein FTIR spectra

In principle, the 92 spectra of the cSP92 protein set absorb-
ance matrix (between 1720 and 1480 cm™') A can be tenta-
tively expressed as a linear combination of concentrations (C
matrix) and “pure” spectra (S matrix) for the amide bonds
and amino acid side chains, A =S.C. The C matrix contains
the content in dH, dE, dOthers and in the 9 amino acids
which have a significant contribution in the amide I-amide
IT spectral range (see list in Table S1). All concentration val-
ues were obtained from the DSSP output files as described
in Materials and Methods. The S matrix can therefore be
obtained by simple matrix division. Such an approach had
been suggested by Rahmelow et al. (1998) for a series of
short peptides, usually tripeptides, including the different
amino acids.

Extracting S is obviously a more difficult enterprise here
as the variance in the concentrations is limited, some co-
linearity is present (see later and Fig. S1) and there is no
unique pure component perfectly representing each second-
ary structure or amino acid side chain. Indeed, the spectrum
of each secondary structure or side chain present important
variations related to the environment. This variability can
obviously not be realistically reflected in a unique spectrum.
Yet, keeping these limitations in mind, it is interesting to
examine the shape of the pure components present in S
obtained by matrix division. Results are reported in Fig. 1.
It is surprising to extract for the a-helices (dH), f-sheet (dE)
and the “Others” structure spectra that exactly match the
expectations. Both the rather narrow amide I band centered
at 1656 cm™' together with amide II centered on 1544 cm™!
are characteristic features of the a-helix. The much broader
amide I band centered at 1654 together with amide II at
1536 cm™! structures are the exact features expected for
the “Others” which mainly contains the disordered part of
protein structure. The same comment stands for the B-sheet
structure with, for amide I, a maximum at 1634 cm™! and a
marked shoulder around 1690 cm™! together with amide IT
at 1536 cm™!. These spectral features are typical of p-sheet
structures (Arrondo et al. 1993; Goormaghtigh et al. 1994b;
Barth 2007). The picture is less clear for the amino acid side
chains. We compare below the position of amino acid con-
tributions that appear in Fig. 1 with the values reported for
free amino acids reported by Wolpert and Hellwig (2006).
In the amide I region, arginine side chain contribution is
rather correctly obtained with bands at 1673 and 1646 cm™!
(1673 and 1633 cm™! for the free amino acid) though the
relative absorbance of the two contributions is not respected.
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Fig. 1 Shape of the different
components contributing to
the FTIR spectrum of ¢cSP92
proteins in the amide I-amide A
1I spectral region. The C matrix
contains for each protein the
concentration in dH, dE, dOth-
ers, Asp, Glu, Tyr, Gln, Asn,
Arg and Lys. Other amino acids
absorb here but the intensity

of their contribution is minor.

a Shape of the a-helix (dH),
B-sheet (dE) and the “Others”
structures (dOthers). b Shape of
the amino acid whose main con-
tribution is found the amide I
region of the spectrum. ¢ shape
of the contribution of amino

1518 1514

acids whose main contribution
is found in the amide II region
of the spectrum. The inset in
part A. of the figure reports the
second derivative between 1580
and 1480 cm™ of the protein
spectra of cSP92 and the two
red vertical lines report the
observed tyrosine ring vibra-
tion at 1514 and the expected
value for free Tyr amino acid at
1518 cm™!

Absorbance (arbitrary units)

(x—llelix o
B Z\ B-sheet A
| \ /3 | Nil
o \ /& | Z\\¢
1 Other 1 "
§ i § 1580 1560 1540 15éd 1500 1480
I ! ! ! ;om” :
1700 1650 1600 1550 1500

wavenumber /cm™’

¢

.

1720 1700 1680
wavenumber /cm

Lysine presents a maximum at 1640 cm™" (1636 cm™! for
the free amino acid). Asparagine and glutamine profiles
do not match the two bands expected near 1672-1681 and
1610-1618 cm™! found in free amino acids. In the amide II
region, aspartate presents a maximum at 1580 cm™" and glu-
tamate at 1572 cm™'. These values are significantly higher
than the 1570 and 1559 cm™" reported for free amino acids.
Upon subtraction of amino acid side chain contribution (see
later) it appeared that the specific contribution of glutamate
had to be shifted from 1559 to 1570 cm™' to avoid negative
absorbance values after subtraction. This correction was
confirmed by the observation glutamate v,(COO™) absorbs
at 1572 in Fig. 1 and was applied in this work. Tyrosine
contribution maximum appears at 1514 cm™ in Fig. 1 while
it is found at 1518 cm™! in free amino acids. In the course of
this work, we also observed that the band had to be shifted
to 1514 cm™' to account to the observed position in pro-
tein spectra. This is the second modification we brought to
the parameters describing the side chain contributions in
this paper. This latter modification was further confirmed

1550
wavenumber /cm™’

1640 1620

by direct observation of the position of the tyrosine ring
vibrations on the second derivatives of the original spectra.
As this band is very narrow, it is strongly enhanced by tak-
ing the second derivative and thereby easily observable as
shown in the inset of Fig. 1a. The inset shows clearly that
1518 cm™! does not match the observation while 1514 cm™
does.

