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Abstract

Fourier-transform infrared spectroscopy is a powerful and versatile tool to investigate
the structure and dynamics of proteins in solution. The intrinsically low extinction coef-
ficient of the amide I mode, the main structure-related oscillator, together with the high
infrared absorptivity of aqueous media, requires that proteins are studied at high con-
centrations (> 10 mg L−1). This may represent a challenge in the study of aggregation-
prone proteins and peptides, and questions the significance of structural data obtained
for proteins physiologically existing at much lower concentrations. Here we describe
the development of a simple experimental approach that increases the detection limit of
protein structure analysis by infrared spectroscopy. Our approach relies on custom-made
filters to isolate the amide I region (1700–1600 cm−1) from irrelevant spectral regions. The
sensitivity of the instrument is then increased by background attenuation, an approach
consisting in the use of a neutral density filter, such as a non-scattering metal grid, to
attentuate the intensity of the background spectrum. When the filters and grid are com-
bined, a 2.4-fold improvement in the noise level can be obtained. We have successfully
tested this approach using a highly diluted solution of pyruvate kinase in deuterated
medium (0.2% w/v), and found that it provides spectra of a quality comparable to those
recorded with a 10-fold higher protein concentration.

1Corresponding authors: Stockholm University, Department of Biochemistry and Biophysics, Svante
Arrhenius väg 16C, SE-106 91 Stockholm, Sweden. E-mail addresses: maurizio.baldassarre@dbb.su.se, an-
dreas.barth@dbb.su.se.
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1 Introduction

Since the appearance of instruments based on the Michelson interferometer and digi-
tal systems for fast Fourier transformation of the data, infrared spectroscopy has rep-
resented an invaluable tool in the study of protein structure, stability and dynamics.1–6

This technique offers several advantages over other types of optical spectroscopies, in-
cluding (1) the ability to simultaneously probe the secondary structure and flexibility of
proteins (for samples prepared in 2H2O),7–12 (2) the ability to follow binding and enzy-
matic processes through changes in the absorptions of amino acid side chains and lig-
ands/substrates.13–17 and (3) the possibility to study proteins both in liquid and solid
phases due to its low susceptibility to scattering phenomena.18–20 More and more inter-
est is growing regarding the latter aspect, for it allows to shed light on complex biolog-
ical processes related to human health. These include, among others, amyloidoses and
misfolding diseases, which often lead to formation of insoluble protein aggregates.20,21

Infrared spectroscopy, however, suffers from low sensitivity because vibrational transi-
tions have intrinsically low extinction coefficients, ε. Typical values of ε (in M−1 cm−1)
are ∼200–300 and ∼300–400 for the C=O stretching vibration in carboxylic acids and
amides, respectively, and even lower for vibrations arising from less polarised bonds.5,22
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These values are one to three orders of magnitude lower than those usually measured for
electronic transitions. The main consequence is that the chromophores of interest must
be analysed at concentrations typically between 1 and 100 mM.5

The amide I band (1700–1600 cm−1) is the main band of interest for structural anal-
ysis of proteins. It arises mainly from the C=O stretching vibration of the peptide bond
(∼80%) with minor contributions from the out-of-phase CN stretching vibration, the
CCN deformation and the NH in-plane bend.5,23 The latter is responsible for the sen-
sitivity of the amide I band to N-deuteration of the backbone. The C=O group in peptide
groups is sterically more hindered than it is in side chains, therefore the corresponding
infrared band is narrower and displays a higher peak absorption. Typical values of ε in
H2O are 600–800 for α-helices (1650–1640 cm−1), and 800–1000 for β-sheets (1630–1620
cm−1).24 In 2H2O, the ε of α-helices is slightly decreased (450–485 M−1 cm−1), but it re-
mains approximately the same for β-sheets.24 Because of the abundance of peptide bonds
in proteins, the latter are typically studied at concentrations of approximately 10–20 mg
mL−1 (100–200 mM peptide groups). Although most globular proteins are soluble at such
a concentration, this may represent a challenge in the study of proteins and peptides that
are prone to aggregate or that have undergone partial misfolding,25,26 as well as question
the significance of structural data obtained for proteins physiologically existing at much
lower concentrations.27–29

