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A B S T R A C T

Mycolic acids are fundamental cell wall components, found in the outer membrane barrier (mycomembrane) of
Mycobacterium related genera, that have shown antigenic, murine innate immunity inducting and inflammatory
activity triggering action. The mycolic acid derivatives, such as the lipid extractable trehalose monomycolates
(TMM) and dimycolates (TDM), have been extensively investigated by several biochemical and biological
methods and, more recently, we have performed the first neutron scattering measurements on these molecules in
order to characterize their dynamical behavior as well as their rigidity properties. In the present paper, we show
the first systematic FT-IR study on TMM, TDM and glucose monomycolate (GMM). It includes the analysis of
individual lipids but also mixtures of TMM/TDM (ratio of 1:1) or TMM/GMM (ratio of 1:2).

The present work is aimed to the first characterization of the vibrational behavior of mycolates and their
mixtures enabling us to elucidate the molecular mechanisms responsible for the capability of mycolic acids to
affect the flexibility and permeability properties of the mycomembrane. As a whole, the present FT-IR findings
provide information that have relevant biological implications, allowing to demonstrate that the membrane
fluidity is not only linked to the chain length, but also to the specific conformational behavior adopted by
mycolates, which in the mixtures is strongly affected by their mutual interactions. In addition, the capability of
trehalose to drive the mycolate conformational behavior and then the chain order and packing is emphasized;
due to the TDM relevant evidences shown by our data, this trehalose effect could be related to the TDM toxicity
and inflammation action.

1. Introduction

According to the World Health Organization, in 2017 there were 10
million of tuberculosis (TB) cases and 1.6 million deaths for TB. Among
these latter, 1 million were children; 1.3 million among HIV negative-
associated TB and 300,000 among HIV positive-associated TB (Global
tuberculosis report, 2018). In addition, multidrug-resistant (MDR) and
extensively drug-resistant (XDR) strains of Mycobacterium tuberculosis
make tuberculosis an almost incurable disease. Research is therefore
strongly addressed towards innovative solutions for reliable and fast
diagnostic tools (Wood, 2007; Beukes et al., 2010).

Many studies have been devoted to the role of the very specific
outer membrane barrier (mycomembrane) found in all mycobacteria
related genera (the order of Corynebacteriales) in host response
(Nabeshima et al., 2005; Sekanka et al., 2007), with a particular em-
phasis to the mycolic acids and their derivatives, such as the lipid ex-
tractable trehalose monomycolates (TMM) and dimycolates (TDM). The
role of mycolic acids as murine innate immunity inducting and in-
flammatory activity triggering agents has been also demonstrated (Korf
et al., 2005, 2006).

Mycolic acids are α branched and β hydroxylated fatty acids con-
taining a non-functionalized long alkyl chain (up to 60 atoms of carbon)
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and a “meromycolate chain” generally containing up to two functional
groups (Verschoor et al., 2012). Mycolic acids of Corynebacteria are
characterized by the shortest chains, i.e. between 28 and 40 carbon
atoms, with a permeability barrier which is not essential for the bac-
terial life in laboratory conditions (Portevin et al., 2004), whereas
mycolic acids of mycobacteria show among the largest chains, i.e. be-
tween 60 and 90 carbon atoms; chains of intermediate length are ty-
pical of Rhodococcus and Nocardia (Hsu et al., 2011; Nishiuchi et al.,
1999).

Many biochemical studies highlighted that TDM is capable to affect
the mycobacterial morphology (Hunter et al., 2006), to drive phago-
some-lysosome fusion in vivo (Spargo et al., 1991), to increase che-
mokine and cytokine production and to modify immunological re-
sponse (Ryll et al., 2001), to induce granulomas (Kai et al., 2007), and
to prevent phagocytosed bacterial trafficking to macrophage acid re-
gions (Indrigo et al., 2003).

It has been emphasized (Verschoor et al., 2012) that the chemical
synthesis of mycolic acids is crucial for understanding the role of these
systems in corynebacteria and mycobacteria, since the investigations
carried out on natural mixtures of mycolic acids and mycolates do not
provide unambiguous evidence on the specific functions of these sys-
tems due to the influence of the complex environment, i.e. the inter-
action among mycolic acids and the other membrane components.

With the ultimate goal of understanding the molecular mechanisms
responsible for the capability of mycolic acids to affect the flexibility
and permeability properties of the mycomembrane, we carry out a FT-
IR spectroscopic study of the vibrational behavior of TMM/TDM mix-
ture at a ratio of 1:1 which has been both extracted from the myco-
membrane of C. glutamicum and chemically synthetised; measurements
have been also performed on individual TMM, TDM and glucose
monomycolate (GMM) molecules in order to unambiguously assign the
FT-IR spectral features to the vibrational modes of the investigated
mycolates. A further comparison was performed between the TMM/
TDM mixture and the TMM/GMM mixture at a ratio of 1:2 in order to
investigate the role of the trehalose glycosidic bond in the conforma-
tional arrangements of the mycolates.

Since the present work is the first FT-IR study on trehalose and
glucose mycolates and their mixtures, existing data on lipids and bac-
teria (Yoshida and Koike, 2011; Lewis and McElhaney, 2013; Wallach,
1972; Lewis and McElhaney 1998; Tamm and Tatulian, 1997; Gautier
et al., 2013; Davis and Mauer, 2010; Binder, 2007; Naumann et al.,
1991; Naumann, 2000; Oberreuter et al., 2002) supported the inter-
pretation of the obtained findings also on the light of their biological

significance.

2. Experimental section

TMM, TDM and GMM were chemically synthesized. All commer-
cially available chemicals were used without further purification. All air
sensitive reactions were carried out in oven-dried glassware under a
slight positive pressure of argon. Solvents were distilled according to
the literature (Perrin and Armarego, 1997) or by filtration through a
column of activated alumina using equipment from Glass Technology®
(dry solvent station GT S100). TLC (Silica Gel 60 F254) were visualized
under UV (254 nm) and by staining either in 5% ethanolic sulfuric acid
or orcinol or phosphomolybdic acid. Silica gel SDS 60 ACC 35–70 μm
was used for column chromatography. Melting points were measured
on a Stuart SMP10 apparatus. NMR spectra were recorded on a Bruker
AV 360 NMR spectrometer.

TMM, TDM and GMM were synthesized starting from cor-
ynomycolic acid 1 (Ratovelomanana-Vidal et al., 2003) and trehalose
derivative 2 (Kurita et al., 1994; Kanemaru et al., 2012) or glucose
derivative 3 (Lu et al., 2005), according to previously reported proce-
dures, as shown in Fig. 1.

