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ABSTRACT: The antibiotic glycopeptide class, of which
vancomycin is the original compound, has received due attention
over the past few decades in search of antibiotics to overcome
resistances developed by bacteria. Crucial for the understanding
and further development of glycopeptides that possess desired
antibacterial effects is the determination of their conformational
behavior, as this sheds light on the mechanism of action of the
compound. Among others, vibrational optical activity (VOA)
techniques (vibrational circular dichroism and Raman optical
activity) can be deployed for this, but the question remains to what
extent these spectroscopic techniques can provide information
concerning the molecular class under investigation. This
contribution takes the last hurdle in the search for the capabilities of the VOA techniques in the conformational analysis of the
antibiotic glycopeptide class by extending research that was previously conducted for vancomycin toward its three derivatives:
oritavancin, dalbavancin, and teicoplanin. The principal information that can be drawn from VOA spectra is the conformation of the
rigid cyclic parts of the glycopeptides and the aromatic rings that are part hereof. The addition or removal of carbohydrates does not
induce noticeable VOA spectral responses, preventing the determination of the conformation they adopt.

■ INTRODUCTION
Vancomycin is an antibiotic glycopeptide and was isolated for
the first time in 1956 from Streptomyces orientalis.1 As
vancomycin has been around for quite a while now, its
mechanism of action has been extensively studied, which
involves the determination of the compound’s conformational
behavior and in what molecular interactions it engages with the
biological target. By means of X-ray diffraction (XRD) and
NMR, vancomycin was determined to enclose the D-Ala-D-Ala
peptide sequence of the bacterial cell wall precursor lipid II,
hampering the construction of the cell wall.2−5

As is the case for any antibiotic agent, resistance mechanisms
develop sooner or later. Presently, resistance toward existing
antibiotics is accumulating, risking becoming an increasing
global threat during the upcoming decades.6 The first
vancomycin-resistant bacterial stains surfaced by 1986.7

Nevertheless, resistance that has been developed so far can
be circumvented by switching to the derivatives of vancomycin.
By altering the chemical structure, different interactions with
the biological target are unlocked, oftentimes accompanied by
changes in the overall conformation of the drug compound.
Thus, the pharmaceutical activity can be re-enhanced by
increased interaction with the biological target and/or by
(additional) different mechanisms of action that come into
play. Plenty of efforts are therefore made in the synthesis and

activity testing of novel antibiotic glycopeptides.8−19 When
promising alternatives are discovered, it is of great value to
eventually comprehend how this new compound acts,
conformation- and interaction-wise, as this provides us with
the necessary luggage to face ever-changing nature.
Besides methods such as XRD and NMR, which are

routinely used for determining the conformation and
interaction of systems, IR- and Raman-based techniques can
aid in this puzzle. Especially the vibrational optical activity
(VOA) techniques, which are based on the differential Raman
scattering (Raman optical activity, ROA) or IR absorption
(vibrational circular dichroism, VCD) of left and right circular
polarized photons by chiral systems, are useful due to their
sensitivity toward the conformational behavior of the
compound. The prime example hereof is the identification of
the secondary structure of proteins based on ROA marker
bands.20−22 The possibility to calculate VOA intensities and
the increasing computational power has boosted the utility of
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VOA spectroscopy, as now the spectral intensities could be
directly related to the conformational behavior of the studied
compounds.23 Only recently were calculations doable for a
compound like vancomycin. We, thereupon, reported the
conformational behavior and the interaction of vancomycin
with lipid II examined by means of VOA spectroscopy.24−26

Various conclusions were drawn during these studies regarding
the conformational information that could be extracted from
the VOA spectra for vancomycin.
In this contribution, we extend the investigation toward

several derivatives so as to gain a deeper insight into what the
VOA techniques can or cannot tell us about glycopeptide
antibiotics. Three derivatives�oritavancin, dalbavancin, and
teicoplanin�were selected as subjects of this study (see Figure
1) based on findings for vancomycin: the domination of the
aromatic part in the VOA intensities and the invisibility of the
carbohydrate entities.24,25 Oritavancin and dalbavancin are
registered as treatment drugs against skin infections since
2014, whereas teicoplanin was approved in 1988 in Europe as a
treatment against, among others, bone and soft tissue
infections.27,28 All of the derivatives consist of additional

aromatics systems: oritavancin contains a flexible chlorobiphe-
nylmethyl group attached to the 4-epi-vancosamine carbohy-
drate, while dalbavancin and teicoplanin possess two additional
aromatic rings that constitute an additional cycle between the
first and third amino acids in the peptidic backbone.
Oritavancin has an additional aminated sugar attached to the
sixth amino acid. Dalbavancin and teicoplanin lack the
vancosamine group but have, respectively, one and two
carbohydrate groups attached elsewhere. They are actually
called lipoglycopeptides, as they contain additional lipophilic
side chains, altering the pharmacokinetic and/or pharmacody-
namic profile.27

