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a b s t r a c t

Synthetic peptide or protein samples are mostly unpurified with trifluoroacetic acid (TFA) used during
the synthesis procedure, which strongly interferes with structure determination by infrared (IR) spectros-
copy. The aim of this work was to propose a simple strategy to remove TFA contribution from attenuated
total reflection (ATR)–IR spectra of the hexahistidine peptide (His6) in aqueous solution to study the con-
formation of this synthetic peptide without previous purification. Such a strategy is based on the subtrac-
tion mode widely employed to remove water contribution, and it is tested with TFA unpurified histidine
as a model system. The subtraction is based on eliminating the strong TFA bands at 1147 and 1200 cm�1

by applying a scaling factor (as in buffer correction). The proposed modes represent excellent strategies
that do not modify spectral features, and they provide reliable routines to obtain the synthetic peptide
spectrum without TFA contribution. The conformational information from the corrected spectra at differ-
ent pH values is deduced from semiempirical calculated IR spectra of different His6 conformers. The spec-
tral features and the band positions of the corrected spectrum suggest that the peptide molecules mainly
adopt an intermolecular b-sheet structure.

� 2010 Elsevier Inc. All rights reserved.

Synthetic techniques to produce short peptides and proteins
allow obtaining peptides that are difficult to express in bacteria,
adding artificial amino acids to a natural sequence, and modifying
the peptide or protein backbone. The most employed technique
with such goals is solid phase synthesis, in which the peptide chain
polymerizes bonded to a solid surface [1,2]. After the synthesis, tri-
fluoroacetic acid (TFA)1 is used to cleave the peptide chain from the
surface, and it is usually added to the purification buffer, commonly
performed by high-performance liquid chromatography (HPLC)
[3,4]. Thus, synthetic peptide or protein samples are mostly unpuri-
fied with TFA, which strongly interferes with the structure determi-
nation by infrared (IR) spectroscopy [5].

The amide I band (mainly peptide bond C@O stretching vibra-
tion), usually analyzed to determine the secondary structure of
peptides and proteins, appears between 1600 and 1700 cm�1 and
strongly overlaps with the H2O bending vibration at 1640 cm�1

[6]. Because the intensity of this water vibration is approximately
an order of magnitude higher than the amide I band, aqueous sam-
ples demand a short path length to avoid subtraction inaccuracy. In
the attenuated total reflection (ATR) technique, the path length is

very short (�1 lm) [7], and it is widely used to study peptide
and protein conformation in aqueous solution. Besides, the pres-
ence of TFA in solution also contributes to this region because of
the strong vibration of the COO� group at 1673 cm�1 [8]. Due to
this interference, some authors have stated that it is not possible
to analyze the secondary structure of synthetic peptides by IR
without a previous purification from TFA [9–11]. In other cases,
the TFA contribution has been erroneously included as a part of
the amide I band [12].

TFA removal from synthetic samples has been performed by
means of various procedures such as washing with dialysis mem-
brane, lyophilization in the presence of HCl, and chromatography.
Usually, peptide lyophilization from 0.1 M HCl solution is preferred
due to its simplicity and high peptide yield after purification [13].
Nevertheless, high HCl concentrations may modify the peptide
structure and reduce its thermal stability, thereby interfering with
subsequent conformational studies. Hence, lower HCl concentra-
tions have also been tested to remove TFA, minimizing the peptide
secondary structure perturbation [5,14,15]. Although this purifica-
tion technique is rather simple, it is time-consuming because the
sample must be lyophilized several times [16]. Thus, a simple
strategy to remove the TFA contribution from IR spectra without
purifying the commercially available peptide or protein sample is
greatly needed to easily collect conformational information.

The aim of this work was to propose a simple strategy to remove
the TFA contribution from ATR–IR spectra of the hexahistidine
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peptide (His6) in aqueous solution to study the conformation of this
synthetic peptide without previous purification. This strategy is
based on the subtraction mode widely employed to remove the
water contribution, and it was tested with TFA unpurified histidine
as a model system. The conformational information from the cor-
rected spectra at different pH values was deduced from semiempir-
ical calculated IR spectra of different His6 conformers.

