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Abstract

Proteins/peptides, which are involved in various biochemical processes in biological systems, contain infrared (IR)
active vibrations. Among all the IR absorption bands of proteins/peptides, the amide | band arises mainly from the
stretching vibration of the carbonyls (C=0) in backbone amide bonds and is sensitive to the conformations (such as o—
helix, —sheet, unstructured conformation, and so on) in a protein/peptide. Therefore, the amide | band has been used
to monitor the biophysical/biochemical behavior of proteins/peptides in biological samples (e.g., living cells or tissues).
However, obtaining reproducible IR spectra of proteins/peptides in H,O solution was challenging by direct transmission
measurement using a liquid cell with milli-meter level path length, due to the intensive IR absorption of H,O around
1620 cm™ which overlaps the amide | band. Thus, lots of the IR spectra of proteins/peptides were accomplished in
D,0, which has IR absorption around 1200 cm™. Since D,O may not be a favorable solvent for biological samples, the
position of the amide | band of various conformations was needed as a reference for biological samples. Consequently,
various surface FTIR techniques (such as Infrared Reflection-Absorption Spectroscopy or IRRAS, and Attenuated
Total Reflection or ATR) have been developed to obtain the IR spectra of proteins/peptides in H,O environment and

have been reviewed here.
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Introduction

Background of peptides/proteins

Proteins are biological macro-molecules which are involved in
various biochemical processes (e.g., oxidative phosphorylation [1,2],
DNA replication [3,4], response to stimuli [5,6] and so on [7,8]). All
the proteins found in biological systems comprise amino acids as
shown in Figure 1 [9-11]. An a-carbon is at the center of an amino
acid and is covalently linked to an amine group, a carboxylic group,
hydrogen atom, and a residue group (i.e., the R group). Amino acids
are distinguished according to the structure of the R group as shown in
Table 1. When covalently linking amino acids by amide bonds (O=C-
NH in which the carbonyl group is from one amino acid and NH is
from the adjacent amino acid as shown in Figure 1), the polypeptide
chain of peptides (shorter polypeptide chains) or proteins (longer
chains) is formed.

The sequence of theamino acidsin the polypeptide chain of peptides/
proteins is the primary structure. The two termini of a polypeptide
chain are termed as the N-terminus (it has a free amine group) and the
C-terminus (it has a free carboxylic acid group). Because of the large
number of amino acids in a protein, an abbreviation is used for every
amino acid as shown in Table 1 to describe the protein sequence, which
is usually written from N-terminus to C-terminus. For example, the
sequence of a model peptide is HAAKAAAAKAAAAKAAY, which
will be discussed in detail later in this review. Abbreviations with three
letters are also used when discussing specific positions. The N-terminal
residue (or the first residue) of the model peptide above is histidine,
which can be referred to as either His1 or HI.

The secondary structure of a protein is the specific geometric shape
caused by the intra and inter-molecular hydrogen bonding of amide
groups. Typical secondary structures (also called conformations) are
a-helix, B—sheets, and random coil [12-14]. Random coil structure
is also called unstructured conformation, in which the polypeptide
chain is well dissolved in the aqueous solution and moves freely in

the aqueous environment. As a very common secondary structure,
a-helix is characterized by the intra molecular hydrogen bonds
between the amine group of one amino acid and the carbonyl group
of another amino acid located 3~4 residues away along the polypeptide
chain [13]. These hydrogen bonds are roughly parallel to the helical
axis. The a-helix is usually right handed and contains approximately
3.6 amino acid residues per turn. The structural units of B-sheets are
strands, which are fully extended structures characterized by multiple
polypeptide strands arranged side-by-side [12]. Side chains are present
above and below the plane of the polypeptide chain. Inter-strand
hydrogen bonds are formed between the carbonyl oxygen of one chain
and the amide hydrogen of the other chain.

Techniques to determine a protein’s/peptide’s structure

As mentioned above, proteins perform a variety of functions in
biological systems, and their activity is influenced by the structure.
Thus, techniques have been developed to determine the structure of
proteins/peptides. X-ray crystallography is a widely used technique
to address proteins structure by the diffraction of the X-ray from a
single crystal of target proteins. However, lots of proteins cannot form
a single crystal. Not requiring proteins to form single crystal, nuclear
magnetic resonance (NMR) is another powerful technique to elucidate
the structure of proteins. To obtain a high resolution of the structure,
multidimensional NMR measurement of proteins is usually time
consuming. Therefore, it is challenging for NMR to “snapshot” protein
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Figure 1: Structure of an amino acid and the formation of the amide bond.