Nowadays, the trend in chiroptical spectroscopy is to
concentrate on computational work and the analysis thereof.
The strength of simulated spectra for the interpretation of
experiments is exemplified by our previous work on
vancomycin.24,25 The approach here, during the chiroptical
analysis, extends to the derivatives of vancomycin; however,
the computational discussion is limited to a minimum. The
aim of this contribution is not to completely unravel each of
the derivative’s spectra and extract the conformational

Figure 1. Chemical structures of the antibiotic glycopeptides vancomycin, oritavancin, dalbavancin, and teicoplanin. The molecular parts that set
the derivatives structurally apart from vancomycin are indicated in green. The part that is common among all of the compounds is indicated in red
color in the drawing of vancomycin.
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ensemble but rather to attempt to understand why certain
spectral effects are observed upon chemical modification of
vancomycin.

■ METHODOLOGY
Experimental Recordings. Vancomycin (Ambeed), or-

itavancin (Sigma-Aldrich), dalbavancin (Selleckchem), and
teicoplanin (Selleckchem) were purchased from commercial
vendors and used without further purification. All solution
concentrations were 30 mg mL−1, resulting in an IR
absorbance maximum of around 0.6−0.9 absorbance units.
This concentration is also adequate for recording high-quality
Raman and ROA measurements. The measurements happened
at room temperature.
The Raman and ROA measurements were performed in an

acetate buffer with a pH of 3.6, required for the solvation of the
(lipo)glycopeptides in aqueous solution. A ChiralRAMAN-2X
scattered circular polarization (SCP) ROA instrument
(Biotools, Inc.) was used for the Raman and ROA recordings.
The resolution of this instrument was 7 cm−1. The laser
excitation wavelength was 532 nm and the power at the source
varied around 800 mW. The total measurement time was 48 h
with a single scan illumination time of 2.2 s. The final Raman
spectra were obtained after solvent subtraction and Boelens et
al. baseline correction.29 Post-processing the ROA spectrum

involved smoothing with a third-order nine-point Savitsky-
Golay filter.
DMSO-d6 was the solvent during the IR and VCD

measurements of the four compounds. The switch to this
solvent system with respect to the Raman and ROA
measurement samples was valid, as the conformation of the
glycopeptides was not influenced.25 This was confirmed by the
absence of spectral changes in the experimental Raman and
ROA spectra for vancomycin and oritavancin when the solvent
was altered (see Figure S1 in the Supporting Information).
Teicoplanin did not dissolve to a sufficient degree in the
acetate buffer to obtain high-quality spectra with a required
signal-to-noise ratio. DMSO-d6 Raman and ROA recordings of
dalbavancin and teicoplanin were attempted but were not
successful due to too strong fluorescence effects swamping the
Raman and ROA signals. A Bruker Invenio FT-IR
spectrometer equipped with a PMA 50 unit with a resolution
of 4 cm−1 was used for the recordings. The sample cell had a
path length of 200 μm and BaF2 windows. The total recording
times for the IR and VCD spectra were 320 scans (∼5 min of
acquisition time) and 24 blocks of 3840 scans (∼1 day of total
acquisition time), respectively. Solvent subtraction was
performed on the sample IR and VCD spectra with solvent
measurements under identical conditions.
Computational Details. The three-dimensional (3D)