Research on the soluble oligomers of the small (4.3–4.5 kDa) Aβ40 and Aβ42 peptides
calls for new ways to obtain high-quality infrared spectra of 100–200 µM peptide solu-
tions (∼4–8 mM peptide groups). The planned use of peptides isotopically labelled at
specific positions will require, eventually, to push this limit even further. In this work,
we report on the use of cost-effective, custom-made infrared filters that allow to improve
the amide I’ analysis of a model α/β protein, pyruvate kinase (PK). One of these filters,
regenerated cellulose, is inexpensive but performs very well by removing unwanted fre-
quencies (> 2800 and < 1500 cm−1) from the spectrum of PK. We have coupled a cellulose
filter to a commercial long wave pass, coated germanium filter, and obtained a significant
increase in the signal-to-noise ratio. Further improvement has been achieved by inserting
a non-scattering metal grid on the background position in our instrument. This allows to
take advantage of the full sensitivity of our detector without any non-linearity issues. We
have successfully applied these concepts to the study of a very diluted (0.2% and 0.02%
w/v) PK solutions.

2 Materials and Methods

Pyruvate kinase (PK) from rabbit muscle and glycerol (99.5%) were from Sigma-Aldrich.
Deuterium oxide (99.9% 2H) was from Cambridge Isotope Laboratories. Silicone-based
vacuum grease was from Dow Corning. Regenerated cellulose membranes (25-µm thick)
were purchased from Membrane Filtration Products.

2.1 Preparation of samples for infrared spectroscopy

Lyophilised PK was resuspended directly in 2H2O to final concentrations of 0.2, 2 and
20 mg mL−1 (0.02, 0.2 and 2% w/v, respectively), mixed gently to complete dissolution
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and incubated at 4 ◦C for 1–2 h to allow for H/2H exchange. Protein samples (3 µL)
were deposited on a CaF2 window with a trough of 55 µm, covered with a flat CaF2

window and placed in the spectrometer. A thin layer of vacuum grease applied between
the windows on the outer circumference ensured long-term protection from moisture
contamination and evaporation. The same sample (at one of the three concentrations
reported above) was used when recording spectra with different filter settings. Glycerol
and vacuum grease samples were prepared in a similar way.

2.2 Infrared spectroscopy

Infrared spectra were recorded with a Tensor 37 Fourier-transform spectrometer (Bruker
Optics, Germany), equipped with a liquid N2-cooled HgCdTe detector and continuously
purged with CO2-free, dry air. Samples were mounted on a two-position sample shuttle,
which allowed for interleaved acquisition of sample and background spectra. A waiting
time of 20 min was allowed after inserting the sample to ensure complete purging. The
infrared cell was kept at 20 ◦C throughout the measurement by means of an external
water bath circulator. Interferograms were recorded at a resolution of 2 cm−1, apodised
using a 3-term Blackman-Harris apodisation function and Fourier-transformed with a
zero-filling factor of 2. Eight consecutive interferograms were averaged to obtain a single
sample or background spectrum. This procedure yields infrared absorption spectra that
are intrinsically noisy. However, the use of a sample shuttle ensured that the “noise” in
the spectra does not originate from changes in water vapour content between sample and
background spectra, but rather from detector noise.