Materials and methods

Materials

L(+)Histidine (His) was purchased from Anedra (98.9% purity),
and hexahistidine (His6) was purchased from New England Pep-
tide (98.4% purity and 50–90% net peptide content) (TFA salts are
the main nonpeptide components). Both samples were used with-
out further purification. The reactants NaH2PO4�7H2O (Baker) and
TFA (Baker) were of analytical grade. Aqueous solutions were pre-
pared using 18 MX/cm resistance water (Milli-Q, Millipore). All of
the experiments were performed at room temperature (25 ± 2 �C).

Phosphate buffer was prepared by dissolving the desired
amount of NaH2PO4 in water to reach a 5-mM concentration and
adjusting the pH with either 2 M NaOH (Baker) or 2 M HCl (Baker).
pH measurements were performed with a combined glass elec-
trode and a digital pH meter (Orion 420A+, Thermo). Pure and
unpurified histidine, commercially available His6, and TFA solu-
tions were prepared by adding the appropriate amount to 5 mM
phosphate buffer at pH values of 4.0, 6.0, and 8.0. Different concen-
trations of pure His (100, 25, and 6.25 mM), TFA (4.00 � 10�1,
1.00 � 10�1, 5.00 � 10�2, 2.50 � 10�2, and 1.25 � 10�2%, w/v),
and His6 (1.25, 2.5, and 10 mg/ml) solutions were used. Unpurified
histidine (His + TFA) solutions were prepared by mixing these TFA
and His solutions to reach concentrations ranging from (100 mM
His + 4.00 � 10�1% [w/v] TFA) to (6.25 mM His + 1.25 � 10�2% [w/
v] TFA).

Methods

ATR–FTIR (Fourier transform infrared) spectra were collected
with an FTIR Nicolet Magna 560 spectrometer with a DTGS detec-
tor using a triangular apodization function. The FTIR spectrometer
was continuously purged with H2O/CO2 free air. The sample solu-
tion (His, TFA, His + TFA, or His6) was placed in a horizontal ATR
accessory (Thermo Nicolet) with a germanium prism. All spectra
were obtained with 1000 scans and at a 2-cm�1 resolution. The
blank spectrum—buffer solution—was collected before each mea-
surement with the same accessory and in the same instrumental
conditions as the sample. The equipment software (OMNIC 7.3,
Thermo Electron) was employed to manipulate and analyze the
spectra.

Semiempirical methods using the AM1 force field were em-
ployed to calculate the IR spectra of selected conformers in the
gas phase. Due to the enormous number of degrees of freedom of
the system and the complexity of the potential energy surface
(PES) of His6, a model to scan it and pick a representative group
of conformers is needed. The goal in the current case is to obtain
a qualitative reference for the assignment of the IR spectra, and
the most important differences in the band positions at the exper-
imental spectral window are due to the backbone conformations.
Hence, the first step was to optimize the allowed regular confor-
mations of the zwitterions. PES minima were confirmed checking
for no imaginary frequencies in the Hessian matrix. From the opti-
mized structures, the group of the most stable conformers (left a-
helix, helix3–10, b-sheet, and b-turn) was chosen for the analysis of
the vibrational modes. The vibrational intensities were scaled with

the Boltzmann factor corresponding to each structure, and the
assignment was performed analyzing the components of the dis-
placement vibrational vectors and with the help of the GaussView
visualizing software (GaussView 4.1, Gaussian). All of the calcula-
tions were run with the Gaussian03 program suite [17].