Subtraction of amino acid side chains

Taken together, the overall contribution of side chains in
the amide I-amide II spectral range may vary by a factor
larger than 2. To obtain a general overview of potential dif-
ferences in the relative contributions of side chain absorp-
tion for each protein, the fractional content of each amino
acid was multiplied by the intensity of its contribution in
the amide I-amide II spectral range. Proteins were then
sorted according to the sum of these contributions. Such an
approach indicates that side chains in alpha-2-MRAP (PDB
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code 2P03) absorb more than twice as much as in Elafin
(PDB code 1FLE), as illustrated in Fig. 2.

While the global area assigned to amino acid side chains
is quite different in Fig. 2a, b, in both cases, the amino acid
contribution appears as a rather broad baseline underlying
amide I and amide II. Yet, depending on amino acid com-
position, this overall contribution can be definitively more
intense in a specific spectral region. Some proteins have
indeed “anomalous” content in some specific amino acids.
In the amide I spectral range, arginine is one of the most
problematic as it presents a strong contribution at 1673 and
1633 cm™!. The mean content in arginine in cSP92 is 4.3%
but some protein have none such as metallothionein (PDB
code 4MT2) while arginine represents 14% of all amino
acids in cathepsin G (PDB code 1CGH) as reported (De
Meutter and Goormaghtigh 2020). Furthermore, asparagine
also represents 4.5% of Cathepsin G amino acid content,
which is average, but adds up to arginine contribution in
the same spectral region. It must be noted that some spe-
cific protein/peptides such as the antibacterial peptide PR-39

A
200r before )
after correction
8150¢
c
©
2
o
7]
o
©
3100
_g B \before )
g —_ after correction
S
pd
50
sum
0 e —— e —— N — \
1700 1650 1600 1550 1500

wavenumber /cm™’

Fig.2 Contribution and subtraction of amino acid side chain contri-
butions for a Alpha-2-MRAP and b Elafin. The gray lines show the
recorded spectra (plain line) and the corrected spectra (dashed line).
The corrected spectra are obtained after subtraction of the sum of the
amino acid contributions (blue line). The individual contributions of
the side chains are shown in color, the blue line is the sum of these
individual contributions. Absorbance is in arbitrary units and spectra
have been offset for the clarity of the figure

@ Springer

contains almost 30% arginine which dominates the FTIR
spectrum the amide—I amide II region (Cabiaux et al. 1994).
In the amide II spectral range, ionized carboxylic acids
bring a large contribution. Carboxylic acids, i.e., the sum of
aspartic and glutamic acids, represent 11.3% of cSP92 pro-
teins amino acids but in calmodulin (1PRW) they represent
22.6% and only 3.94% in endo-1,4-beta-xylanase (2JIC). The
extreme values reported above for endo-1,4-beta-xylanase
and calmodulin suggest the shape of amide I and II could be
significantly affected. Figure 3 reports for both proteins the
recorded spectra and the corrected spectra, along with the
different amino acid side chains contributions and their sum.
It can be observed in Fig. 3 that, for endo-1,4-beta-xyla-
nase, arginine side chains bring a very significant contribu-
tion in particular near 1673 cm™'. The shape of its spectrum
is dramatically changed upon subtraction of side chain con-
tributions. Carboxylic acids that are prominent in calmodu-
lin rather affect the shape of amide II, which is also rich in
information on protein secondary structure (Goormaghtigh
et al. 2006). It is, therefore, legitimate to question the effect
of amino acid side chain contributions on the accuracy of
secondary structure prediction based on FTIR spectra.

\ before

200} A
W—u_ after .
correction
180t
160

—

~

o
:

—

N

o
T

correction

80t ¥— after

60r

Normalized absorbance
—
o
Q

401 sum

20r

1650 1600 1550 1500
wavenumber /cm’”

1700

Fig.3 Illustration of the subtraction of amino acid side chain con-
tributions for a calmodulin and b endo-1,4-beta-xylanase. The gray
lines show the recorded spectra (plain line) and the corrected spectra
(dashed line). The corrected spectra are obtained after subtraction of
the sum of the amino acid contributions (blue line). The individual
contributions of the side chains are shown in color. The contribution
of glutamic and aspartic acids is identified in a for calmodulin and of
arginine side chains in b for endo-1,4-beta-xylanase. Absorbance is in
arbitrary units and spectra have been offset for the clarity of the figure
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Methods used to relate spectral shape to secondary con-
tent are numerous. As they rely on different principles, they
could be more or less prone to errors related to side chain
absorption. It is therefore important to test more than one.
Here, three different approaches will be tested. A simple
linear regression using a small number of absorbance values,
usually the absorbance at 2—5 wavenumbers, is the ascending
stepwise regression (ASLR) which adds, step by step, the
best absorbance in the linear model (Goormaghtigh et al.
2006, 2009). Partial least square regression (PLS) is prob-
ably the most popular multivariate approach in chemomet-
rics, including in the field of FTIR spectroscopy of proteins
(Navea et al. 2005; Wang et al. 2008). It is well designed to
deal with co-linearity. As non-linear models could shed a
different light on the predictions, we also included a sup-
port vector machine (SVM) modified for solving regression