Corynomycolic acid 1 was firstly prepared starting from β-ketoester
4 accordingly to the procedure described by Genêt and
Ratovelomanana-Vidal (Ratovelomanana-Vidal et al., 2003) (Fig. 2).
Briefly, β-ketoester 4 was obtained after a 2-carbon atoms homologa-
tion of palmitic acid using the Masamune’s procedure. Compound 4 was
then selectively reduced with dihydrogen using the Noyori’s catalyst i.e.
(R)-BinapRuBr2. The resulting β-hydroxyester 5 was then engaged in a
selective alkylation (LDA, HMPA) with n-iodotetradecane at low tem-
perature to furnish the anti α-alkylated compound 6. Saponification of
the ester function of compound 6 (KOH, EtOH/H2O) yielded cor-
ynomycolic acid 1. Spectroscopic data of all compounds were in
agreement with those previously reported (Ratovelomanana-Vidal
et al., 2003).

Finally, sugar mycolates, GMM, TMM and TDM were subsequently
prepared by nucleophilic substitution of the corresponding tosylate
groups of 7, 8 and 9 using the cesium salt of mycolic acid in a DMF/THF
mixture at 70 °C (Fig. 3), followed by hydrogenolysis of the benzyl
groups (H2, Pd/C, MeOH) according to previously reported reports (van
der Peet et al., 2015; Prandi, 2012). Spectroscopic data were in
agreement with those reported (van der Peet et al., 2015). Fig. 4 shows
the 1H NMR spectra of TMM, TDM and GMM.

From a structural point of view, TMM (C44H84O13) is constituted by

Fig. 1. TMM, TDM and GMM chemical synthesis starting from corynomycolic acid 1, trehalose derivative 2 and glucose derivative 3. Bn=benzyl.

Fig. 2. Corynomycolic acid 1 prepared starting
from β-ketoester 4. Binap=2,2′-
bis(diphenylphosphino)-1,1′-binaphthyl; HMPA
=hexamethylphosphoramide; LDA= lithium
diisopropylamide; THF= tetrahydrofuran.
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a double chain of 18 carbon atoms and 14 carbon atoms, which is
bonded to a trehalose molecule, TDM (C76H146O15) presents two double
chains, with 18 carbon atoms and 14 carbon atoms for each, bonded to
a trehalose molecule, and GMM (C38H74O8) is composed by a double
chain as TMM but bonded to a glucose molecule.

These systems present therefore as functional groups: CH2 groups
(26 for TMM and GMM, 52 for TDM), CH3 groups (2 for TMM and
GMM, 4 for TDM), OH groups (8 for TMM and TDM of which one and
two are linked to the acyl chain, respectively, and 5 for GMM of which
one is linked to a the acyl chain), CO groups (1 for TMM and GMM, 2
for TDM, in all the cases a double bond exist between C and O) and
COeOeC groups (1 for TMM and GMM, 2 for TDM).

The extraction of TMM/TDM has been carried out starting from a
culture of C. glutamicum strain ATCC 13032 ΔaftB, which releases outer
membrane fragments in the external medium (Marchand et al., 2012).
After an overnight culture in liquid brain heart infusion (BHI) medium
at a temperature of 30 °C, the supernatant culture has been obtained by
centrifugation at 6000 g for 20min and, after a high speed centrifuga-
tion at 100,000 g, the mycomembrane fragments have been purified.
The extraction of lipids, i.e. TMM/TDM at a ratio of about 1 from these
membrane fragments has been performed three times with CHCl3-
CH3OH solutions at the volume ratios of 1:2, 1:1 and 2:1 following the
procedure described in Marchand et al. (Marchand et al., 2012). The
main mycolic acid species of C. glutamicum are of the C32:0, C26:0,
C24:0, C34:1, and C35:0 type (Yang et al., 2012; Lanéelle et al., 2013);
depending on the strains shorter homologues, i.e. C16:0 to C30:0, can
be also present.

FT-IR measurements have been performed by using a Bruker Alpha
II spectrometer allowing an advanced stabilization of source and de-
tector against environmental changes. Measurements have been carried
out in ATR mode combining a Platinum ATR module equipped with a
diamond crystal, at a resolution value of 3 cm−1 and covering a fre-
quency range between 400 cm−1 and 3500 cm−1. A number of 96 scans
has been acquired for each of the two samples investigated for each
system. The data collection and the spectra standard reduction (base-
line and atmospheric corrections) have been carried out by using the
OPUS software. Due to the overlapping of the peaks, the analysis of the
complex bands has followed a two-step procedure: in order to identify
the component bands, the second derivative has been evaluated as a
pre-analysis providing the frequency values and limiting the arbitrary

choice of the parameters for the band deconvolution (by using three
different software: OPUS 7.5, GRAMS/AI and Origin 8.0). As a re-
presentative example, the results of the deconvolution procedure are
shown in Figs. 6b and 10 b.

Infrared spectroscopy is non-invasive methods allowing to get va-
luable information about the molecular vibrational behavior and then
the conformational properties of a large range of systems. In the last
years, this technique is more and more used for investigating complex
biological systems both in vitro and in vivo. By focusing on the func-
tional groups and chemical bonds which affect to a large extent the
biological functions and activity, a detailed picture on proteins, lipids,
membranes, cells and tissues can be obtained (Yoshida and Koike,
2011; Lewis and McElhaney, 2013; Wallach, 1972; Lewis and McEl-
haney 1998; Tamm and Tatulian, 1997; Gautier et al., 2013; Davis and
Mauer, 2010; Binder, 2007; Naumann et al., 1991; Naumann, 2000;
Oberreuter et al., 2002). In the peak assignment and in the data in-
terpretation, significant literature on lipids and bacteria has been ana-
lyzed (Yoshida and Koike, 2011; Lewis and McElhaney, 2013; Wallach,
1972; Lewis and McElhaney 1998; Tamm and Tatulian, 1997; Gautier
et al., 2013; Davis and Mauer, 2010; Binder, 2007; Naumann et al.,
1991; Naumann, 2000; Oberreuter et al., 2002), properly taking into
account the significant differences among mycolic acids and other li-
pids.

3. Results

3.1. FT-IR spectra of single mycolates

Let us start with the analysis of the FT-IR spectra of each mycolate
separately, i.e. TMM, TDM and GMM, as shown in Fig. 5 and sum-
marized in Table 1.

At a first observation it appears that the 2800-3500 cm−1 region is
very similar in all the FT-IR mycolate spectra (Fig. 5), the only but
significant difference being the frequency position of the two main
bands; while in the low frequency region, although three main spectral
contributions can be identified with several differences in both intensity
and width of the specific peaks, and the profile of TMM shows some
spectral features which makes it quite different from the two other
ones.

The detailed analysis of the different spectral regions allows to as-
sign the vibrational modes to the observed spectral features and to
point out the differences among the investigated mycolates.