Amino acid Abbreviations = Structure of R group shown in Figure 1
Alanine Ala A -CH,

Arginine Arg R |-(CH,),-NH-C(NH,)=NH
Asparagine Asn N -CH,-CO-NH,
Aspartic acid Asp D -CH,-COOH
Cysteine Cys C |-CH,SH
Glutamine Gin Q |-(CH,),-CO-NH,
Glutamic Acid Glu E -(CH,),-COOH
Glycine Gly G -H

Histidine His H |-CH,C,H.N,
Isoleucine lle | -CH(CH,)-CH,-CH,
Leucine Leu L |-CH,-CH-(CH,),
Lysine Lys K -(CH,),NH,
Methionine Met M -(CH,),-S-CH,
Phenylalanine Phe F -CH,-CH,

Proline Pro P -CH(CH,),NH
Serine Ser S -CH,-OH
Threonine Thr T |-CH(OH)-CH,
Tryptophan Trp W | -CH,-C,H,N
Tyrosine Tyr Y |-CH,-C,H,-OH
Valine Val V. |-CH-(CH,),

Table 1: Structure of R groups of amino acids.

species with short life-times. In addition, repeating sequences in
proteins will cause the overlap of NMR signals and result in difficulties
in the analysis of the data. In contrast, Infrared (IR) techniques which
have a quick response and are able to provide high resolution results
have been developed to address the structure of proteins.

Fourier Transform IR (FTIR) spectroscopy

FTIR spectroscopy detects the vibrations in a molecule. As shown
in Figure 1, proteins/peptides contain groups with IR active vibrations
such as the amide group (i.e., O=C-NH), aC-H, and residue groups of
amino acids. These groups result in several intensive bands in the FTIR
spectra. For example, the amide A band around 3300 cm™ is from the
N-H stretching vibration in the amide group. The amide I band (mainly
from the stretching mode of C=0 in the amide group) and amide II
bands (from the bending mode vibration of N-H in amide group)
are in the range of 1600-1700 cm™ and 1500-1560 cm™, respectively.
Among all the amide bands, the position of the amide I band is most
sensitive to the conformation (i.e., the secondary structures) change of
proteins/peptides and has been widely used to evaluate the fraction of
various secondary structures in a protein/peptide.

Heavy water (D,0) is more widely used to obtain the FTIR
spectra of proteins/peptides

Lots of FTIR spectra of proteins/peptides were obtained in D,0
[15-20], not H,0, because the intensive IR absorption of H,0 between
1500 to 1800 cm™ overlaps the position of the amide I band [21,22].
Thus, the amide I band in the FTIR spectra of proteins/peptides can
be clearly detected in D,O with the background IR absorption around
1200 cm™ [21,22]. However, there are reasons to obtain the FTIR

spectra of proteins/peptides in H,O rather than D,0. For example, in
vivo proteins reside in an H,O environment and D,O is not favorable
to biological systems [23,24]. For the analysis of the FTIR results of
biological samples (such as living cells and tissue samples), the amide I
band in H,Ois needed as a reference [23,25,26]. Thus, efforts to obtain
the FTIR spectroscopy of proteins/peptides in the absence of D,0O have
been tried by various methods, which are reviewed here in the order of
the time when they were invented.

Techniques to Obtain FTIR Spectroscopy of Peptides/
Proteins in H,O Environment

Sample cells of CaF2 with the path length of 0.01 mm

CaF, slides are widely used to construct sample containers for FTTR
spectroscopy due to its very low background absorption [21,27,28].
Thus, CaF, windows have been used first to build up homemade
cells with a minimum path length of 0.01 mm (i.e., 10 pm) [21]. By
this method, the amide I band was measured in both H,O and D,0
environments and the amide I band of a certain protein was found to
be 5-15 cm™ higher in H,O than that in D,0, because of H/D exchange
[21]. Notice that the actual path length of this cell might be affected
by the surface roughness of the CaF, windows. Therefore, it may be
challenging to use this kind of cell to obtain reproducible FTIR results
of proteins/peptides in H,O.