Infrared spectra were recorded and analysed using the OPUS software from the in-
strument manufacturer. Second derivative spectra were calculated using a smoothing
length of 9 data points (approx. 9 cm−1). For the sample at the lowest concentration tested
(0.2 mg mL−1), additional second derivative spectra were calculated with a smoothing
length of 17 data points. The noise levels were calculated between 1900 and 1800 cm−1 in
the second derivative spectra, using a built-in function of OPUS, and are reported as root
mean square (RMS). Protein spectra shown throughout the text are uncorrected spectra,
i.e. the absorption spectrum of the deuterated buffer was not subtracted. Arithmetic op-
erations between two or more spectra lead to increased noise levels, which would have
made quality assessment of our filters more difficult.

3 Results and Discussion

3.1 Potential filters for use in infrared spectroscopy of proteins

Most infrared spectrometers meant to operate in the mid-infrared spectral range () are
equipped with either Deuterated Tri-Glycine Sulfate (DTGS) or Mercurium Cadmium
Telluride (HgCdTe, or MCT) detectors. DTGS detectors are inexpensive and show high
linearity. They suffer, however, from low sensitivity and slow response rates since de-
tection of IR light is based on physical heating of a resistive element.30 Photoconductive
detectors, such as MCT detectors, typically show response rates several orders of mag-
nitude higher than DTGS detectors, and are up to ten times as sensitive, making them
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Figure (1) Infrared transmission spectra of cellulose and germanium filters. (A) Trans-
mission spectrum of a 25-µm thick regenerated cellulose sheet (continuous line) and a Ge filter
(dashed line); (B) Transmission spectrum of the combined cellulose-germanium filter. In panel
A the chemical structure of cellulose is shown. The area highlighted in grey denotes the region
where the amide I band is observed.

well suited for most biochemical or biophysical applications.31 The increased sensitivity
of MCT detectors means, however, that they become non-linear and saturate more eas-
ily. This is particularly true in Fourier-transform spectrometers, where light intensities
of all wavelengths generated by the source reach the detector simultaneously. Because
the interest in most measurements is often restricted to specific regions of the infrared
spectrum, the need to limit the light throughput to avoid detector non-linearity and/or
saturation means that the sensitivity in these regions is sub-optimal. This drawback can
be avoided by the use of optical filters, i.e. filters that “shape” the emission spectrum of
the source so that light in irrelevant regions of the spectrum is blocked. This allows to
increase the light intensity, and consequently the sensitivity, in the regions of interest.

In order to be used as filters to improve structural analysis of proteins by infrared
spectroscopy, optical filters must exhibit strong, saturating absorption above or below
the amide I band (1700–1600 cm−1). The ability of a filter to block light in irrelevant spec-
tral ranges on both sides of a band of interest, such as in bandpass filters, is a desirable
property. In an attempt to develop custom-made, cost-effective filters for the improved
analysis of protein structures, we have screened for compounds containing functional
groups that are expected to strongly absorb infrared radiation in regions both above and
below the amide I region, while poorly absorbing within the latter. These include com-
pounds containing Si—O (1150–1000 cm−1), Si—C (∼1260 cm−1) and C—H (3000–2900
cm−1) bonds, such as polydimethylsiloxane, and compounds containing C—O (1300–
1000 cm−1) and O—H (3500–3200 cm−1) bonds, such as alcohols. The transmittance spec-
tra of two candidate compounds, silicone-based vacuum grease and glycerol, are shown
in Supplementary Figure S1. Comparison of the spectra of vacuum grease and glycerol
reveals that although both compounds can be used as filters to improve the analysis of
the amide I band, the latter is potentially a better filter because it generates a narrower
clear range around the amide I region and, at the same time, absorbs more light in other
regions of the mid-IR spectrum. The main drawback associated with the use of glycerol
as an infrared filter arises from the fact that it is fluid, and thus needs to be sandwiched in
an IR-transparent support, such as two CaF2 windows. A compound that is similarly rich
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in hydroxyl groups, but has the advantage of being solid and stable, is cellulose. Regener-
ated cellulose, such as that used in dialysis membranes, is thin (25 µm) and resistent, and
its infrared transission spectrum, shown in Figure 1A, is similar to that of glycerol (Sup-
plementary Figure S1B). This makes cellulose a more promising compound and prompts
further tests on its potential use as a filter for the analysis of protein structures.