3.1.1. 2800–3500 cm−1 region
In the 2800–3500 cm−1 region two peaks related to the CH2

asymmetric and symmetric stretching modes are usually found in lipid
spectra around 2920 cm−1 and 2850 cm−1, respectively. In our case, in
the 2800–2980 cm−1 range of the FT-IR spectra (see Fig. 6 a) of TMM
and TDM spectra, these peaks have the same frequency position, i.e.
2920 cm−1 and 2851 cm−1 and the same bandwidth, i.e. 20 cm−1 and
11 cm−1. The GMM spectrum shows these two peaks at lower fre-
quency, i.e. at 2912 cm−1 and 2850 cm−1 with smaller bandwidths, i.e.
13 cm−1 and 8 cm−1.

In the FT-IR spectra we can observe the presence of two small
shoulders in the mycolate spectra, which are related to the CH3 asym-
metric and symmetric stretching vibrations and that are found at
2955 cm−1 and 2870 cm−1 for TMM, at 2953 cm−1 and 2870 cm−1 for
TDM and at 2954 cm−1 and 2871 cm−1 for GMM, respectively. It is
interesting to observe that the CH3 asymmetric stretching shoulder is
slightly less marked in the TDM spectrum than in the TMM and GMM
ones, this latter showing a more distinguishable peak.

Fig. 6b shows a large band reflecting the OH stretching modes
centered at 3310 cm−1 and 3333 cm−1 in the TMM and TDM FT-IR
spectrum, respectively, while the GMM FT-IR spectral region is char-
acterized by a structured bump composed by a narrow peak centered at
3316 cm−1, a narrow peak centered at 3426 cm−1 and a shoulder at

Fig. 3. GMM, TMM and TDM prepared by nucleophilic substitution of tosylate
groups of 7, 8 and 9 using the cesium salt of mycolic acid. Bn= benzyl; DMF =
N,N-dimethylformamide; THF= tetrahydrofuran ; Ts = para-toluenesulfonyl.
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Fig. 4. 1H NMR spectra of a) GMM, b) TMM and c) TDM (360MHz, CDCl3/CD3OD).
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3204 cm−1.

3.1.2. 1215–1800 cm−1 region
The comparison among the FT-IR mycolate spectra in the

1215–1800 cm−1 region, as shown in Fig. 7, points out a significant
difference between TMM and TDM, this latter sharing with GMM the
four main spectral features, at least in terms of a general shape.

More specifically, in the intermediate FT-IR spectral region two
main bands can be identified: the first one at ˜1720 cm−1 which cor-
responds to the C]O stretching modes and the second one at ˜1470
cm−1 which reflects the CH2 scissoring modes.

The high frequency contribution is centered at 1719 cm−1 in the
TMM spectrum, at 1724 cm−1 in the TDM spectrum and at 1718 cm−1

in the GMM spectrum; the bandwidth has the value of 25 cm−1,
34 cm−1 and 8 cm−1 for TMM, TDM and GMM, respectively, pointing
out a very narrow peak in the GMM spectrum.

The contribution at low frequency in the FT-IR TMM spectrum
presents a large band covering the 1215–1600 cm−1 range, while it is
characterized by a series of three main bands in the TDM spectrum.

The frequency analysis of the TDM FT-IR spectrum points out that
the first of these bands is identified in the 1400–1470 cm−1 range with
a predominant narrow peak at 1466 cm−1, the second one in the
1315–1400 cm−1 range with a predominant narrow peak at 1377 cm-1

(and three shoulders at 1368 cm−1, 1355 cm-1 and 1339 cm−1) and in
the 1220–1315 cm−1 range with a predominant peak at 1278 cm−1,
allowing to assign these vibrational contributions to the CH2 scissoring
modes, the CH3 symmetric and asymmetric bending modes and the CH2

wagging and twisting modes, respectively. In the GMM spectrum the
CH2 scissoring mode peak is found at 1471 cm−1, followed by a series
of a small and narrow peaks with a small bump in the 1320-1430 cm−1

range, the highest of these peaks being centered at 1367 cm−1.
On the other hand, in the FT-IR spectra of TMM a small and un-

structured band is found in the 1600–1685 cm−1 range (where in the
other two spectra just a very small shoulder is present) which is cen-
tered at 1643 cm−1; the large band covering the 1240–1585 cm−1

range is composed by two main contributions, both related to the CH2

scissoring modes, centered at 1462 cm−1 and at 1413 cm−1; a small
shoulder is also visible at 1271 cm−1 and reflects the CH2 wagging and
twisting modes.

3.1.3. 400–1215 cm−1 region
The analysis of the 400-1215 cm−1 region (see Fig. 8) reveals that

the three investigated mycolates present a very large band covering the
960–1210 cm−1 range, the trehalose mycolates showing a very similar
profile.

By analyzing the vibrational features observed in such region of the
FT-IR mycolate spectra, one observes that the series of peaks related to
the CeO asymmetric and symmetric stretching modes are easily iden-
tified in the three mycolate spectra, TMM showing a smaller number of
peaks and GMM being characterized by a quite intense and narrow peak
attributed to the CeO symmetric stretching modes at 1055 cm−1. In
this region the CeOeC bridging band and non-bridging modes of car-
bohydrates can be identified around 1150 cm−1 and 1080 cm−1, re-
spectively; furthermore, the peak found around 1040 cm−1 can be re-
lated to the CeOH bending modes of carbohydrates (Davis and Mauer,
2010; Naumann et al., 1991; Naumann, 2000; Oberreuter et al., 2002).

The CeC stretching modes are reflected in the narrow peak present
in the FT-IR spectra of mycolates at 989 cm−1 in the TMM spectrum, at
992 cm−1 in the TDM spectrum and at 1007 cm−1 in the GMM spec-
trum, pointing out a significant upshift of ˜17 cm-1 passing from the
trehalose mycolates to GMM.

In the TMM spectrum another spectral contribution is identified in
the 830-960 cm−1 range, characterized by two main peaks centered at
942 cm−1 and at 864 cm−1 that can be attributed to the combined CeC
stretching and CeH rocking modes; in the TDM spectrum these peaks
are present at 945 cm−1 and at 845 cm−1 but they are much less intense

Fig. 5. FT-IR spectra (500–3500 cm−1) of TMM, TDM and GMM.
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than in the TMM spectrum; in the GMM spectrum they are not present.
The analysis among the FT-IR spectra in the higher frequency part of

the “fingerprint” region as defined in FT-IR spectra of bacteria since it is
characterized by unique features of specific bacteria (Davis and Mauer,
2010), shown in Fig. 8b, reveals a narrow peak is present at 805 cm−1

and 806 cm−1 in the TMM and in the TDM spectrum, respectively. The
peak reflecting the CH2 rocking modes is found at 722 cm−1 and
721 cm−1 in the TMM and in the TDM spectrum, respectively; while in
the GMM spectrum this peak is very intense and downshifted at
713 cm−1.