LOO cross-validation

ASLR
8 dOthers _
PLS
7 d- SVM _
6 ds 4
5 dB _
4 dT |
3 4G i

—_—"dE

|

2
1 | dH |

Fig.4 C values for validation of the 8 DSSP-defined secondary
structure element and “Others”, explained in the text. The left panel
reports results for a leave-one-out cross-validation and the right panel
the Kennard-Stone test set (1/3 of the protein spectra). For each
structure, 3 prediction methods have been used, ASLR, PLS and

problems (Ghorbani et al. 2016). The error of prediction was
evaluated by both a leave-one-out (LOO) cross-validation
and a single protein test set made out of one third of the
protein spectral database. In the latter case, proteins were
selected by the Kennard—Stone algorithm (Kennard and
Stone 1969) (see Methods). For both approaches, proteins
tested are never part of the training set. Results appear in
Fig. 4 for all DSSP-defined structures. Details of the data
presented in Fig. 4 are reported in Table S2.

Considering the cross-validation results (Fig. 4, left
panel), it immediately appears that the FTIR spectra bring
little information for the prediction of the content in the
minor structures such as dG, dT and dB. The bright colors
refer to the prediction obtained from the raw spectra, the pas-
tel colors to the prediction obtained from spectra corrected
for amino acid side chain contributions. For the a-helix

Kennard-Stone test set

ASLR
dOthers e
PLS

SVM

SVM. For each method, raw spectra or spectra corrected for amino
acid side chain contributions have been used. The color code is indi-
cated in each of the panels. For PLS, the number of LVs has been
determined as described on Fig. S3
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(dH), there is a slight improvement only for SVM predic-
tion. For the B-sheet (dE), there is a systematic improve-
ment for all three prediction methods. Using SVM, " for dE
increases from 2.55 to 2.73 while the RMSECYV is decreased
from 5.37 to 5.02% (see Table S2 for detailed figures). Using
ASLR, the RMSECY for dE decreases from 5.42 to 4.97,
which is significant. Prediction of the “Others” structure also
gains in accuracy for all methods when side chain contribu-
tions are removed. The effect is less marked for d —. The
picture is less clear for the other minor structures which are
characterized anyway by {©V values close to 1. When look-
ing at the right panel of Fig. 4, the Kennard—Stone test set
obtains predictions with higher values for {*5 as compared
to ¢©V. It is important to stress that this effect is not due
not to a decrease in the error of prediction but to the larger
standard deviation of the secondary structure content in the
test set, obviously related to the criterion applied for the
selection of the test set (see Table S2). Again, subtracting the
amino acid side chain contributions clearly benefits p-sheet
content prediction but not the other structures. In particu-
lar, the correction degrades a-helix content prediction. Pro-
teins for which the best improvement of dE prediction was
observed after side chain subtraction were scrutinized for
particular amino acid content but no general rule could be
obtained (data not shown).

The DSSP analysis of high-resolution structure described
in the PDB is not unique. A series of structure definitions
has been defined over the years and can result in quite dif-
ferent secondary structure content. The extent of secondary
structure variation that can result from using different defini-
tions has been described for several methods for cSP92 in
De Meutter and Goormaghtigh (2021c¢). It was of interest to
test another approach that provides a more detailed analy-
sis. XTLSSTR (see Methods), which is significantly differ-
ent from DSSP, has been selected. The same analysis was
therefore performed after obtaining the secondary structures
according to XTLSSTR instead of DSSP. Even though the
secondary structure content may be very significantly dif-
ferent from those obtained by DSSP, the results (Fig. S4)
are similar: significant improvement for the prediction of
B-sheet content but not for the other structures. One interest
of XTLSSTR is that it makes the difference between the core
of the structure (“H” and “E” for the a-helix and b-strand,
respectively) and for part of it that are present on the side
or are not connected, indicated by “h” and “e”, respectively.
It can be observed on Figure S4 that “H” and “H+h”, i.e.,
the total a-helix content, are better predicted before side
chain subtraction while “E”, “¢” and “E +¢e” are much bet-
ter predicted after subtraction of the side chain contribu-
tion. Interestingly, prediction for XE (RMSECV =4.86) is
significantly better than the prediction of the total (xe + xE)
f-strand content (RMSECV =5.97). A more detailed analy-
sis is reported on Figure S5 for the -sheet structure. The few
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proteins whose prediction has been improved upon subtrac-
tion of the side chain contribution are singled out. Yet, when
analyzing the amino acid content of these proteins, there is
no obvious explanation for the improvement (Fig. S5). This
could be due to the fact the model built is global and the
proteins that have apparently a bad prediction may not be the
cause of the loss of prediction capacity but the result of the
adjustment of the model to account for anomalous behavior
found in other proteins.