Results and discussion

Model system: subtraction strategy with TFA unpurified His

Fig. 1 shows the blank corrected spectra of 4.00 � 10�1% (w/v)
TFA (Blk–TFA), 100 mM His (Blk–His), and 100 mM His + 4.00 �
10�1% (w/v) TFA (Blk–His + TFA) solutions at pH 8.0. In the figure,
the curves are shifted in the y axis for the sake of clarity. The buffer
contribution was completely removed by using a scaling factor on
the blank spectrum with an iterative procedure until the baseline
between 1800 and 1900 cm�1 was flat in the corrected spectrum
[7]. Both His and TFA absorb in the 1300- to 1700-cm�1 region.
The latter also presents bands in the 1100- to 1300-cm�1 range
that have been erroneously assigned to the mainly predominant
CAN stretching bands of hexapeptides [12]. Thus, the spectrum
of unpurified His presents extra features when compared with that
of pure His: a shoulder at 1673 cm�1 and two strong absorption
bands at 1147 and 1200 cm�1. Because the main absorption bands
in proteins and peptides appear above 1200 cm�1 [6], the strong
TFA bands at 1147 and 1200 cm�1 provide a clean reference to
quantify its concentration and to remove its contribution from
the spectrum of unpurified samples.

To find a suitable subtraction strategy to remove TFA contribu-
tion from the spectrum of unpurified peptide samples, two modes
are first analyzed: (1) (His + TFA) spectrum � (TFA) spectrum and
(2) (Blk–His + TFA) spectrum � (Blk–TFA) spectrum. In mode 1,
TFA and buffer contributions are eliminated in one operation,
whereas it is necessary to subtract three times to achieve the same
result by using mode 2. The latter mode is preferable when the spec-
tra are collected in independent measurements (e.g., different solu-
tions) or using different buffer solutions. Both subtraction modes are
based on eliminating the strong TFA bands at 1147 and 1200 cm�1

by applying a scaling factor (as performed with the blank
correction).

Fig. 2A compares the subtraction modes applied to the 100-mM
His + 4.00 � 10�1% (w/v) TFA spectrum. To verify their capabilities,
the 100-mM Blk–His spectrum is also included in the figure.
Spectra are shifted in the y axis for the sake of clarity. The results

Fig.1. ATR–FTIR blank corrected spectra of 4.00 � 10�1% (w/v) TFA (Blk–TFA), pure
100 mM histidine (Blk–His), and unpurified (100 mM His + 4.00 � 10�1% [w/v] TFA)
histidine (Blk–His + TFA) collected in aqueous solution at pH 8.0.
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indicate that the corrected His + TFA and the pure His spectra are
equivalent. Moreover, as shown in Fig. 2B, Fourier self-deconvolu-
tion (FSD) analysis gives the same band positions for the three
spectra displayed in Fig. 2A. As reported elsewhere, the main His
bands observed at pH 8.0 correspond to the following [18]:

� band at 1623 cm�1 composed of the COO� antisymmetric
stretching (1570 cm�1) and the NH3

+ antisymmetric bending
vibrations (1629 cm�1);
� band at 1520 cm�1 composed of the ring stretching and the

NH3
+ symmetric bending (1521 cm�1) overlapped with the in-

plane NAH bending and the C@N bending vibrations
(1496 cm�1);
� CH2 bending at 1438 cm�1;
� COO� symmetric stretching at 1408 cm�1;
� CH2 vibrations at 1345 cm�1; and
� ring vibrations below 1300 cm�1.

Both modes represent excellent subtraction strategies without
modifying the spectral features or removing or adding new bands,
and they provide reliable routines to obtain the His spectrum with-
out either water or TFA contribution.