3.2 The cellulose filter

In order to test whether the use of cellulose as a filter improves the detection of the amide
I band components, we recorded infrared absorption spectra of 20 mg mL−1 (2% w/v)
pyruvate kinase (PK) in deuterated medium without any filter and with a filter obtained
from a 25-µm thick dialysis membrane made of regenerated cellulose. The spectra were
recorded at different apertures to explore the entire linear range of our HdCdTe detector
so as to find the conditions that yield the lowest noise levels, and thus the highest signal-
to-noise ratio. This is necessary because all filters reduce the intensities of both the sample
and background spectra. The second derivative spectra of PK recorded without any filter
and with a cellulose filter are shown in Figure 2, panels A and B, respectively.

In the absence of any filter, an aperture of 1.0 mm yields the best spectrum, as judged
by visual inspection of the spectra region between 1900 and 1800 cm−1 in panel A (Fig-
ure 2). For this spectrum, the noise calculated between 1900 and 1800 cm−1 in four in-
dependent measurements is (6.55 ± 0.69)× 10−6 (Table 1). A smaller aperture (0.5 mm)
increases the noise level (grey trace), while a larger one (1.5 mm) distorts the spectrum
and introduces larger noise levels than with an aperture of 0.5 mm (data not shown).
The second derivative spectrum of PK shows three distinct signals in the amide I’ re-
gion. The band at 1652 cm−1 can be assigned to α-helices, while the band at 1630 cm−1,
together with the weaker bands at 1686 and 1682 cm−1 can be assigned to anti-parallel β-
sheets.5,32–35 The shoulder at 1644 cm−1 might arise from highly hydrated α-helices, such
as those most exposed to the solvent, as well as from residues in unstructured regions,
such as loops. A detailed structural analysis of PK is beyond the purpose of this work.
However, the type and relative abundance of the main types of secondary structures are
consistent with the crystal structure of the protein (PDB ID: 1PKN),36 as well as with
previous infrared spectroscopy studies of PK.37 The signals below 1610 cm−1 originate
from amino acid side chain vibrations. These include the bands at 1606 and 1515 cm−1,
arising from vibrations of the guanidyl and phenyl moieties of arginines and tyrosines,
respectively, and those at 1584 and 1575 cm−1, arising from the carboxylate groups of de-
protonated aspartates and glutamates, respectively.22 The broader signal at ∼1550 cm−1

arises from the residual amide II band, i.e. from the in-plane N—H bending vibration
of peptide groups that are not accessible to the deuterated solvent and, thus, have not
undergone H/2H exchange.38

Using a cellulose filter and the same aperture value (grey spectrum, panel B), the noise
increases to (7.65 ± 1.38)× 10−6. Increasing the aperture to 1.5 mm, however, decreases
the noise level to (4.71 ± 0.50) × 10−6. In order to quantitatively compare the different
conditions, we define the Improvement Factor (IF) as follows:

IF =
noisere f

noisei (1)
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Figure (2) Second derivative spectra of 2% w/v PK in deuterated medium recorded using
several filter combinations. The box in each panel provides an enlarged view of the 1900–
1800-cm−1 region used for determination of the noise levels. All boxes have the same scale. The
origin of the labelled signals is described in the text. Bold labels denote signals within the amide
I’ band.

where noisere f is the noise of the reference spectrum, which we consider to be the second
derivative of the absorption spectrum recorded without any filter and an aperture value
of 1.0 mm, and noisei is the noise level (expressed as RMS) of a spectrum with a particular
filter and a particular aperture value. The IF of the spectrum recorded with the cellulose
filter and an aperture of 1.5 mm is 1.39 (Table 1). In this spectrum, two more signals,
probably arising from turn-like structures, can be detected at 1672 and 1665 cm−1.