Reduce the H,O absorption by organic solvent

Increasing the path length of the above-mentioned CaF, cell to
0.025 mm has been shown to improve reproducibility [28]. However,
the H,O background absorption was too strong through a path length
of 0.025 mm and made the detection of the amide I band difficult. To
decrease the H,0 absorption under this circumstance, organic solvents
(such as dioxane) soluble in H,O have been used to dilute H,O and
consequently decrease the H,O background absorption [28]. However,
the amide bands of proteins/peptides shifted and the quantitative
analysis of the conformation of a protein was challenging, because the
organic solvent may change the hydration of the amide groups [28].

FTIR spectroscopy of proteins in Langmuir-Blodgett films

Proteins have been also spread at the air-water interface and then
transferred onto solid substrates to form a Langmuir-Blodgett (LB)
film, which can be analyzed by FTIR spectroscopy in the absence of
D,0. High quality and reproducible results of the FTIR spectroscopy of
proteins/peptides can be obtained [29-32]. However, small amount of
the remaining H,O which is strongly absorbed by protein molecules in
the LB film may be evaporated. To maintain the protein molecules in
an H,0 environment, IR Reflection-Absorption Spectroscopy (IRRAS)
which can measure the FTIR spectroscopy of proteins at the air-water
interface has been developed.

IRRAS studies of proteins at the air-water interface

Amphiphilic molecules such as stearic acid, which contains both
a hydrophilic head group and a hydrophobic alkyl chain, can form a
Langmuir monolayer (i.e., one single layer of molecules) at the air-
water interface. The technique of IRRAS for the Langmuir monolayer
was developed in 1985 [33]. Subsequently, some proteins were shown
to be also able to form a Lanmguir monolayer and IRRAS has been
consequently used to analyze protein samples in the Langmuir
monolayer [14,34-38], which covers the surface of H,O. IRRAS can not
only detect the FTIR signal of proteins, but also valuate the orientation
of the proteins sample in the Langmuir monolayer due to the selection
rules as discussed below [14,34-36,38].
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Selection rules of IRRAS: There are two variables enabling IRRAS to
evaluate the orientation of vibrations of the molecules in Langmuir
monolayer. One variable is the polarization of the incident IR beam and
the other is the incident angle, which is the angle between the incident
IR beam and the normal of the air-water interface [38,39]. As shown in
Figure 2, the incident IR beam and the normal of the air-water interface
compose the incident plane. If the electric field of the incident IR beam
is polarized in the incident plane, the IR is p-polarized [38,39]. The IR
is s-polarized when the electrical field is perpendicular to the incident
plane [38,39]. The peak intensity of a certain vibration depends on the
orientation of the vibration, the polarization, and the incident angle.
Because both the polarization and the incident angle can be monitored
accurately during the measurement of IRRAS, the orientation of a
certain vibration can be evaluated in the following.

The s-polarized IRRAS can only detect the vibrations parallel to
the air-water interface and the peak intensity of a certain vibration in
the s-polarized IRRAS decreases with the increasing incident angle.
Because almost no vibration in reality is absolutely perpendicular to
the air-water interface, s-polarized IRRAS can detect almost all the
IR active vibrations in the Langmuir monolayer. On the other hand,
the p-polarized IRRAS is widely used to determine the orientation of
vibrations in the Langmuir monolayer. For vibrations parallel to the
interface, the peaks are initially negative and the peak intensity increases
with an increase of the incident angle until the Brewster angle (e.g.,
54.2° for the IR light at 2850 cm™ reflected from the surface of water)
is reached [38,39]. Above the Brewster angle, there is an inversion of
the peaks to positive values and the intensity decreases with a further
increase of the incident angle. Regarding a vibration perpendicular to
the interface, the opposite should be observed for the sign (positive or
negative) of the peak: The peak is positive when the incident angle is
below Brewster angle and, becomes negative after the incident angle is
above Brewster angle [38,39]. For a tilted vibration, the peak intensity
in the p-polarized IRRAS is weak and sometimes the peak disappears.