3.2. FT-IR spectra of mycolate mixtures

Because trehalose mycolates are found in the native mycomembrane
as a mixture between TMM and TDM of various chain length and degree
of unsaturation, we investigated by FT-IR spectroscopy a mix of TMM/
TDM either chemically synthesized or purified from Corynebacterial
cells and also a chemically synthesized mixture of TMM/GMM. In Fig. 9
the FT-IR spectra of these mixtures are shown and the mode assignment

is reported in Table 1, while Fig. 13 shows the difference spectrum
obtained by subtracting the synthesized TMM/TDM spectrum from the
extracted TMM/TDM spectrum. The above described FT-IR spectra of
single mycolates allow us to unambiguously complete the peak as-
signment of the vibrational features of the extracted TMM-TDM, syn-
thesized TMM-TDM and TMM-GMM.

From a first inspection of the FT-IR spectra (Fig. 9), it emerges that
the three investigated mycolate mixtures share analogous spectral
features at high frequency whereas between 4000 cm−1 and 1800 cm−1

their spectral profiles have a quite different aspect. By taking into ac-
count the single mycolate spectra, one can recognize in the extracted
and synthesized TMM-TDM spectra almost all the spectral features
found in the TDM spectrum, with the differences due to the presence of
additional vibrational contribution in the extracted TMM-TDM spec-
trum and to the more evident TMM influence in the synthesized TMM-
TDM spectrum; on the other hand, the TMM-GMM spectrum points out
a vibrational behavior which presents some analogies with the GMM
one, but it is affected by the TMM-GMM interaction.

In order to point out the above cited similarities and differences, let

Fig. 6. 2800–3500 cm−1 region of FT-IR spectra of TMM, TDM and GMM with the CH2 asymmetric and symmetric stretching modes and the CH3 asymmetric and
symmetric stretching. In the GMM spectrum in b) the deconvolution result is shown.
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us take into account different spectral ranges.

3.2.1. 2800–3500 cm−1 region
As above described, the 2800–2980 cm−1 frequency range of the

FT-IR spectra, shown in Fig. 10a, is characterized by the presence of the
CH2 asymmetric and symmetric stretching mode peaks, which are
identified at 2922 cm−1 and 2854 cm−1 in the extracted TMM-TDM
spectrum, at 2920 cm−1 and 2852 cm−1 in the synthesized TMM-TDM
spectrum and at 2913 cm−1 and 2850 cm−1 in the TMM-GMM spec-
trum.

It can be noticed that the obtained frequency values of the CH2

asymmetric stretching modes are comparable for all the mycolate
mixtures, while the CH2 symmetric stretching modes are characterized
by a lower frequency in TMM-GMM than in the TMM-TDM spectra. In
addition, the bandwidths of the asymmetric and symmetric CH2

stretching modes have the values of 14 cm−1, 16 cm−1 and 12 cm−1

and the values of 8 cm−1, 10 cm−1 and 7 cm−1, respectively, for the
extracted TMM-TDM, the synthesized TMM-TDM and the TMM-GMM
spectrum.

In line with what observed in the single mycolate FT-IR spectra,
even in the mycolate mixture FT-IR spectra the two shoulders at higher
frequency in respect to the two intense peaks are present: their fre-
quency values are 2954 cm−1 and 2871 cm−1 for the extracted TMM-
TDM spectrum, 2953 cm−1 and 2871 cm−1 for synthesized TMM-TDM
spectrum and 2955 cm−1 and 2872 cm−1 for the TMM-GMM spectrum,
respectively.

We can observe that, although quite influenced by the interaction
with TMM, the spectral features are maintained in the TMM-GMM

mixture.
Analogously to the case of single mycolates, a quite unstructured

large band is also identified in the 3000–3500 cm−1 region of the FT-IR
spectra of the mycolate mixtures, as reported in Fig. 10b. The synthe-
sized TMM-TDM spectrum is very similar in shape and frequency
(3331 cm−1) to the TDM spectrum; in the extracted TMM-TDM and
TMM-GMM spectra the band seems to be composed by two peaks, in the
first case being centered at 3290 cm−1 and 3333 cm−1 and in the
second case being centered at 3319 cm−1 and 3395 cm−1 with a
shoulder at 3231 cm−1.

3.2.2. 1215–1800 cm−1 region
Fig. 11 shows the 1215–1800 cm−1 spectral range of mycolate

mixtures. Before analyzing in detail such region, we can qualitatively
observe that two main peaks centered at ˜1720 cm−1 and ˜1460 cm−1

are detected in all the investigated mycolate mixtures, with a strong
deformation due to two additional peaks in the extracted TMM-TDM
spectrum, while the other ranges highlight important differences
among all the investigated spectra.

The C]O stretching modes are reflected in the highest frequency
peak, which is splitted in two peaks centered at 1731 cm−1 and
1711 cm−1 in the extracted TMM-TDM spectrum, while it is centered at
1723 cm−1 and 1718 cm−1 in the synthesized TMM-TDM spectrum and
in the TMM-GMM spectrum, respectively.

The peak at lowest frequency, i.e. at 1462 cm−1, 1465 cm−1 and
1471 cm−1 for extracted TMM-TDM, synthesized TMM-TDM and TMM-
GMM spectrum, respectively, related to the CH2 scissoring modes,
presents two small shoulders at 1456 cm−1 and 1440 cm−1, 1456 cm−1

Table 1
Mode assignment for the FT-IR frequency values in TMM, TDM, GMM, extracted TMM-TDM, synthesized TMM-TDM and TMM-GMM.

FT-IR modes TMM position
(cm−1)

TDM position
(cm−1)

GMM position
(cm−1)

extracted TMM-TDM
position (cm−1)

synthesized TMM-TDM
position (cm−1)

TMM-GMM position
(cm−1)

OH stretching – CO-NH-peptide 3310 3333 3426 3333 3331 3395
3316 3290 3319

CH3 asymmetric stretching 2955 2954 2955 2954 2953 2955
CH2 asymmetric stretching 2920 2920 2912 2922 2920 2913
CH3 symmetric stretching 2870 2871 2871 2871 2871 2872
CH2 symmetric stretching 2851 2851 2849 2854 2852 2850
C=O stretching 1719 1724 1718 1731 1723 1718

1711
amide I 1658
amide II 1548
CH2 scissoring 1462 1466 1471 1462 1465 1471

1413 1413
CH3 symmetric bending 1377 1377 1376
CH2 wagging 1368 1367 1369
CH3 asymmetric bending 1355

1339 1340 1340 1334
CH2 wagging − CH2 twisting 1271 1278 1286 1279 1273 1285
amide III 1230-1300
C-O asymmetric stretching - C-O-C

bridging
1200 1194 1200
1187 1178 1187

1175 1173 1147 1175 1172
1146 1147 1156 1121 1147 1154

1118 1115 1101 1115
1107 1104 1109 1104 1107

C-O symmetric stretching - C-O-C
non-bridging

1076 1074 (1077) 1075 1077 1076
1050 1050 1055 1046 1045 1055
1032 1039 1038

1021 1026 1023 1024
C-C stretching 989 992 1007 989 990 1008

993
C-C stretching – C-H rocking 942 945 943 943 945

916 915 916 923
891

864 877
845 838 846

“fingerprint” region 805 806 806 806 804
722 721 713 722 720 714

700
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and 1442 cm−1 and at 1456 cm−1 and 1445 cm−1, respectively.
Two minor bands are found at 1377 cm−1, 1376 cm−1 and