3.3 The cellulose-germanium filter

The previous results have shown that the use of cellulose as a filter resuces the noise lev-
els at or near the amide I region. Inspection of the transmission spectrum of cellulose
reveals, however, that large frequency intervals are allowed to pass through the filter.
These regions do not contain information of interest for the structural analysis of pro-
teins, and include the regions between 4000 and 3500 cm−1 and between 2800 and 2000
cm−1 (Figure 1A). In order to filter out these regions, we have coupled the cellulose filter
to a long wave pass, coated germanium filter (LOT GmBH, Darmstadt, Germany) with a
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Type of filter Aperture (mm) Noise (Avg ± SD)/10−6 IF

No filter 0.5 19.4 ± 1.60 0.34
1.0 6.55 ± 0.69 1.00

Cellulose 1.0 7.65 ± 1.38 0.86
1.5 4.71 ± 0.50 1.39

Germanium 1.0 5.37 ± 0.28 1.22
1.5 3.32 ± 0.21 1.97

Cellulose + germanium 2.0 3.50 ± 0.10 1.87
2.5 3.05 ± 0.04 2.15

Metal grid 1.0 8.11 ± 0.95 0.81
1.5 5.17 ± 0.12 1.27

Cellulose + germanium + grid 3.0 2.85 ± 0.10 2.30
3.5 2.76 ± 0.06 2.38

Table (1) Noise levels with different filter and aperture sets. The noise levels are reported
as RMS and represent the average (Avg) and standard deviation (SD) of four independent mea-
surements.

cut-off at ∼2200 cm−1 (thereby referred to as “germanium” or “Ge” filter for simplicity).
The transmission spectra of the germanium filter and the combined cellulose-germanium
filter are shown in Figure 1, panels A (dashed line) and B, respectively. Comparison of
the spectrum of the combined cellulose-germanium filter (panel B) with that of cellu-
lose (panel A) reveals that the former generates a much narrower transmittance window
around the amide I region (grey-shaded area). This is expected to reduce the noise and
improve the SNR in the amide I region by allowing the use of larger apertures. Indeed,
with the combined cellulose-germanium filter the lowest noise level [(3.05± 0.04)× 10−6]
is obtained with an aperture of 2.5 mm. This corresponds to an IF value of 2.15. The com-
bined cellulose-germanium filter performs significantly better that the individual filters
of which it is composed (Table 1 and panels B–D in Figure 2).

3.4 Background attenuation

The most straightforward way to improve the SNR in infrared spectra is to maximise the
amount of light that reaches the detector. This can be achieved, for instance, by increasing
the aperture on spectrometers equipped with variable aperture wheels. The properties of
a HgCdTe detector dictates the largest aperture that can be used before linearity is lost.
Additionally, because the background (or reference) spectrum is the one that transmits
more light, the largest aperture threshold is defined by this spectrum, rather than by
the sample spectrum. One way to overcome this limitation would be to attenuate the
intensity of the reference spectrum with a neutral density filter so that its intensity is
comparable to that of the sample spectrum, with the intensities of both still lying in the
linear range of the detector. This introduces a constant, negative offset (∆Abs) in the
absorption spectrum of the sample, as shown in Supplementary Figure S2. In this way,
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both spectra can be recorded under conditions where detector response is highest and
still linear. The easiest way to perform this would be to record the background spectrum
using an IR cell of equal pathlength filled with the buffer. Although this is in principle
feasable and has the advantage of directly removing the contribution of the strong H2O
and 2H2O bands, it might also introduce artifacts in the resulting spectrum if the two cells
are not thermostatted at exactly the same temperature. Additionally, should setbacks
arise during recording of the background spectrum, e.g. air bubbles in the cell, this would
irreversibly ruin the entire measurement. It is more practical, though slower, to recorded
sample and buffer spectra separately using the same cell and experimental conditions,
and then manually adjust the subtraction factor.