IRRAS of example protein: The s- and p-polarized IRRAS results
of the Langmuir monolayer of oganophosphorus acid anhydrolase
(OPAA) are shown in Figure 3a and 3b, respectively [35]. OPAA
contains most of the typical conformations (i.e., unstructured
conformation, a-helix, B-sheet, turns and so on) as discussed above.
The amide I band of turns, a-helix, unstructured conformation, and
B-sheet has been reported to be at 1672, 1650, 1640, and 1630 cm™,
respectively. In Figure 3a, all of the above-mentioned peaks have
been detected. The intensive peak at 1650 cm™ in Figure 3a indicates
the high fraction of a-helix in OPAA whereas the low peak intensity
at 1630 cm™ indicates the low fraction of B-sheet. However, the peak
intensity of 1630 cm™ was strong in the p-polarized IRRAS as shown
in Figure 3b. Because the amide I band is mainly from the vibration
of carbonyls (C=0) in the amide bond, the carbonyls in amide bond
in the B-sheet conformation of OPAA in the Langmuir monolayer
should be parallel to the air-water interface. Interestingly, the amide
I band of unstructured conformation at 1640 cm™ was not detected
in p-polarized IRRAS. This result is reasonable because the carbonyls
in unstructured conformation should be randomly distributed and
this orientation is not preferred by p-polarized IRRAS, as discussed in
the above section about the selection rules of IRRAS [35]. Similarly,
some other proteins with high fraction of a-helix have been analyzed
by IRRAS and important information about the change of both the
conformation and orientation of the proteins has been addressed [35].

IRRAS of proteins with other conformations than a-helix: The
prerequisite of the IRRAS measurement of protein samples at the air-
water interface is that the protein can form a Langmuir monolayer.

Among the various conformations, a-helix has been shown to
help proteins to form a Langmuir monolayer [40]. It is difficult
for proteins with a high fraction of unstructured conformation to
form the monolayer. This may be because of the extensive hydration
of unstructured proteins/peptides with the bulk H,O molecules.
To facilitate the measurements of the IRRAS of proteins in other
conformations than a-helix, the Langmuir monolayer of phospholipids
has been used to adsorb proteins onto the interface [41]. For example,
B-amyloid (AP) can form various types of aggregates, which are in
B-sheet conformation and have been shown to be responsible for

Normal of the
. water surface

Incident

IR beam Reflected

IR beam

P-polarized/ Air
- Water

Figure 2: The illustration of IRRAS. The electric field direction of the
p-polarized IR beam is in the incident plane and perpendicular to the
direction of the IR beam. The electric field of the s-polarized IR beam is
perpendicular to the incident plane and is not shown here.
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Figure 3: (a) S-polarized and (b) p-polarized IRRAS spectra of the OPAA
Langmuir monolayer at surface pressure of 15 mN-m™ with different
incident angles. Adapted from Reference [35], copy right 2008 American
Chemical Society.
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Alzheimer’s disease [42,43]. The aggregates can adsorb to the Langmuir
monolayer of phospholipids and the p-polarzied IRRAS results showed
that the carbonyls in the amide bond in the p-sheet are parallel to the
interface [41].

Covalently linking short peptides to lipid molecules: It is still difficult
for short peptides to go up to the air-water interface even in the
presence of the Langmuir monolayer of phospholipids. To examine the
IRRAS of short peptides, a covalently linked hydrophobic alkyl chain
may be necessary to keep short peptides at the interface [32]. A short
peptide with sequence of FWSHE has been used to mimic the structure
of acetylcholinesterase [37], which contains an active site (comprising
amino acid S, H, and E) and an aromatic gauge (comprising residues
aromatic groups such as F and W) [44]. Due to its good solubility in
H,0, FWSHE was linked to a stearoyl chain to form a peptidolipid to
be analyzed by IRRAS as shown in Figure 4 [38]. As shown in Figure 4a,
the s-polarized IRRAS detected all the vibrations in the peptidolipid.
For example, the alkyl chains signal was detected at 2854 and 2923 cm
!. The amide I and amide II band was detected in the range of 1630-
1660 and 1500-1557 cm™!, respectively. In addition, the vibration from
the aromatic residue groups of F and W was also detected at 1580
cm'. However, the peak from aromatic groups disappeared in the
p-polarized IRRAS (c.f., Figure 4b) and the peak intensity of the alkyl
chains was also weak. Thus, a tilted orientation of the aromatic rings
and the alkyl chains was indicated. Interestingly, a specific interaction
of this peptidolipid with paraoxon (a pesticide that can deactivate
acetylcholinesterase) has been detected but the mechanism of the
interaction was not known. Thus, IRRAS was utilized to address the
interaction as discussed below [38].