The results presented above confirm that dE prediction
is improved by subtraction of side chain contributions but
raise the question of the rationale for this subtraction in gen-
eral. One of the possible reasons why side chain contribution
might not interfere as much as expected for all structures
is there exists a degree of correlation between secondary
structure content and amino acid composition.

Impact of the correlation between amino acid
composition and secondary structure

There is a well-documented prevalence of certain amino acid
for specific secondary structures. This has been observed
since the 1970s in the pioneer work of Chou and Fasman
(1974) or Garnier (1978), on large survey of PDB pro-
teins (Otaki et al. 2010) as well as among cSP92 protein
set (De Meutter and Goormaghtigh 2020). In ¢cSP92, cor-
relation coefficients between secondary structure content
and each amino acid content can reach 0.4-0.5 (Fig. S1).
This implicates that a fraction of the amino acid side chain
contribution to the spectrum is intimately linked to second-
ary structure content. In such a case, the effect of subtrac-
tion is expected to be neutral. It is interesting to apply a
method such as ASLR to determine the secondary struc-
ture content from amino acid content. The “spectrum” to be
analyzed is now the content in the 20 amino acid. Such an
attempt appears on Figure S2 for the DSSP-defined struc-
tures. The best prediction is found for the a-helix content
that can be expressed as 39.1+3.3*[Leu] — 4.8*[Pro]—
1.9%[Thr] — 2.3*[Val] + 1.3*[Ala] (Fig. S2) with a
RMSECYV of 12.2% from a standard deviation of 18.5%,
i.e., £=1.50. Though to a less extent for the other secondary
structures, there is definitively a prediction potential. ASLR
reveals the best amino acids for this prediction reported in
the equation above for dH. It is important to note here that
these amino acids do not contribute much in the amide I—
amide II spectral range. In general, except for Glu, the amino
acid that contributes most in the amide I-amide II region of
the spectrum have weak correlation with a-helix, f-sheet
and “Others” content (Fig. S1). When the computation was
repeated with only the first 8 amino acids which most con-
tribute to the FTIR spectrum in the amide range (Glu, Asp,
Arg, Lys, Gln, Asn, Tyr, His), none of the structure could be
predicted with > 1.08, i.e., a correlation coefficient of 0.33
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at best (not shown). It can be concluded that co-linearity is
not an important factor responsible for the relative failure
of side chain subtraction to improve significantly secondary
structure prediction.

Overall, we have shown that the p-sheet content pre-
diction is improved upon subtraction of amino acid side
chain contributions in the amide I-amide II spectral range.
Improvement is relatively important, for instance RMSECV
decreases from 5.42 to 4.97% when ASLR is used. In fact,
all methods, PLS, SVM and ASLR reach the same conclu-
sion. The other structures do not significantly benefit from
side chain subtraction, in some cases prediction is even
degraded. We showed that co-linearity between secondary
structure content and amino acid composition is not a main
limitation for improving secondary structure prediction. We
also showed that, even though based on different definitions,
using secondary structures defined by DSSP and XTLSSTR
drives to the same conclusion: only the f-sheet content pre-
diction clearly benefits from side chain subtraction. It must
be concluded that the very rough description of side chain
absorbance which does not take into account their large vari-
ations related to their environment limits the potential to
improve all secondary structure predictions.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00249-021-01507-7.

Author contributions The manuscript was written through contribu-
tions of all authors. All authors have given approval to the final version
of the manuscript.

Funding This work was supported by the Fonds de la Recherche
Scientifique—FNRS under Grant n°O001518F (EOS-convention #
30467715). We thank the Walloon Region (SPW, DGO6, Belgium) for
supporting the ROBOTEIN project within the frame of the EQUIP2013
program. E.G. is Research Director with the National Fund for Scien-
tific Research (Belgium).

Code availability A Matlab code for reconstructing side chain contribu-
tions is provided in Supplementary materials along with the parameters
used.

Availability of data and material Materials is available on request from
the authors.