To overcome this drawback, a metal grid (mesh size ∼0.5 mm) transmitting only
∼60% of the light was placed in the empty position of the sample shuttle, and the spectra
of PK were recorded at different apertures. Figure 2E shows the second derivative spectra
of PK recorded with apertures of 1.0 (grey trace) and 1.5 (black trace) mm without using
any filter other than the grid. The spectrum recorded with an aperture of 1.0 mm has a
higher noise level ((5.17 ± 0.12)× 10−6) than the same spectrum recorded in the absence
of the grid (Figure 2A). However, while 1.0 mm is the largest aperture that can be used
without any type of filter, the presence of the metal grid on the reference position allows
to increase this value to 1.5 mm, which results in a 1.27-fold improvement (i.e. reduction)
in the noise level. In addition to this, the comparison of the spectra reveals that the metal
grid does not introduce any artifact in the resulting spectrum. The absorption spectrum
of the metal grid recorded with a 1-mm aperture consists, indeed, of a flat, featureless
line in the spectral range under examination (see Supplementary Figure S2).

Figure 2F shows the second derivative spectra of PK recorded using a combination of
all the filters described previously: the cellulose filter, the coated germanium filter and
the metal grid on the reference position of the sample shuttle. Under these conditions, an
aperture of 3.5 mm yields the lowest noise level: (2.76 ± 0.06)× 10−6 (Table 1). This rep-
resents a 2.4-fold improvement in the noise level with respect to the spectrum recorded
in the absence of any filter.

3.5 Application to the analysis of highly diluted protein samples

The results presented so far show that protein spectra of increasing quality can be ob-
tained by using (1) a cellulose filter, (2) a combined cellulose-germanium filter and (3)
a combined cellulose-germanium filter with the use of a metal grid when recording the
background spectrum. To test whether this approach can be useful to increase the detec-
tion limit so as to study highly diluted protein samples, we recorded absorption spectra
of PK at 2 mg mL−1 (0.2% w/v, ∼20 mM peptide groups) and 0.2 mg mL−1 (0.02% w/v,
∼2 mM peptide groups). These concentration values are one order and two orders of
magnitude lower than the one commonly reported in the literature.10–12,39

The second derivative spectrum of 0.2% w/v PK recorded without any filter and an
aperture of 1.0 mm is shown in Figure 3A. Although it is possible to observe features in
the amide I’ region that are reminescent of the bands described previously, the spectrum
shows large noise levels with intensities comparable to those of the amide I’ component
bands. Because of the noisy appearance of the spectrum, the bands at 1686 and 1682
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Figure (3) Second derivative spectra of 0.2% (A–D) and 0.02% w/v (E–H) PK in deuterated
medium recorded using several filter combinations. Each spectrum in panels E–H is the
average of four second derivatives spectra calculated using 9 (thin grey lines) and 17 (coloured
lines) data points. The origin of the labelled peaks is described in the text. Bold labels and shading
denote signals within the amide I’ band. Panels A–H share the same scale. Panels a–d show the
noise levels obtained by subtracting two consecutive absorption spectra recorded under each of
the filter conditions reported in A–D. The difference absorption (∆Abs) spectra show that the noise
level is higher at lower frequencies because the cellulose filter has lower transmittance near 1500
cm−1 than near 1900 cm−1.

cm−1, for instance, cannot be observed. Using a cellulose filter and an aperture of 1.5
mm (panel B), the spectrum appears less noisy, and the individual bands contributing
to the amide I’ absorption can be better discriminated. However, uncertainties in the
amino acid side absorptions remain. For instance, the arginine and tyrosine bands at
1606 and 1515 cm−1 cannot be assigned unequivocably. Coupling the cellulose filter to a
commercial long wave pass, coated germanium filter further improves the quality of the
spectrum. With an aperture of 2.5 mm (panel C), all the features of the amide I’ band,
with the exception of the 1686 and 1682 cm−1 couplet, can be discriminated. Correct
assignment of both the amide I’ and side chain bands, however, can only be obtained
by introducing a metal grid on the reference position, thereby allowing to increase the
aperture to 3.5 mm (panel D). The spectrum of PK recorded with this filter arrangement
is in very good agreement with the one recorded using the same settings and a 10-fold
higher protein concentration (Figure 2F). The higher absorption between 1600 and 1500
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cm−1, resulting in a more pronounced negative second derivative signal, arises from the
higher contribution of the “combination + libration” band of 2H2O (∼1555 cm−1) in the
low protein-concentration sample.