structure and the corresponding VOA spectra of vancomycin

Figure 2. Experimental (black) and calculated (blue) Raman (left) and Raman optical activity (right) spectra of vancomycin, oritavancin, and
dalbavancin in aqueous solution. A horizontal scaling factor of 0.987 was applied for the calculated spectra. Spectra for teicoplanin are not reported,
as an adequate recording was impossible. The blue dashed lines indicate the borders of the spectral regions that are being discussed separately. As
the IR and VCD (see Figure 3) are recorded in DMSO-d6, only a spectral range down to ∼1150 cm−1 is available. In aqueous solution, a larger
spectral region is available to prevent confusion, and as the discussion does not highlight any signals below 1150 cm−1, the spectral region is kept
identical. Figure S3 (Supporting Information) contains the full spectral range of the aqueous solution recordings.
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were adopted from previous work, where the conformation
originated from an NMR study and was optimized at a density
functional theory (DFT)-level with B3PW91 as the functional
and 6-31++G(d,p) as the basis set.24,25,30 The input structure
for oritavancin was created by modifying vancomycin to
oritavancin using Gaussview version 6,31 starting from the
aforementioned optimized 3D structure of vancomycin. This
ensured that the identical chemical parts’ conformation
remained highly similar for the two glycopeptides. The 3D
structure of teicoplanin was adopted from the 6TOV entry of
the Protein Data Bank (PDB), which was a crystal structure of
teicoplanin aglycon.32 The missing chemical entities were
manually added using Gaussview 6. Dalbavancin’s core
structure was identical to that of teicoplanin, and the 3D
structure of teicoplanin was modified to form dalbavancin. All
of the obtained structures were first geometrically optimized
using the DFT method in two steps: the first optimization was
performed at the B3PW91/6-31G(d,p) level of theory
followed by the second optimization at the B3PW91/6-31+
+G(d,p) level of theory. All of the DFT-level calculations were
performed using Gaussian 16, revision A.03.33 The geometries
were checked to be at a minimum of the potential energy
surface by calculating the Hessian at the according level of
theory. When so, spectral calculations were performed by
calculating the Hessian, Raman, and ROA tensors and the
dipole and rotational strength. A scaling factor of 0.987 was
applied to the obtained frequencies, which is the routine for
correcting overestimations introduced by the harmonic
approximation and the usage of a finite basis set.34 To convert

the calculated line spectra into line-broadened spectra, the
Raman and ROA intensities were first temperature-corrected
(298 K) and line-broadened thereafter using a Lorentzian line
broadening with a full width at half-maximum (FWHM) of 20
cm−1. The line broadening of the IR and VCD spectra also
involved Lorentzian line broadening, albeit with an FWHM of
10 cm−1. The solvent was implicitly taken into account during
all of the DFT calculations using the integral equation
formalism model (IEFPCM) as implemented in Gaussian 16.
The overlap integral (Sfg) was used as a quantitative measure
throughout the spectral analysis, calculated as indicated in
Section S4 (Supporting Information).

■ RESULTS
It was found that when the calculated Raman and ROA spectra
were compared with experimental ones, the geometry behind
the calculations represented well the actual conformation
vancomycin adopted.24 When the calculated Raman and ROA
spectra of vancomycin, oritavancin, and dalbavancin, shown in
Figure 2 (1150−1800 cm−1) and Figure S3 (Supporting
Information; 500−1800 cm−1), are inspected, a good visual
match is found with the corresponding experimental record-
ings for vancomycin and dalbavancin. This is confirmed by an
overlap integral, calculated over the spectral region of 500−
1800 cm−1, close to 0.8 and 0.5 for the Raman and ROA
spectra, respectively, values that are considered adequate for
this molecular class.24,25 The calculated ROA spectrum of
oritavancin deviates stronger from the experiment (Sfg = 0.18).
The conformation of the molecular scaffold of oritavancin,

Figure 3. Experimental IR (left) and vibrational circular dichroism (right) spectra of vancomycin, oritavancin, dalbavancin, and teicoplanin in
DMSO-d6. The blue dashed lines indicate the borders of the spectral regions that are being discussed separately. The noise levels of the VCD
spectra are negligible.
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however, will not differ significantly from that of vancomycin.
Correcting the ROA calculation or unraveling the reason for
the stronger deviation is, however, beyond the scope of this
contribution, as the overall scope is not to determine the
precise conformational ensemble of the derivative compounds.
In contrast, the calculated IR and VCD spectra are far from

comparable to the experiments (see Figures 3 and S2 in the
Supporting Information); a problem we stumbled upon earlier
that cannot be overcome.25 The IR and VCD calculations will
therefore play no further role in this article.
In what follows, all of the experimental spectra will be