Compliance with ethical standards
Conflict of interest No conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not

permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Anderson BA, Literati A, Ball B, Kubelka J (2014) Temperature
dependence of amino acid side chain IR absorptions in the amide
I’ region. Biopolymers 101:536-548. https://doi.org/10.1002/
bip.22416

Arrondo JL, Muga A, Castresana J, Gofii FM (1993) Quantitative stud-
ies of the structure of proteins in solution by Fourier-transform
infrared spectroscopy. Prog Biophys Mol Biol 59:23-56. https://
doi.org/10.1016/0079-6107(93)90006-6

Bagchi S, Falvo C, Mukamel S, Hochstrasser RM (2009) 2D-IR experi-
ments and simulations of the coupling between amide-I and ioniz-
able side chains in proteins: application to the Villin headpiece.
J Phys Chem B 113:11260-11273. https://doi.org/10.1021/jp900
245s

Barth A (2000) The infrared absorption of amino acid side chains. Prog
Biophys Mol Biol 74:141-173

Barth A (2002) Selective monitoring of 3 out of 50,000 protein vibra-
tions. Biopolymers 67:237-241

Barth A (2007) Infrared spectroscopy of proteins. Biochim Bio-
phys Acta 1767:1073-1101. https://doi.org/10.1016/j.bbabi
0.2007.06.004

Barth A, Zscherp C (2002) What vibrations tell us about proteins.
Quaterly RevBiophys 35:369—430

Bernstein FC, Koetzle TF, Williams GJ et al (1977) The Protein Data
Bank: a computer-based archival file for macromolecular struc-
tures. J Mol Biol 112:535-542. https://doi.org/10.1016/s0022
-2836(77)80200-3

Cabiaux V, Agerberth B, Johansson J et al (1994) Secondary structure
and membrane interaction of PR-39, a Pro+Arg-rich antibacterial
peptide. EurJBiochem 224:1019-1027

Chirgadze YN, Fedorov OV, Trushina NP (1975) Estimation of amino
acid residue side-chain absorption in the infrared spectra of pro-
tein solutions in heavy water. Biopolymers 14:679-694

Chou PY, Fasman GD (1974) Prediction of protein conformation.
Biochemistry 13:222-245. https://doi.org/10.1021/bi00699a002

De Meutter J, Goormaghtigh E (2020) A convenient protein library for
spectroscopic calibrations. Comput Struct Biotechnol J 18:1864—
1876. https://doi.org/10.1016/j.csbj.2020.07.001

De Meutter J, Goormaghtigh E (2021a) Evaluation of protein second-
ary structure from FTIR spectra improved after partial deutera-
tion. Eur Bophys J. https://doi.org/10.1007/s00249-021-01502

De Meutter J, Goormaghtigh E (2021b) FTIR imaging of protein
microarrays for high throughput secondary structure determina-
tion. Anal Chem. https://doi.org/10.1021/acs.analchem.0c03677

De Meutter J, Goormaghtigh E (2021c) Searching for a better match
between protein secondary structure definitions and protein FTIR
spectra. Anal Chem 93:1561-1568. https://doi.org/10.1021/acs.
analchem.0c03943

De Meutter J, Derfoufi MK, Goormaghtigh E (2016) Analysis of pro-
tein microarrays by FTIR imaging. Biomed Spectrosc Imaging
5:145-154

De Meutter J, Vandenameele J, Matagne A, Goormaghtigh E
(2017) Infrared imaging of high density protein arrays. Analyst
142:1371-1380. https://doi.org/10.1039/c6an02048h

Derbel N, Hernandez B, Pfliiger F et al (2007) Vibrational analysis of
amino acids and short peptides in hydrated media. I. L-glycine

@ Springer


https://doi.org/10.1007/s00249-021-01507-7
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/bip.22416
https://doi.org/10.1002/bip.22416
https://doi.org/10.1016/0079-6107(93)90006-6
https://doi.org/10.1016/0079-6107(93)90006-6
https://doi.org/10.1021/jp900245s
https://doi.org/10.1021/jp900245s
https://doi.org/10.1016/j.bbabio.2007.06.004
https://doi.org/10.1016/j.bbabio.2007.06.004
https://doi.org/10.1016/s0022-2836(77)80200-3
https://doi.org/10.1016/s0022-2836(77)80200-3
https://doi.org/10.1021/bi00699a002
https://doi.org/10.1016/j.csbj.2020.07.001
https://doi.org/10.1007/s00249-021-01502
https://doi.org/10.1021/acs.analchem.0c03677
https://doi.org/10.1021/acs.analchem.0c03943
https://doi.org/10.1021/acs.analchem.0c03943
https://doi.org/10.1039/c6an02048h

650

European Biophysics Journal (2021) 50:641-651

and L-leucine. J Phys Chem B 111:1470-1477. https://doi.
org/10.1021/jp0633953

Derenne A, Vandersleyen O, Goormaghtigh E (2014) Lipid quantifi-
cation method using FTIR spectroscopy applied on cancer cell
extracts. Biochim Biophys Acta 1841:1200-1209. https://doi.
org/10.1016/j.bbalip.2013.10.010

Derenne A, Derfoufi K-M, Cowper B et al (2020) FTIR spectroscopy
as an analytical tool to compare glycosylation in therapeutic
monoclonal antibodies. Anal Chim Acta 1112:62-71. https://doi.
org/10.1016/J.ACA.2020.03.038

Dreissig I, Machill S, Salzer R, Krafft C (2009) Quantification of brain
lipids by FTIR spectroscopy and partial least squares regression.
Spectrochim Acta A 71:2069-2075. https://doi.org/10.1016/j.
saa.2008.08.008