1369 cm−1, for extracted TMM-TDM, synthesized TMM-TDM and
TMM-GMM spectrum, respectively, related to the CH3 symmetric

bending modes, with a shoulder at 1340 cm−1, 1340 cm−1 and
1334 cm−1, respectively, related to the CH2 wagging modes, and at
1279 cm−1, 1273 cm−1 and 1285 cm−1, respectively, with a small
shoulder at 1262 cm−1, 1263 cm−1 and 1263 cm−1, respectively, re-
lated to the CH2 twisting modes. The main difference between the two
TMM-TDM mixtures is the presence of two very intense peaks at
1655 cm−1 and 1548 cm−1 in the extracted TMM-TDM. It is significant
to observe that in the GMM the peaks corresponding to CH2 wagging
and twisting modes are not clearly distinguishable.

3.2.3. 400–1215 cm−1 region
The 400–1215 cm−1 region, as shown in Fig. 12a, presents a main

contribution in all the investigated mycolate mixture spectra with a
strong difference between the extracted and synthesized TMM-TDM
spectra and the TMM-GMM spectrum.

The C–O asymmetric and symmetric stretching modes are reflected
in the peaks identified between 1020–1190 cm−1. These peaks are less
distinguishable in the TMM-GMM spectrum than in the trehalose my-
colate mixture spectra. The frequency values of these contributions are
comparable to those obtained for the single mycolates. Furthermore,
the upshift observed in the CeC stretching mode peak in the GMM
spectrum is still maintained in the TMM-GMM spectrum, where it is
composed by two distinguishable contributions. The combined CeC
stretching and C–H rocking modes can be referred to the peaks found in
the 835 cm-1–945 cm−1 range which are more clearly assigned in the
extracted TMM-TDM spectrum.

The “fingerprint” region of the mycolate mixture spectra is shown in
Fig. 12b. It shows the narrow peak at 806 cm−1, 806 cm−1 and
804 cm−1 in the extracted TMM-TDM spectrum, in the synthesized
TMM-TDM spectrum and in the TMM-GMM spectrum, respectively. The
CH2 rocking mode peak seems to be splitted in two components in the
extracted TMM-TDM spectrum, centered at 722 cm−1 and 700 cm−1

due to the presence of additional spectral contributions, while it is a
comparable form, intensity and frequency, i.e. 720 cm−1 and
714 cm−1, in the synthesized TMM-TDM spectrum and in the TMM-
GMM spectrum, respectively to those determined in the single mycolate
spectra.

4. Discussion

4.1. 2800–3500 cm−1 region

By focusing on the 2800–3500 cm−1 range of FT-IR spectra of single
mycolates, we note that the downshift observed going from trehalose
mycolates to the glucose mycolate suggests that the CH2 asymmetric
stretching modes are much slower when the chain is bonded to glucose
than when it is bonded to trehalose, that implies a lower freedom of the
CH2 group out from the mycolate chain plane; on the other hand, the
frequency of the symmetric stretching modes of this group in GMM is
comparable to that observed in TMM and TDM, suggesting that the CH2

stretching vibrations in the chain plane are similar in all the mycolates.
This latter evidence can be linked to the membrane fluidity, since it has
been shown that the CH2 symmetric stretching modes shifts to lower or
higher frequency if membranes become harder (or ordered) or softer (or
disordered), respectively [Yoshida and Koike, 2011; Snyder et al., 1982,
1996; Fidorra et al., 2006), as a consequence of a decrease or increase
of the interaction strength and chain packing. The comparable fre-
quency values of these modes in all the mycolates argue for a com-
parable lipid fluidity and chain packing; however, the bandwidth va-
lues of both the asymmetric and symmetric CH2 stretching modes seems
to point out a slightly higher chain packing in the glucose mycolate
compared to the trehalose ones. This latter conclusion finds a con-
firmation in the comparable values obtained for the CH2 asymmetric
stretching mode frequency in the investigated mycolates and in lipids
transiting by an ordered gel phase to a disordered liquid-crystalline
phase (Tamm and Tatulian, 1997; Cameron et al., 1980; Mendelsohn

Fig. 7. 1215–1800 cm−1 region of FT-IR spectra of TMM, TDM and GMM with
the C]O stretching modes and the CH2 scissoring modes.
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and Mantsch, 1986). In addition, the shift observed comparing the two
TMM-TDM mixture spectra can be interpreted as the result of the pre-
sence of the –CO-NH-peptide modes in the extracted TMM-TDM mix-
ture, as more clearly pointed out in the 1215–1800 cm−1 region
(Fig. 13).

In line with the results showing that a shift to higher frequency is
revealed in the conformational disordering of an all-trans poly-
methylene chain in dimyristoylphosphatidylserine dispersed in a D2O-
based aqueous buffer (Lewis and McElhaney, 2013), with a consequent
hydrocarbon chain conformational disorder increase associated to a
gauche rotamer formation and all-trans rotamer number decrease
(Snyder, 1967), we can conclude that TMM and TDM are characterized
by the presence of gauche rotamers, while the two rotamer forms, i.e.
trans and gauche, coexist in GMM, such difference also influencing the
fluidity degree (Liu et al., 1996; Minnikin and Goodfellow, 1980;
Brennan, 1989). This conclusion implies that chains in trehalose my-
colates are as packed as in liquid crystalline phase of more extensively
investigated lipids (Yoshida and Koike, 2011), while they are slightly

more tightly packed in glucose mycolate. This evidence is interesting,
since membranes are usually found in gel phase at temperature values
lower than the melting temperature (Yoshida and Koike, 2011),
therefore trehalose mycolates show an intrinsically liquid crystalline-
like nature.

Another inference can be carried out about localization of trehalose
mycolates in the mycomembrane, since disordered phases usually
characterize membrane regions of high curvature (Baumgart and Webb,
2003), therefore the disordered character of trehalose mycolates sug-
gests that they can be concentrated in high curvature mycomembrane
areas.

By analyzing the FT-IR spectra of mycolate mixtures, the downshift
above observed for the CH2 asymmetric stretching mode peaks com-
paring single trehalose mycolates and glucose mycolate is still main-
tained when these mycolates are mixed. In addition, the chain packing
of the synthesized TMM-TDM mixture is lower than the extracted one,
the TMM-GMM mixture showing the highest one. On the other hand, by
comparing the bandwidth values of both the CH2 asymmetric and

Fig. 8. 400–1215 cm−1 region of FT-IR spectra of TMM, TDM and GMM with the C–O asymmetric and symmetric stretching modes, the CeC stretching modes and
the C–H rocking modes.
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symmetric stretching modes of single trehalose mycolate and trehalose
mycolate mixture FT-IR spectra, it emerges that the chain packing is
higher in the mixtures than in the single mycolates, while the chain
packing imposed by GMM is still maintained when it interacts with
TMM.