Although not being able to form a stable Langmuir monolayer,
paraoxon can still accumulate at the air-water interface. IRRAS results
showed that the axis of the nitro-benzene is parallel to the air-water
interface as shown in Figure 5a and the benzene ring can rotate freely
(c.f., Figure 5b). The IRRAS results of paraoxon H,O solution was
shown below in Figure 6 [38].

Paraoxon has several IR active vibrations and two vibrations are
very important, namely the asymmetric and symmetric vibrations
of nitro group at 1526 and 1348 cm’, respectively. Both of the peaks
are intensive in the IR spectrum of the bulky paraoxon. However,
the peak of the asymmetric vibration at 1526 cm™ was weak in the
s-polarized IRRAS (Figure 6a) of paraoxon and even disappeared
in the p-polarized IRRAS as shown in Figure 6b. On the contrary,
the peak of the symmetric vibration at 1348 cm™ was very strong in
both the s- and the p-polarized IRRAS. The only explanation is that
the axis of the nitro-benzene of paraoxon is parallel to the air-water
interface as shown in Figure 5a. This orientation makes the peak of the
symmetric vibration intensive in both s- and p-polarized IRRAS. On
the other hand, the benzene ring may rotate freely around the axis and
this rotation makes the average orientation of the asymmetric vibration
randomly distributed. As a consequence, the peak intensity at 1526
cm™ is weak in Figure 6. Then, what is the mechanism of the specific
interaction between paraoxon and the peptidolipid? IRRAS results of
the peptidolipid in the presence of paraoxon are shown in Figure 7 [38].

In the presence of the peptidolipid, both the peak of asymmetric
vibration at 1526 cm™ and that of symmetric one at 1348 cm™ were weak
in both the s-polarized (Figure 7a) and the p-polarized IRRAS results
(Figure 7b). It is normal that the asymmetric vibration disappears in the
s-polarized IRRAS because of its overlapping with the amide II band of
the peptidolipid (Figure 7a). However, there is no overlapping between
the peak of symmetric vibration of paraoxon at 1348 cm™ with the
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Figure 4: (a) S-polarized and (b) p-polarized IRRAS of the peptidolipid
Langmuir monolayer on pure water at 20 mN-m™" against different incident
angles. Adapted from Reference [38], copy right 2007 American Chemical
Society.
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Figure 5: Free rotation of benzene ring of paraoxon when accumulated
at the air-water interface. Adapted from Reference [38], copy right 2007
American Chemical Society.
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peptidolipid. The peak at 1348 cm™ was much weaker in Figure 7a than
that in Figure 6a, both of which were s-polarized IRRAS. In addition,
the peak at 1348 cm™ disappeared completely in the p-polarized IRRAS
(Figure 7b). Thus, Figure 7b indicates a tilted orientation of the axis of
the nitro-benzene ring in paraoxon in the presence of the peptidolipid.
Interestingly, the peak of the aromatic group in the peptidolipid at
1580 cm™ also disappeared in Figure 7b. Thus, the nitro-benzene ring
of paraoxon may be parallel to the aromatic group in the peptidolipid
and a 7-m interaction between paraoxon and the peptidolipid was
reasonable, especially considering the fact that the fluorescence of W in
the peptidolipid was quenched in the presence of paraoxon [38].

Polarization modulated IRRAS (PM-IRRAS)

The peak of water vapor is also intensive in the range of 1400-1800
cm’!, which overlaps with the amide I and amide II bands of proteins/

J Phys Chem Biophys
ISSN: 2161-0398 JPCB, an open access journal

Volume 6 - Issue 1+ 1000202



Citation: Combs JD, Gonzalez CU, Wang C (2016) Surface FTIR Techniques to Analyze the Conformation of Proteins/Peptides in H,O Environment.