To check the reliability of the subtraction, modes 1 and 2 were
also applied to spectra measured at different TFA and His concen-
trations and pH values (data not shown). The corrected His + TFA
and pure His spectra were equivalent for the following unpurified
solutions: 100 mM His + 4.00 � 10�1% (w/v) TFA, 100 mM His +

1.00 � 10�1% (w/v) TFA, 100 mM His + 5.00 � 10�2% (w/v) TFA,
25 mM His + 4.00 � 10�1% (w/v) TFA, and 25 mM His + 1.00 �
10�1% (w/v) TFA. Lower concentrations of either His or TFA prevent
a reliable subtraction. For this reason, a concentration higher than
10 mM (by residue) of the synthetic peptide is desirable to prop-
erly remove the TFA contribution. On the other hand, TFA absor-
bance at 1147 or 1200 cm�1 is too low at concentrations lower
than 1.00 � 10�1% (w/v) to attain a reliable subtraction. The sub-
traction output was not affected by varying the pH from 8.0 to
4.0. The TFA spectrum does not change in this pH range, and the
same characteristic bands are used to remove its contribution.

To use either subtraction mode, it is crucial to have a TFA spec-
trum with the same concentration as its content in the unpurified
sample. Although TFA concentration may be estimated from the
provider data, an accurate concentration is needed to properly sub-
tract its spectral features. As indicated previously, TFA bands at
1147 and 1200 cm�1 do not overlap with any protein or peptide
vibration, allowing a direct determination of the sample TFA con-
tent. Fig. 3 shows the linear relationship between the absorbance
(A) at 1200 cm�1 and TFA concentration ([TFA]): A = 1.87 �
10�2 � [TFA] (%, w/v) + 5.8 � 10�4 (R2 = 0.9989). To perform this
calibration curve, the absorbance values were measured from
TFA spectra without subtracting the buffer contribution. The base-
line was automatically calculated (OMNIC software) in the 1100-
to 1250-cm�1 range; this correction causes the small y intercept
in the calibration curve. Finally, it is worth noting that the absor-
bance of the band at 1147 cm�1 also gives a good calibration curve
(data not shown). However, the results obtained at 1200 cm�1

allow a better correlation and sensitivity.

Studied system: TFA unpurified His6 sample

Fig. 4 depicts the blank corrected spectra of a 2.5-mg/ml com-
mercially available His6 sample before (Fig. 4A) and after
(Fig. 4B) subtracting the TFA contribution measured in aqueous
solution at pH values of 4.0, 6.0, and 8.0. For the sake of clarity,
the spectra are shifted in the y axis. Before correction, they present
strong absorption bands in the 1700- to 1500-cm�1 range due to
the hexapeptide and TFA vibration modes. As expected, bands in
the 1200- to 1100-cm�1 region are also present and are due to
TFA. Although the spectra shown in Fig. 4B were obtained with
subtraction mode 2, equivalent spectra were achieved with mode
1. To correct the spectra of the commercially available His6 sample,
mode 2 is preferred because it provides a more general subtraction
mode.

Fig.2. (A) ATR–FTIR blank corrected spectrum of pure 100 mM histidine (Blk–His)
and TFA subtracted spectra of unpurified histidine (100 mM His + 4.00 � 10�1% [w/
v] TFA) by modes 1 and 2. (B) Fourier self-deconvolution (FSD) of the spectra in
panel A.

Fig.3. Correlation between the absorbance (A) of the 1200-cm�1 band and the TFA
concentration ([TFA]): A = 1.87 � 10�2 � [TFA] (%, w/v) + 5.8 � 10�4 (R2 = 0.9989).
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Determining the actual TFA content in the commercially avail-
able sample is the first step to removing its contribution from
the peptide spectrum. Hence, the absorbance at 1200 cm�1 of the
sample spectrum (after an automatic baseline correction between
1100 and 1250 cm�1) and the calibration curve (Fig. 3) are used to
measure TFA concentration: 0.13% and 0.56% (w/v) for the 2.5- and
10-mg/ml samples, respectively. At sample concentrations lower
than 2.5 mg/ml, the absorbance of the band at 1200 cm�1 is too
low to properly assess TFA content. Once the TFA concentration
is known, water and TFA contributions are removed in the spectral
region where the hexapeptide also absorbs. For doing that, both
the buffer spectrum and the TFA one at the appropriate concentra-
tion are needed. Clearly, the spectra presented in Fig. 4B do not
show the 1147- and 1200-cm�1 bands corresponding to TFA, dem-
onstrating that its contribution is completely removed. Thus, the
spectral features displayed in Fig. 4B belong only to His6 at differ-
ent pH values.