The evidences emerging from the analysis of the CH3 asymmetric
and symmetric stretching modes in single mycolates and mycolate
mixtures imply that the stretching modes of this functional group are
independent on their number, if one takes into account that in TDM the
CH3 groups are twice than in the monomycolates. It is furthermore
possible to conclude that trehalose and glucose show a comparable
capability to affect the CH3 vibrational dynamics.

The difference between the 3000–3500 cm−1 region of trehalose
and glucose mycolates, shown in Fig. 6b, perfectly reflects the differ-
ence observed between the trehalose and the glucose FT-IR spectra in
the same regions (Marquez et al., 2018; Wells and Atalla, 1990). An
inspection of Fig. 10b this spectral region of the mycolate mixtures
confirms the strong influence of TDM on the synthesized TMM-TDM
mixture and on the extracted TMM-TDM mixture, this latter showing a
deformation due to the presence of proteins (that is shown in Fig. 13
and will be discussed in the following); the glucose and then GMM
features are evident in this spectral region even in the TMM-GMM
spectrum.

The effect of the lipophilic environment due to carbon chain can be
estimated by the determination of the ratios between the intensities of
CH3 and CH2 symmetric modes, between the intensities of the CH2

symmetric modes and the Amide I mode and between the intensities of
the CH2 symmetric modes and the Amide II mode (Grdadolnik 2002;
Jiang et al., 2004; Gautier et al., 2013; Lewis and McElhaney, 2013).
The CH3/CH2 symmetric mode ratio has the values of 0.37, 0.32 and
0.24 (standard deviation:± 0.02) for TMM, TDM and GMM and the
values of 0.38, 0.34 and 0.29 (standard deviation:± 0.02) for the ex-
tracted TMM-TDM mixture, the synthesized TMM-TDM mixture and the
TMM-GMMmixture. Since this ratio is a measure of the chain order, the
decreasing value in the two investigated classes of systems suggests that
the chain order decreases following the TMM-TDM-GMM sequence and
the extracted TMM-TDM-synthesized TMM-TDM-TMM-GMM; interest-
ingly, the chain order of the mycolate mixtures is increased compared
to the single mycolates.

4.2. 1215–1800 cm−1 region

In the 1215–1800 cm−1 region of the TMM and GMM FT-IR spectra,
the high frequency band has a vibrational behavior revealing: i) a
higher intensity in respect to the low frequency spectral contribution in
the GMM spectrum, allowing to conclude that the C]O stretching
modes are influenced to the presence of glucose; ii) a higher bandwidth
for TDM than for TMM, reflecting the higher number of C]O groups in
TDM; iii) the presence of a very narrow peak in the GMM spectrum,
emphasizing the more ordered structure imposed by glucose; iv) a
slightly lower frequency of the C]O stretching modes in GMM in re-
spect to TMM and especially to TDM, suggesting that these modes are
slightly more prevented in the glucose mycolate than in the other ones
and hence that they are affected by the glucose presence; v) a higher
frequency of the C]O stretching modes in TDM in respect to TMM and
GMM and a higher bandwidth in the TDM spectrum as compared to the
TMM and GMM spectra, confirming that the double chain of this my-
colate and the hydrogen bonded network in TDM strongly affect the C]
O vibrations.

By the analysis of the low frequency contribution in this FT-IR
spectral region, a more featured profile characterized by the presence of
a series of peaks in the TDM spectrum, which are not detected in the
other mycolate spectra, is highlighted. This can be the signature of the
more ordered nature of TDM. This conclusion is coherent with litera-
ture FT-IR data on lipid ordered phases showing in this spectral range a
series of peaks reflecting the progression of the CH2 wagging and

Fig. 9. FT-IR spectra (500–3500 cm−1) of chemically synthesized and extracts
from Corynebacteria TMM/TDM and chemically synthesized TMM/GMM.
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twisting modes, which are not observed in phases characterized by a
higher chain conformational disorder (Chia and Mendelsohn, 1992;
Snyder et al., 1996).

In line with these findings, since the most relevant peak of the CH2

scissoring mode contribution is shifted to higher frequency values in the
GMM FT-IR spectrum, we can conclude that the presence of trehalose
has the effect to induce a higher order to TMM.

In this FT-IR spectral range of the mycolate mixtures, it is possible to
point out very interesting features. The similarity between the TMM-
TDM spectral profiles and the TDM one suggests that the vibrational
features present in this spectral region are triggered by TDM, whose
vibrational behavior is particularly recognizable in the synthetized
TMM-TDM spectrum. In the lower frequency range of this spectral re-
gion the peaks found in the TDM spectrum are present in the mixtures,
pointing out that the double chain vibrational behavior is predominant
in respect to the other contributions.

The splitting of the C]O stretching mode peak is a signature of the
effect of both the TMM-TDM interaction, the TDM hydrogen-bonded
network and the presence of the protein(s), which is discussed in more

detail in the following. More specifically, since the C]O stretching
band is splitted in two components in bilayers of hydrated mixed chain
phosphatidylserines (Bach and Miller, 2001), it is possible to conclude
that the extracted TMM-TDM mixture has a behavior comparable to
hydrated lipids in respect to the other mycolate mixtures.

The frequency values obtained for the C]O stretching modes are
comparable for all the investigated mixtures, while the CH2 scissoring
modes point out an upshift for GMM, where the contributions related to
the CH3 symmetric bending modes are absent; the CH2 wagging and
twisting modes are much faster in the TMM-GMM spectrum.
Furthermore, the comparison with the TMM, TDM and GMM FT-IR
spectra allows to conclude that their frequency values are maintained in
the mixtures even after the interaction between the single mycolates.

An intriguing evidence is pointed out in the higher frequency range
of this region of the extracted TMM-TDM FT-IR spectrum pointed out
also by the difference spectrum shown in Fig. 13: it is very similar to the
TDM one except for the two peaks found at 1655 cm−1 and 1548 cm−1,
which are a clear signature of the presence of a (or more) membrane
protein(s), since these frequency values correspond to the amide I and

Fig. 10. 2800–3500 cm−1 region of FT-IR spectra of synthesized and extracted TMM/TDM and TMM/GMM with the CH2 asymmetric and symmetric stretching
modes and the CH3 asymmetric and symmetric stretching. In the TMM/GMM spectrum in b) the deconvolution result is shown.
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to amide II contributions, respectively, of an α-helical conformation.
The value obtained for the α-helical amide I bandwidth is 17 cm−1,
which is usually associated to a very stable protein conformation

characterized by an α helix-coil transition free energy of more than
300 cal/mole (Chirgadze and Nevskaya, 1976). In addition, the pre-
sence of the peak reflecting the protein amide III contribution, as shown
in Fig. 13, can be found in the 1230-1300 cm−1, that overlap with the
CH2 wagging band progression modes (Tamm and Tatulian, 1997;
Wallach, 1972). In the case of the extracted TMM-TDM mixture, the
ratio between the CH2 symmetric modes and the Amide I mode and
between the intensities of the CH2 symmetric modes and the Amide II
mode can be also evaluated, providing the values of 0.85 and 1.66
(standard deviation:± 0.05), respectively (Grdadolnik 2002; Jiang
et al., 2004; Gautier et al., 2013; Lewis and McElhaney, 2013).