J Phys Chem Biophys 6: 202. doi:10.4172/2161-0398.1000202

Page 5 of 8

25°
20,0184 |35 a
% (a)
55
8
&
T 00211
—
(e}
§ MMW
-0.024 155 1 oy
1164
1348 \ \1232
1296 1273
1800 1600 1400 1200
Wavenumber, cm’’
0.10-
(b)
25°
W
0,093 SV T T
8 WMW
C
8 45
50.081
70 1232
g 13487 1273 11
iv_,_\,wf—/\/\_/ij
65
0.074 w

1800 1600 1400 1200

Wavenumber, cm’

Figure 6: S-polarized (a) and p-polarized (b) IRRAS of paraoxon subphase
at the concentration of 1.5 x 10° M. Adapted from Reference [38], copy
right 2007 American Chemical Society.

-0.050

Absorbance

-0.060-

Absorbance

-0.055 «M\\f\z
N

3000 2800 1600 1400 1200
Wavenumber, cm’”’

0.05
~E v
o,o4<\m3L
003
0.02<W
2850
1
0.01
j\,vﬁi:w\,ﬁ/w
0.004+—"2 . . . ,
3000 2800 1600 1400 1200 1000

Wavenumber, cm’

Figure 7: (a) s-Polarized and (b) p-polarized IRRAS of the peptidolipid
Langmuir monolayer on paraoxon subphase at a concentration of 1.5 x 10
M at 20 mN-m" against different incident angles. Adapted from Reference
[38], copy right 2007 American Chemical Society.

peptides. The water vapor background IR absorption can be removed
by either vacuum, pure N, purging, or dry air purging. However, the
above-mentioned methods may not work well for IRRAS because of
the water subphase. During the measurement of IRRAS of a Langmuir
monolayer at the air-water interface, a vacuum cannot be applied and
pure N, or dry air purging will not remove the water vapor from the
continuous H,O evaporation of the water subphase. Although methods
of delicate humidity control have been reported recently [38,39], a
method able to automatically remove the water vapor IR absorption
was welcomed and PM-IRRAS was developed as a consequence
[34,45,46].

PM-IRRAS is similar to IRRAS and the difference between
them stems from the polarization, which is switched between s- and
p-polarization at a set frequency in PM-IRRAS. The PM-IRRAS
signal is derived from results of p-polarization minus those of the
s-polarization. Then, this subtraction was divided by the sum of the
two polarized results. Thus, any isotropic vibration (i.e., the vibration
with randomly distributed orientation) will disappear. The vibrations
of water vapor disappear in the PM-IRRAS results due to its isotropic
orientation in the air [34,45,46]. When the incident angle is above the
Brewster angle, the selection rule of PM-IRRAS is very similar to the
p-polarized IRRAS: the peak will be positive if the vibration is parallel
to the air-water interface. For example, the PM-IRRAS of OPAA is
shown in Figure 8. The positive amide I band in Figure 8 indicates that
the carbonyls in various conformations are parallel to the air-water
interface [35].

Attenuated total reflection (ATR) technique

Although covalently linking short peptides to alkyl chains helps
them to migrate to the air-water interface for IRRAS measurements,
the biophysical and biochemical behavior of the short peptides or
proteins may be affected substantially by alkyl chains. To measure
the FTIR spectra of peptides/proteins without any external groups in
H,O, ATR technique was developed. By monitoring the path length
accurately in micro-meter level, ATR technique can measure the
proteins/peptides IR spectroscopy in H,O environment with very good
reproducibility [47,48] A crystal with high refractive index is usually
used for ATR technique, which is illustrated in Figure 9 [49]. When the
IR beam is introduced onto the interface with an incident angle 0, both
the reflection and refraction occurs. The reflected angle is also 6 and the
refractive angle is ®. The relationship between 6 and @ is given by the
equation nlsinG:nzsind), where n, is the refractive index of the incident
material (i.e., the crystal) and n, is that of the refractive material. In
the ATR technique for the H,O solution samples of proteins/peptides,
n, (the refractive index of the crystal) is usually bigger than n, (which
is the refractive index of H,0) and consequently, 6 is smaller than ®.
When the value of sin® reaches 1 (i.e., @ reaches 90°), all the incident
IR beam is reflected and no refraction occurs. This phenomenon is
called total reflection. However, the incident IR beam still goes into
the H,O phase about 0.1\ (X is the wavelength of the incident IR)
during each total reflection [49]. Thus, the IR beam will be absorbed
by the H,O solution containing the proteins/peptides sample and
becomes weaker during each total reflection. Therefore, this technique
is termed as “attenuated total reflection”. By varying the dimension of
the crystal and the incident angle, the number of total reflections can
be manipulated and the path length of the IR beam in the H,O sample
can be controlled accurately in micro-meter level [47,48]. Thus, ATR
can measure the FTIR spectra of all types of proteins/peptides in H,0O
environment and has been widely used [50,51]. Since being reviewed
by other papers [50,51], the ATR FTIR results of proteins/peptides are
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not covered in this paper.