Fearn T (2002) Assessing Calibrations: SEP, RPD, RER and R2. NIR
news 13:12—13. https://doi.org/10.1255/nirn.689

Garnier J, Osguthorpe DJ, Robson B (1978) Analysis of the accuracy
and implications of simple methods for predicting the secondary
structure of globular proteins. J Mol Biol 120:97-120. https://
doi.org/10.1016/0022-2836(78)90297-8

Geladi P, Kowalski BR (1986) Partial least-squares regression: a tuto-
rial. Anal Chim Acta 185:1-17. https://doi.org/10.1016/0003-
2670(86)80028-9

Ghorbani M, Zargar G, Jazayeri-Rad H (2016) Prediction of
asphaltene precipitation using support vector regression tuned
with genetic algorithms. Petroleum 2:301-306. https://doi.
org/10.1016/j.petlm.2016.05.006

Goormaghtigh E (2009) FTIR data processing and analysis tools. In:
Barth A, P.I.Haris (eds) Adv. Biomed. Spectrosc. (Biological
and Biomedical Infrared Spectroscopy). IOS Press, pp 104-128

Goormaghtigh E, Cabiaux V, Ruysschaert JM (1994) Determination
of soluble and membrane protein structure by Fourier transform
infrared spectroscopy. III. Secondary structures. Subcell Bio-
chem 23:405-450

Goormaghtigh E, Cabiaux V, Ruysschaert JM (1994) Determination
of soluble and membrane protein structure by Fourier transform
infrared spectroscopy. I. Assignments and model compounds.
Subcell Biochem 23:329-362

Goormaghtigh E, De-Jongh HH, Ruysschaert JM (1996) Relevance
of protein thin films prepared for attenuated total reflection Fou-
rier transform infrared spectroscopy: significance of the pH.
Appl Spectrosc 50:1519-1527

Goormaghtigh E, Ruysschaert JM, Raussens V (2006) Evaluation of
the information content in infrared spectra for protein secondary
structure determination. Biophys J 90:2946-2957

Goormaghtigh E, Gasper R, Benard A et al (2009) Protein secondary
structure content in solution, films and tissues: Redundancy and
complementarity of the information content in circular dichro-
ism, transmission and ATR FTIR spectra. Biochim Biophys
Acta Proteins Proteom 1794:1332-1343

Hernandez B, Pfliiger F, Nsangou M, Ghomi M (2009) Vibrational
analysis of amino acids and short peptides in hydrated media.
IV. Amino acids with hydrophobic side chains: L-alanine,
L-valine, and L-isoleucine. J Phys Chem B 113:3169-3178.
https://doi.org/10.1021/jp809204d

Hernandez B, Pfliiger F, Adenier A et al (2010) Vibrational analy-
sis of amino acids and short peptides in hydrated media. VIIL.
Amino acids with aromatic side chains: L-phenylalanine,
L-tyrosine, and L-tryptophan. J Phys Chem B 114:15319—
15330. https://doi.org/10.1021/jp106786]

Hernandez B, Pfliiger F, Derbel N et al (2010) Vibrational analysis
of amino acids and short peptides in hydrated media. VI. Amino
acids with positively charged side chains: L-lysine and L-argi-
nine. J Phys Chem B 114:1077-1088. https://doi.org/10.1021/
jp909517r

@ Springer

Kabsch W, Sander S (1983) Dictionary of protein secondary struc-
ture: pattern recognition of hydrogen-bonded and geometrical
features. Biopolymers 22:2577-2637

Kennard RW, Stone LA (1969) Computer aided design of
experiments. Technometrics 11:137-148. https://doi.
org/10.1080/00401706.1969.10490666

Kinalwa M, Blanch E, Doig A (2010) Accurate determination of
protein secondary structure content from Raman and Raman
optical activity spectra. Anal Chem. https://doi.org/10.1021/
AC101334H

King SM, Johnson WC (1999) Assigning secondary structure
from protein coordinate data. Proteins Struct Funct Genet
35:313-320. https://doi.org/10.1002/(SICI)1097-0134(19990
515)35:3%3¢313::AID-PROT5%3e3.0.CO;2-1

Kottke T, Lorenz-Fonfria VA, Heberle J (2017) The grateful infrared:
sequential protein structural changes resolved by infrared dif-
ference spectroscopy. J Phys Chem B 121:335-350. https://doi.
org/10.1021/acs.jpcb.6b09222

Leardi R, Ngrgaard L (2005) Sequential application of backward inter-
val partial least squares and genetic algorithms for the selection of
relevant spectral regions. ] Chemom 18:486-497

Lee DC, Haris PI, Chapman D, Mitchell RC (1990) Determination
of protein secondary structure using factor analysis of infrared
spectra. Biochemistry 29:9185-9193

Liu M, Krasteva M, Barth A (2005) Interactions of phosphate groups
of ATP and aspartyl phosphate with the sarcoplasmic reticulum
Ca2+-ATPase: an FTIR study. Biophys J 89:4352-4363