His6 structure: Band assignment by semiempirical calculation

The band assignment of the experimental spectra is based on
semiempirical calculations performed at different His6 conforma-
tions and comparison with bibliographic references. Fig. 5 shows
the calculated IR spectra of four different hexapeptide conformers:
left a-helix, helix3–10, b-sheet, and b-turn. In the calculated spectra,
both the individual vibration signals and the enveloping bands are
shown as a function of the corrected wavenumber. The absorption

bands in the calculated spectrum appear at higher energy than
those corresponding to the experimental ones, and this can be
thought of as a systematic shift due to the solvent effect. On these
grounds, the x axes of the calculated spectra are corrected to match
the absorption energy of the experimental bands. The same correc-
tion is applied to the four conformer spectra. The letters A to D are
the references for the band assignment listed in Table 1. It is worth
noting that regardless of the type of conformer, the signals arise in
the same order of energy, although varying slightly in position. For
all of the conformers considered, the first signal that appears at the
highest energy belongs to the COO� antisymmetric stretching
vibration (C terminal, mas COO�), followed by the amide I band,
and so on. Thus, the reference letters (A–D) name a group of vibra-
tions that, in general, appear in the same enveloping band irrespec-
tive of the His6 conformation.

Calculations indicate that the most intense signals belong to the
vibration of the mas COO�, the NH3

+ antisymmetric bending (N ter-
minal, das NH3

+), and the amide I and II vibrations. However, the
relative intensity and the precise position of each vibration cause
enveloping bands with different bandwidth. Moreover, A and B
bands are either overlapped or resolved depending on the con-
former. Calculations show that these spectral features are due to
the position of the amide I band, which is strongly affected by
the peptide conformation (1657 cm�1 left a-helix, 1700 cm�1

helix3–10, 1675 cm�1 intermolecular antiparallel b-sheet, and
1668 cm�1 b-turn). The calculated vibrations of the amide I bands
are in agreement with published results [19,20].

The experimental spectra shown in Fig. 4B also present four
main bands that follow the energy sequence obtained from the
semiempirical calculations. Hence, the experimental and calcu-
lated enveloping bands belong to the same group of vibrations,
and they are named with the same reference letters (A–D, Table 1).
However, as expected, the experimental bands are wider than the
theoretical ones, causing strong overlapped spectra. Based on the
semiempirical calculation, the experimentally observed band A
(1725 cm�1) is assigned to the His6 mas COO� vibration, although
the position does not correspond to the same vibration in histidine
(1570 cm�1 [see Fig. 2]). This disagreement may be due to two
opposite effects: (i) the overlap between the mas COO� and das

NH3
+ vibrations in histidine, in particular [18], and in amino acids,

in general [21], shifts the COO� vibration to lower wavenumbers;
(ii) the interaction between charged C and N terminal and/or the
exposure of carboxylate to the aqueous solution in His6 shift the
vibration to higher wavenumbers [12,22]. The experimental band
B (1660–1675 cm�1 depending on the pH) is easily assigned to
the amide I band, related to intermolecular/antiparallel b-sheet
structure in short peptides [12,23]. The experimentally observed
band C is due mainly to the amide II band (1552 cm�1) and the cat-
ionic amino vibrations (�1560 cm�1), in very good agreement with
reported results for histidine and short peptides [24]. Finally, band
D (�1360 cm�1) corresponds to the amide III band, as indicated by
the calculations and reported in the literature [25,26], and to the
vibrations of the imidazole ring, also observed in the histidine
spectrum (Fig. 2).