ATR FTIR spectroscopy of peptides with *Clabeled carbonyls

It has been shown that the fraction of conformations in a certain
protein/peptide can be calculated by deconvolulting the amide I band.
However, only the overall fraction of various conformations can be
evaluated and no information can be provided about the conformation
of the local (or specific) residues. Thus, *C labels have been introduced
into the carbonyl groups in the backbone amide bond of peptides and
anew band (i.e., the PC amide I band) was generated as a consequence
[17,18]. The *C amide I band which is in the range from 1585-1610
cm has been shown to depend on the conformation of the *C labeled
residue (or amino acid) in D,O. For example, the *C amide I band (i.e.,
the amide I band in D,0) of a-helix has been shown to be around 1596
cm and that of anti-parallel f-sheet was at either 1590 cm™ or 1600
cm [19,20]. Interestingly, the *C amide I band was not detected when
the *C labeled residue was in unstructured conformation [20]. Because
every residue can be °C labeled as desired during the synthesis of the
peptide, the conformation of every residue can be screened by the *C
amide I’ band.

To verify that *C-edited FTIR spectroscopy can be also used in H,O
environment, *C labeled carbonyls were introduced into the model
peptide with sequence HAAKAAAAKAAAAKAAY (Pepl7) [52]. At
pH 5.0, Pepl7 is unstructured conformation if its N-terminus is not
covalently linked to an acetyl group. At pH 12.5, most of the residues of
Pep17 transform to a-helix but several residues are still in unstructured
conformation [52]. To address the residues still in unstructured
conformation at pH 12.5, the FTIR spectra of Pepl7 with *C labels at
different specific residues in H,O were studied by ATR and the results
are shown in Figure 10 [52]. At pH 5, no "*C amide I band was detected
for both unlabeled and "*C labeled Pepl17 as shown in Figure 10a. This
means that the *C amide I band of unstructured conformation cannot
be detected in H,0, either. At pH 12.5, the *C amide I band at 1602

cm! appeared in the FTIR spectra for the Pepl7 with *C labels at
N-terminal residues or the residues in the middle of Pep17. However,
the C amide I band was absent in the FTIR spectrum of Pep17 with *C
labels at C-terminal residues (cf. Figure 10b). Therefore, the C-terminal
residues are still in unstructured conformation even at pH 12.5 [52].

The Amide I Band Used as a Reference for Biological
Samples and Future Perspectives

By the above-mentioned surface FTIR methods, the amide I band
of various conformations has been determined in an H,O environment
[13,21,34,53-55]. For example, the amide I band of a-helix is around 1650
cm’ and that of unstructured conformation is around 1640 cm™. The amide
I band of B-sheet (at ~1630 cm! as well as ~1685 cm™) and that of other
conformations such as p-turns have been also determined [13,21,34,53-
55]. The position of the amide I band in H,O has been widely used as a
reference to address the conformation of proteins in tissues and living
cells [23,25,26], both of which are in H,O environment. It is probable
that °C labeled peptides will be induced into living cells to obtain
information about the behavior of specific region of the *C labeled
peptide/protein in the living cells. Notice that the *C amide I’ band
of various conformations in D,0O has been determined systematically
[17-20]. However, just like what has been done for the regular amide
I band in H,0, the *C amide I band in H,0O will be welcomed as a
reference to track specific °C labeled peptide/protein in the samples of
tissues and living cells. Compared with regular amide I band of various
conformations in H,O environment, work still remains to be done for
the C amide I band in H,O. To the best of our knowledge, only the
“C amide I band of a-helix and unstructured conformation in H,O has
been studied as mentioned above. Therefore, the *C amide I band of
B-sheet and other remaining conformations still needs to be studied,
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Figure 10: ATR FTIR spectra of Pep17 at: (a) pH 5.0 and (b) at pH 12.5.
Reproduced from Reference [52] with permission from the Royal Society of

Chemistry.
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to set up a systematical reference for future FTIR studies of biological
samples.
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