Lérenz-Fonfria VA, Schultz B-J, Resler T et al (2015) Pre-gating
conformational changes in the ChETA variant of channelrhodop-
sin-2 monitored by nanosecond IR spectroscopy. J Am Chem Soc
137:1850-1861. https://doi.org/10.1021/ja5108595

Meskers S, Ruysschaert JM, Goormaghtigh E (1999) Hydrogen-deute-
rium exchange of streptavidin and its complex with biotin studied
by 2d-attenuated total reflection fourier transform infrared spec-
troscopy. J Am Chem Soc 121:5115-5122

Navea S, Tauler R, de Juan A (2005) Application of the local regres-
sion method interval partial least-squares to the elucidation of
protein secondary structure. Anal Biochem 336:231-242. https://
doi.org/10.1016/j.ab.2004.10.016

Ngrgaard L, Saudland A, Wagner J et al (2000) Interval partial least-
squares regression ( i PLS): a comparative chemometric study
with an example from near-infrared spectroscopy. Appl Spectrosc
54:413-419. https://doi.org/10.1366/0003702001949500

Oberg KA, Ruysschaert JM, Goormaghtigh E (2003) Rationally
selected basis proteins: a new approach to selecting proteins for
spectroscopic secondary structure analysis. Prot Sci 12:2015-2031

Oberg KA, Ruysschaert JM, Goormaghtigh E (2004) The Optimization
of protein secondary structure determination with infrared and CD
spectra. Eur J Biochem 271:2937-2948

Orengo CA, Michie AD, Jones S et al (1997) CATH—a hierarchic
classification of protein domain structures. Structure 5:1093-1108

Otaki JM, Tsutsumi M, Gotoh T, Yamamoto H (2010) Secondary
structure characterization based on amino acid composition and
availability in proteins. J Chem Inf Model 50:690-700. https://
doi.org/10.1021/¢i900452z

Pelckmans K, Suykens J, Van Gestel T, et al (2002) LS-SVMlab: a
Matlab/C toolbox for Least Squares Support Vector Machines.
Intern Rep ESAT-SISTA

Pfliiger F, Hernandez B, Ghomi M (2010) Vibrational analysis of
amino acids and short peptides in hydrated media. VII. Energy
landscapes, energetic and geometrical features of L-histidine with
protonated and neutral side chains. J Phys Chem B 114:9072—
9083. https://doi.org/10.1021/jp103348y

Prestrelski SJ, Byler DM, Liebman MN (1992) Generation of a sub-
structure library for the description and classification of protein


https://doi.org/10.1021/jp0633953
https://doi.org/10.1021/jp0633953
https://doi.org/10.1016/j.bbalip.2013.10.010
https://doi.org/10.1016/j.bbalip.2013.10.010
https://doi.org/10.1016/J.ACA.2020.03.038
https://doi.org/10.1016/J.ACA.2020.03.038
https://doi.org/10.1016/j.saa.2008.08.008
https://doi.org/10.1016/j.saa.2008.08.008
https://doi.org/10.1255/nirn.689
https://doi.org/10.1016/0022-2836(78)90297-8
https://doi.org/10.1016/0022-2836(78)90297-8
https://doi.org/10.1016/0003-2670(86)80028-9
https://doi.org/10.1016/0003-2670(86)80028-9
https://doi.org/10.1016/j.petlm.2016.05.006
https://doi.org/10.1016/j.petlm.2016.05.006
https://doi.org/10.1021/jp809204d
https://doi.org/10.1021/jp106786j
https://doi.org/10.1021/jp909517r
https://doi.org/10.1021/jp909517r
https://doi.org/10.1080/00401706.1969.10490666
https://doi.org/10.1080/00401706.1969.10490666
https://doi.org/10.1021/AC101334H
https://doi.org/10.1021/AC101334H
https://doi.org/10.1002/(SICI)1097-0134(19990515)35:3%3c313::AID-PROT5%3e3.0.CO;2-1
https://doi.org/10.1002/(SICI)1097-0134(19990515)35:3%3c313::AID-PROT5%3e3.0.CO;2-1
https://doi.org/10.1021/acs.jpcb.6b09222
https://doi.org/10.1021/acs.jpcb.6b09222
https://doi.org/10.1021/ja5108595
https://doi.org/10.1016/j.ab.2004.10.016
https://doi.org/10.1016/j.ab.2004.10.016
https://doi.org/10.1366/0003702001949500
https://doi.org/10.1021/ci900452z
https://doi.org/10.1021/ci900452z
https://doi.org/10.1021/jp103348y

European Biophysics Journal (2021) 50:641-651

651

secondary structure. II. Application to spectra-structure correla-
tions in fourier transform infrared spectroscopy. Proteins Struct
Funct Genet 14:440-450. https://doi.org/10.1002/prot.340140405