By comparing the extracted and synthesized TMM-TDM spectra, it
emerges that this (or these) protein(s) could contribute to the lower
rigidity of the extracted mycolate mixture, in line with literature data
showing that topologically smooth hydrophobic model transmembrane
model peptides and surface binding proteins can increase or decrease,
respectively, the conformational order in phospholipid bilayers (Lewis
and McElhaney 1998; Tamm and Tatulian, 1997).

4.3. 400–1215 cm−1 region

A detailed inspection of the 400–1215 cm−1 region of the single
mycolate spectra highlights a quite similar profile for TMM and TDM,
which is characterized by the CeC stretching mode peak, this spectral
feature being more marked and strongly shifted to high frequency in the
GMM spectrum; in addition, the large band in the GMM spectrum is less
structured than in the other mycolate spectra. These evidences suggest
that the CeC and C–O stretching modes are faster in GMM and allow to
get a confirmation about the ordering role of the chain by trehalose,
while the band related to the CH2 rocking modes confirm the in-
formation about the chain length.

In addition, the spectral analysis of the 400–1215 cm−1 region as-
signs to the CeC stretching modes of TMM and TDM a gauche con-
formation, whereas these modes in GMM are found in a random ar-
rangement (Wu et al., 2011); as a general conclusion, all the mycolates
show a disordered fluid-like nature, since the ordered trans conforma-
tions as found in solid lipid phase (Wu et al., 2011) are characterized by
a lower vibrational frequency. This evidence is also confirmed by lit-
erature findings highlighting that gel-state polymorphism can occur
quite often in pure synthesized lipids and very rarely in extracted lipids
(Lewis and McElhaney, 2013).

The comparison among the FT-IR 400–1215 cm−1 region of ex-
tracted and synthesized TMM-TDM and TMM-GMM points out a more
smoothed profile for this latter mixture. In this region, some spectral
contributions in the 600–700 cm−1 range of the extracted TMM-TDM
spectrum can be attributed to the NeH bending modes (amide IV and
amide V) of the protein(s) (Wallach, 1972), as shown in Fig. 13. Again,
the strong similarity between the extracted TMM-TDM and TDM is
reflected not only in the spectral profile, but also in the frequency va-
lues of the relevant peaks, which are maintained in all the mixture
spectra. It is relevant to point out that the circumstance that the mycolic
acids obtained by C. glutamicum contain mycolic acids of different chain
length, i.e. mainly C32:0, C26:0, C24:0, C34:1, C35:0 (Yang et al., 2012;
Lanéelle et al., 2013), has no effect on the vibrational features of the FT-
IR spectra, likely due to the predominant amount of mycolic acids with
the same (or a comparable) chain length than the synthesized myco-
lates.

The spectral range points out also a clear evidence about the CeC
stretching modes, whose frequencies suggest that a gauche conforma-
tion is adopted by the CeC groups in the trehalose mycolate mixtures,
while a random conformation is highlighted in the TMM-GMM spec-
trum.

The comparison between the very low frequency regions of the
single mycolate and mycolate mixture FT-IR spectra, shown in Fig. 8b
and Fig. 12b, highlight a comparable frequency for the significant peaks
characterizing the fingerprint region of trehalose and glucose.

Fig. 11. 1215–1800 cm−1 region of FT-IR spectra of FT-IR spectra of synthe-
sized and extracted TMM/TDM and TMM/GMM with the C]O stretching
modes and the CH2 scissoring modes.
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5. Biological implications

Although membrane fluidity has not the same meaning in all the
scientific domains (Espinosa et al., 2011; Edidin, 1974), there are many
different methods and techniques to determine the membrane fluidity
and its changes, such as electron spin resonance and fluorescence
probes (Cannon et al., 2003), NMR measurement (Rubenstein et al.,
1979); oscillatory rheology (Espinosa et al., 2011), and infrared spec-
troscopy (Yoshida and Koike, 2011; Snyder et al., 1996), this latter
providing information about the fluidity changes and on the chain
packing extent particularly by the CH2 stretching mode vibrational
behavior (Yoshida and Koike, 2011).

In addition, the phase transition temperature is related to the chain
length and hence mycobacteria are characterized by high transition
temperature, low fluidity and low permeability (Liu et al., 1996). Our
data provide a confirmation and a molecular explanation for the
fluidity of Corynebacterium membrane, pointing out that significant
differences exist in conformations adopted by the different mycolates

independently on chain length: these conformational features are
strictly linked to fluidity, which is comparable but not the same for the
different mycolates and their mixtures. This means that fluidity is not
only a direct consequence of mycolate chain length, but it is strongly
affected by the mycolate conformational behavior. Furthermore, al-
though the chain length can be the same, the interaction between
mycolates differing by their polar moiety can affect the fluidity of
mycomembrane, determining the different permeability degree. These
results contribute to understand the reason why the lipids of Cor-
ynebacteriales are specifically derived by from trehalose, that is a unique
case among the living beings.

It is known that TDM revealed itself to have relevant granulomatous
inflammatory action with a toxicity difference between the
Corynebacterial strains, the highest level of toxicity being detected in
mycobacteria (Ueda et al., 2001; Bekierkunst, 1968; Hamasaki et al.,
2000).

However, TDM cannot be considered as a virulence factor (Bloch,
1950; Noll et al., 1956; Lederer, 1984; Lee et al., 1996; Brennan and

Fig. 12. 400–1215 cm−1 region of FT-IR spectra of synthesized and extracted TMM/TDM and TMM/GMMwith the C–O asymmetric and symmetric stretching modes,
the CeC stretching modes and the C–H rocking modes.
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Nikaido, 1995), since its presence (or a slightly variant form) in Cor-
ynebacterium, Rhodococcus and Nocardia points out that this is not as-
sociated to virulence. Since the granulomatous inflammatory action has
been associated to mycoloyl moiety characterized by long chains, while
the carbohydrate moiety, i.e. trehalose or glucose, is supposed to be
responsible for the biological activities against the host (Ueda et al.,
2001; Yano et al., 1988), our data point out that trehalose is able to
trigger the mycolate biological functions and to affect the chain order
and packing, with a probable consequence on toxicity and inflamma-
tion action.