A comparison between the experimental and calculated spectra
suggests that His6 does not adopt a preferred conformation. How-
ever, the amide I position (band B) and the main spectral features
of the experimental spectra are more related to the b-sheet con-
former than to the other ones. In the studied pH range, both termi-
nal groups of the hexapeptide molecules are ionized, whereas the
charge of the side chain depends on the pH: from three protonated
imidazole rings at pH 4.0 to neutral side chains at pH 8.0 [27]. The
position of the amide I band at pH 4.0 corresponds to a regular
antiparallel/intermolecular b-sheet (1675 cm�1 [23]) structure.
This conformation may arise from two main contributions that
promote and stabilize intermolecular interactions. First, the attrac-

Fig.4. ATR–FTIR blank corrected spectra of 2.5 mg/ml commercially available
before (A) and after (B) TFA subtraction collected in aqueous solution at pH values
of 4.0, 6.0, and 8.0.
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tive electrostatic interaction between the C terminal of one peptide
molecule and the N terminal of another one may induce intermo-
lecular interactions. In fact, the position of band A suggests that the
N- and C-terminal groups are close to each other. Second, H-bond-
ing formation between protonated and neutral side chains of dif-
ferent molecules may stabilize the intermolecular b-sheet
conformation. At higher pH, the position of the amide I band is
slightly shifted toward lower wavenumbers (1665 cm�1 at pH 6.0
and 1660 cm�1 at pH 8.0), suggesting some distortion of this con-
formation. The possibility of intermolecular H-bonding between
side chains is reduced in going from pH 4.0 to pH 8.0, limiting
the stabilization of intermolecular b-structure.

Conclusions

The IR contribution of TFA from unpurified synthetic hexahisti-
dine samples is easily removed by applying a simple subtraction
mode based on eliminating the strong absorption bands at 1147
and 1200 cm�1. This correction is performed in two steps. In the
first step, the TFA content of the sample is calculated from the
absorbance at 1200 cm�1. In the second step, a TFA spectrum at
the appropriate concentration is subtracted from the sample spec-
trum by using a scaling factor to completely remove the strong
bands. This correction is performed either in one operation (TFA
and buffer contributions are eliminated together) or by subtracting

Fig.5. Calculated IR spectra of different His6 conformers: (A) left a-helix; (B) helix3–10; (C) b-sheet; (D) b-turn. The letters A to D are the references for the band assignment
listed in Table 1.

Table 1
Calculated bands for the different conformers of His6 spectra (Fig. 5) and band assignments for the experimental spectra (Fig. 4).

Band Left helix Helix3–10 b-Sheet b-Turn Experimental

A mas COO� mas COO� mas COO� mas COO�

Amide I Amide I
B Amide I Amide I Amide I mas COO� Amide I
C m C (H2)AC (Imi) m C (H2)AC (Imi) m C (H2)AC (Imi) m C (H2)AC (Imi)

Amide II Amide II Amide II Amide II
das NH3

+ + ms COO� das NH3
+ + ms COO� Amide II

das NH3
+ das NH3

+ das NH3
+ das NH3

+ das NH3
+

ms COO� ms COO� ms COO�

ds NH3
+

m C@N (Imi) m C@N(Imi) m C@N (Imi) m C@N (Imi)
D Amide III Amide III Amide III Amide III

ds CH2 wagging ds CH2 wagging ds CH2 wagging ds CH2 wagging Amide III
ds CH2 (Imi) m = CAN (Imi) m = CAN (Imi) ds CH2 (Imi) Ring vibrations

m CAN (Imi) m CAN (Imi)

122 IR study of TFA synthetic peptides / L.E. Valenti et al. / Anal. Biochem. 410 (2011) 118–123
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three times (independent TFA and water removal). Both modes
produce a reliable corrected spectrum without either TFA or water
contribution. The quality of the experimentally corrected spectrum
allows assigning the bands when compared with semiempirical
calculated spectra. Although this subtraction strategy was opti-
mized with the histidine peptide, it might be generalized to other
unpurified samples.
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