Pribic R, van Stokkum IH, Chapman D et al (1993) Protein secondary
structure from Fourier transform infrared and/or circular dichro-
ism spectra. Anal Biochem 214:366-378

Rahmelow K, Hubner W, Ackermann T (1998) Infrared absorbances
of protein side chains. Anal Biochem 257:1-11

Raussens V, Ruysschaert JM, Goormaghtigh E (1997) Fourier trans-
form infrared spectroscopy study of the secondary structure of the
gastric H+, K+-ATPase and of its membrane-associated proteo-
lytic peptides. J Biol Chem 272:262-270

Raussens V, Ruysschaert JM, Goormaghtigh E (2004) Analysis of
H-1/H-2 exchange kinetics using model infrared spectra. Appl
Spectrosc 58:68-82

Rudack T, Jenrich S, Brucker S et al (2015) Catalysis of GTP hydroly-
sis by small GTPases at atomic detail by integration of X-ray
crystallography, experimental, and theoretical IR spectroscopy.
J Biol Chem 290:24079-24090. https://doi.org/10.1074/jbc.
M115.648071

Scott JN, Vanderkooi JM (2011) Evidence of a structural defect in Ice
VII and the side-chain-dependent response of small model pep-
tides to increased pressure. Appl Spectrosc 65:756-764. https://
doi.org/10.1366/10-06044

Severcan M, Severcan F, Haris PI (2001) Estimation of protein sec-
ondary structure from FTIR spectra using neural networks. J Mol
Struct 565 Specia:383-387

Smith BM, Oswald L, Franzen S (2002) Single-pass attenuated total
reflection fourier transform infrared spectroscopy for the predic-
tion of protein secondary structure. Anal Chem 74:3386-3391.
https://doi.org/10.1021/ac020104n

Tange R, Rasmussen MA, Taira E, Bro R (2015) Application of sup-
port vector regression for simultaneous modelling of near infrared

spectra from multiple process steps. J Near Infrared Spectrosc
23:75-84. https://doi.org/10.1255/jnirs.1149

Venyaminov SYY, Kalnin NN (1991) Quantitative IR spectrophotom-
etry of peptides compounds in water (H20) solutions. I. Spectral
parameters of amino acid residue absorption band. Biopolymers
30:1243-1257

Wang Y, Boysen RI, Wood BR et al (2008) Determination of the sec-
ondary structure of proteins in different environments by FTIR-
ATR spectroscopy and PLS regression. Biopolymers 89:895-905.
https://doi.org/10.1002/bip.21022

Wilcox KE, Blanch EW, Doig AJ (2016) Determination of protein sec-
ondary structure from infrared spectra using partial least-squares
regression. Biochemistry 55:3794-3802. https://doi.org/10.1021/
acs.biochem.6b00403

Wold S, Sjostrom M, Eriksson L (2001) PLS-regression: a basic tool
of chemometrics. Chemom Intell Lab 58:109-130. https://doi.
org/10.1016/S0169-7439(01)00155-1

Wolpert M, Hellwig P (2006) Infrared spectra and molar absorption
coefficients of the 20 alpha amino acids in aqueous solutions in
the spectral range from 1800 to 500 cm(-1). Spectrochim Acta
A Mol Biomol Spectrosc 64:987-1001. https://doi.org/10.1016/j.
5aa.2005.08.025

Zscherp C, Schlesinger R, Tittor J et al (1999) In situ determination
of transient pKa changes of internal amino acids of bacteriorho-
dopsin by using time-resolved attenuated total reflection Fou-
rier-transform infrared spectroscopy. Proc Natl Acad Sci USA
96:5498-5503. https://doi.org/10.1073/pnas.96.10.5498

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1002/prot.340140405
https://doi.org/10.1074/jbc.M115.648071
https://doi.org/10.1074/jbc.M115.648071
https://doi.org/10.1366/10-06044
https://doi.org/10.1366/10-06044
https://doi.org/10.1021/ac020104n
https://doi.org/10.1255/jnirs.1149
https://doi.org/10.1002/bip.21022
https://doi.org/10.1021/acs.biochem.6b00403
https://doi.org/10.1021/acs.biochem.6b00403
https://doi.org/10.1016/S0169-7439(01)00155-1
https://doi.org/10.1016/S0169-7439(01)00155-1
https://doi.org/10.1016/j.saa.2005.08.025
https://doi.org/10.1016/j.saa.2005.08.025
https://doi.org/10.1073/pnas.96.10.5498

	Amino acid side chain contribution to protein FTIR spectra: impact on secondary structure evaluation
	Abstract
	Introduction
	Materials and methods
	Proteins and protein secondary structure content
	Protein microarrays printing
	FTIR imaging of protein microarrays
	Subtraction of amino acid side chain contribution
	Secondary structure prediction from FTIR spectra
	Computations

	Results and discussion
	Description of amino acid side chain bands
	Extracting amino acid side chain contributions from protein FTIR spectra
	Subtraction of amino acid side chains
	Impact of the correlation between amino acid composition and secondary structure

	References