In a further set of measurements, infrared absorption spectra of a 10-fold more di-
luted PK solution (0.2 mg mL−1, or 0.02%) were recorded with the same filter settings
described previously. The second derivatives of these spectra, calculated with a smooth-
ing length of 9 data points, are shown as thin lines in Figure 3, panels E–H. Even with
the best performing filter settings (panel H, thin grey line), however, it is nearly impos-
sible to distinguish the amide I’ component bands from the diffuse noise, indicating that
such a low protein concentration lies beyond the detection limit of our instrumentation.
Using a wider smoothing window (17 data points) when calculating the second deriva-
tives, however, leads to the appearance of two weak bands at 1652 and 1630 cm−1 in the
spectra recorded with the combined cellulose-germanium filters (panels G and H, thick
lines). Their positions correspond to α-helices and β-sheets, respectively. Weaker signals
observed previously, such as the high-frequency component of anti-parallel β-sheets, as
well as signals originating from amino acid side chains, cannot be observed. The presence
of the two main signals in the amide I’ region suggests, however, that the main secondary
structure elements can be detected at protein concentrations as low as 0.02%.

4 Conclusions

In this work, we report on a methodological approach that allows for improved struc-
tural analysis of dilute protein samples by Fourier-transform infrared spectroscopy. This
approach is based on the use of custom-made filters that isolate the amide I band, i.e. the
main structure-related oscillator in proteins, from unwanted spectral frequencies. One
of the filters tested, regenerated cellulose, performs particulary well by filtering out in-
frared radiation both above and below the amide I band (1700-1600 cm−1), due to the
presence of the strong O—H (broad, ∼3500–3200 cm−1) and C—H (sharp, ∼3000–2900
cm−1) stretching vibrations, and to the weaker C—H (∼1470 cm−1) bending and C—
O (< 1200 cm−1) stretching vibrations. Coupling this filter to a commercial long wave
pass, coated germanium filter futher increases the signal-to-noise ratio. By using a non-
scattering metal grid to reduce the intensity of the background spectrum, an approach
that we name “background attenuation”, the quality of the infrared spectrum of pro-
teins can be dramatically increased since this allows to increase the amount of light that
reaches the detector by using larger apertures. This leads to a 2.4-fold decrease in the
noise level, corresponding to a 2.4-fold increase in the signal-to-noise ratio. To the best
of our knowledge, this represents the first report in literature describing the latter ap-
proach. If developed further, it may represent a substantial improvement of commercial
infrared spectrometers available nowadays. A layout of the experimental setup is shown
in Supplementary Figure S3.

The combined approaches described in this work may provide significant advantages
in the study of protein structures by allowing to study proteins at concentrations at least
one order of magnitude lower that those usually reported in the literature. Despite being
an advantage per se, this will prove to be particularly useful in the study of aggregation-
prone proteins and peptides, as well as those proteins that are physiologically present
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at low concentrations. Additionally, this will enhance the analysis of proteins studied
in normal water (H2O), where the requirement for short (∼5 µm) pathlengths leads to
lower signal-to-noise ratios than in measurements performed in heavy water (2H2O).
Our approach will introduce significant advantages in the study of proteins and peptides
isotopically labelled at specific positions by allowing to discriminate the weak signals
arising from the few labelled groups from the majority of the unlabelled groups.
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