It has been shown that hydrophobicity (Fujita et al., 2005; Dubnau
et al., 2000; Ueda et al., 2001; Barry et al., 1998), carbon chain length
and structure of mycolic acids of TDM (Gotoh et al., 1991; Liu et al.,
1996) are strictly related to the virulence. It has been also pointed out
(Kato, 1970) that TMM and TDM exert the same action on host-cell
mitochondria, with a reducing damaging effect by TMM as compared to
TDM. These evidences can find a molecular explanation by our findings
highlighting a very similar vibrational behavior of TMM and TDM to-
gether with a higher rigidity for TDM with respect to TMM. It is
therefore reasonable to suppose that the toxicity and virulence levels
are strongly affected by the specific mycolate interactions and con-
formational arrangements. In addition, this latter evidence allows to
conclude that the mycolate mixture is not a biphasic mixture, which can
occur in multicomponent membranes where the leaflet interaction can
induce a demixing effect making the lipid bilayer composed by two
monophasic monolayers (Ziblat et al., 2010), with the result that the
mixture properties, and then the membrane properties, does not reflect
the monolayer ones. In our case, there is no phase separation and
therefore we can hypothesize that the strong correlation between the
single mycolates composing the mixture deeply influence the overall
mycomembrane behavior. It is reasonable to suppose that this cap-
ability of mycolates is responsible for the optimization of the chain
packing and order essential to maintain the membrane functional
properties (Feigenson, 2007).

Using an experimental model in which an immobile hydrophobic
layer supports a TDM-rich, two-dimensionally fluid leaflet, Harland and
co-workers (Harland et al., 2008) aimed to determine the capability of
TDM to confer dehydration resistance to the membranes. Their results
emphasize the fundamental role of TDM connectivity in membrane
preservation, adding that the hydrophobic chains can contribute. Our
work demonstrates that the chain order and packing are crucial in
determining the TDM behavior and hence the TMM-TDM mixture found
in mycomembrane, providing useful details on the specific behavior of
each functional group both in trehalose and in the chain, on the in-
teractions occurring between the chains and on the extent of the

influence of trehalose on the chain.
Finally, our data highlight interesting similarities and differences

between the extracted and synthesized TMM-TDM mixtures. The
common spectral features found in the two TMM-TDM spectra provide
a confirmation about the validity and usefulness of the synthetic model;
furthermore, they point out that the extracted lipids are represented by
TMM and TDM, as reported by Marchand et al. (Marchand et al., 2012).
On the other hand, the presence of α-helix protein(s) in the extracted
TMM-TDM mixture is revealed, suggesting that the detected protein(s)
in the extracted mycolates could affect the mycolate arrangement
through the torsion of the glycosydic bond and hence influence the
membrane rigidity, in line with the results showing that a conforma-
tional selection occurs in lectin-carbohydrate complexes as a result of
the preference of the primary binding site for the non-reducing end in
the case of α bond, with a torsional effect induced by the disaccharide-
lectin interaction which is more relevant in the regions involved in such
interaction (Sharma and Vijayan, 2011).

6. Conclusions

The overall conclusion of the present investigation is that mycolates
arrange themselves in the mycomembrane in a specific way allowing to
create an environment where all the components of this complex in-
terface, i.e. the mycomembrane, can find their own arrangements
where their dynamics can be suitable to their biological functions. The
driver of this mycolate arrangement is TDM, whose structural and dy-
namical properties strongly affect fluidity, rigidity and permeability of
the mycomembrane. Furthermore a strong coupling in the mycolate
behavior has been demonstrated by the present findings, providing
useful details on the underlying molecular mechanisms on mycolate
interaction. In the light of these results, our data can contribute to
answer to the fundamental question about the “subtle interplay of in-
teractions between the different lipids that endows such a unique me-
chanical behavior of biological membranes” (Espinosa et al., 2011;
Marguet et al., 2006).

FT-IR measurements have been performed on bacterial cells in order
to provide an identification of different strains by the investigation of
five main spectral regions, which has been used for food characteriza-
tion and for creating bacterial databases (Davis and Mauer, 2010;
Naumann et al., 1991; Naumann, 2000; Oberreuter et al., 2002; Filipa
et al., 2004; Jiang et al., 2004). The qualitative comparison between the
existing spectra of bacterial cells and our data on mycolates extracted
from the corynebacterial mycomembrane opens the way for different
conclusions: i) the five regions that are usually characterized for the
bacterial investigations (Davis and Mauer, 2010; Naumann et al., 1991;
Naumann, 2000; Oberreuter et al., 2002) show vibrational features
which are analogous to those observed in our extracted TMM-TDM
spectrum, so allowing to conclude that mycolates and carbohydrates
play a key role strongly affecting the whole membrane and bacterial
behavior; ii) although a series of isolation and extraction procedures
have been applied to obtain the mycolate mixture, the similarity of the
bacterial and mycolate mixture spectra and especially the presence of
all the significant peaks related to the vibrational modes, whose char-
acterization allows the bacterial identification, represent a validity
proof of our approach; iii) the presence of protein traces in our FT-IR
mycolate mixture spectrum revealed itself a great advantage, since in
the bacterial IR spectra the amide I and amide II contributions often
predominate (Davis and Mauer, 2010; Filipa et al. 2004) on another
relevant vibrational contribution, i.e. the 1720 cm−1 peak, so pre-
venting a detailed study of the C]O stretching modes, which provide
useful information.

The present work is to be collocated in the framework of a sys-
tematic study of corynebacteria by spectroscopic techniques, which
provide access to different space and time scales. Moving from simple to
complex, the systematic analysis of the FT-IR spectra of each single pure
system composing the mycomembrane will allow to clarify how such

Fig. 13. Difference spectrum obtained by subtracting the synthesized TMM/
TDM spectrum from the extracted TMM/TDM spectrum with the protein
spectral contributions.
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interaction modifies its original structural and dynamical properties.
Due to the power and versatility shown by FT-IR methods, we will
apply these techniques to investigate mycolate systems of increasing
complexity, including progressively into the mycolate mixtures other
membrane components (phospholipids, proteins (in the proper ratio),
…), in order to selectively understand the role of each of them in de-
termining the mycomembrane properties by their mutual interactions.

The final goal will be the study of the bacterial envelope and then of
the whole bacterium in order to perform a detailed comparison with
monoderm or diderm bacterial spectra and to identify spectra corre-
sponding to the signature of the mycomembrane of Corynebacteriales
as compared to the cytoplasmic membrane or the LipoPolySaccharide-
containing outer membrane of Gram negative bacteria.

Since our innovative approach allows, as we show in the present
paper, to relate the observed vibrational features to the fluidity, rigidity
and permeability properties of the whole system, it will lead to a new
characterization of corynebacteria and mycobacteria in strong relation
with the tuberculosis treatment research.
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