addressed simultaneously, according to certain spectral
regions: above 1630 cm−1, between 1570 and 1630 cm−1,
and below 1570 cm−1. Note that the spectral range for the
aqueous solution recordings is truncated to match the available
spectral range of the DMSO-d6 recordings, as only signals will
be highlighted and discussed in this truncated spectral region.
The full spectral region of recordings in aqueous solution can
be consulted in Figure S3 (Supporting Information). Finally,
the spectra are qualitatively discussed and supported by the
quantitative overlap integral measure. The values for all of the
overlap integrals are reported in Section S4 in the Supporting
Information and are reiterated here where necessary.
Amide I Region: >1630 cm−1. Our analysis begins at the

amide I spectral region (above ∼1630 cm−1), where signals
arise from the carbonyl stretch vibrations. Weak Raman and
ROA intensities are observed in this region (see Figure 2),
from which no actual structural information can be extracted
for the (lipo)glycopeptides.
In contrast, the IR and VCD amide I bands exhibit strong

intensities (see Figure 3). All of the IR amide I bands can be
described in terms of the three peak positions, most easily
observed for oritavancin: ∼1650, ∼1665, and ∼1689 cm−1. For
vancomycin, two maxima are present, with almost identical IR
intensity, around 1665 and 1689 cm−1. Weak shoulders can be
observed below 1665 cm−1. Next, oritavancin exhibits a lower
relative intensity at ∼1665 cm−1, and three peaks appear. The
amide I region for dalbavancin and teicoplanin is identical (Sfg
= 1.00; Table S8), with a band centered around 1665 cm−1

with shoulders on both sides. The same categorization can be
made based on the VCD amide I patterns (see Figure 3). The
amide I region for vancomycin is entirely positive, with two
maxima around 1664 and 1688 cm−1, whereas the VCD of
oritavancin follows a +/−/+/+ pattern. A +/−/+ VCD pattern
is observed for dalbavancin and teicoplanin around 1675 cm−1.
Even though the general VCD trends for vancomycin and
oritavancin are similar, the band shape is different, as was the
case for the IR spectra. The spectral split-up of dalbavancin
and teicoplanin with respect to the other two compounds is
attributable to on the one hand the amount of carbonyl
moieties (nine with respect to seven) and on the other hand
the nature of the vibrational modes being influenced by the
presence of additional aromatic rings in the vicinity of the
peptidic backbone, as well as an actual conformational change
in the peptidic backbone due to the presence of the additional
aromatic rings (see geometries Sections S5 and S6 in the
Supporting Information). The difference observed between the
amide I of vancomycin and oritavancin is not immediately
explainable. Perhaps the presence of 4-epi-vancosamine on the
sixth amino acid residue influences the nearby carbonyl
vibrations.
Aromatic Region: 1570−1630 cm−1. The next important

region is located between 1570 and 1630 cm−1, containing

aromatic vibrational modes. Strong-intensity Raman and ROA
bands are generally observed for all of the (lipo)glycopeptides.
Especially the Raman band of oritavancin stands out, carrying a
high relative intensity with respect to the remainder of the
spectrum (a zoomed-in version of the Raman spectrum of
oritavancin can be consulted in Figure S4 in the Supporting
Information). This is the result of the presence of two highly
Raman active normal mode vibrations among all of the
aromatic ring vibrational modes, observable in the correspond-
ing calculations, originating from the chlorobiphenylmethyl
entity, unique to oritavancin. The presence of the two intense
chlorobiphenylmethyl normal modes overshadows the other
aromatic ring Raman intensities in that spectral region,
delivering a couplet band rather than a broad Raman band
with shoulders, as is the case for both vancomycin and
dalbavancin. The other aromatic rings (five for vancomycin
and oritavancin and seven for dalbavancin) display Raman
intensities in the order of magnitude of the remainder of the
spectrum. The shape of the ROA bands in the 1570−1630
cm−1 spectral region is similar for all three compounds: a +/−
couplet centered around 1600 cm−1. The fact that there is no
ROA spectral difference is a result of the ROA intensities that
compensate in that spectral region, i.e., positive and negative
overlapping signals arising from the chlorobiphenylmethyl
entity that is conformationally flexible in solution.35 The
opposite effect is observed for dalbavancin, where the addition
of two aromatic rings in a rigid conformation does induce
spectral alterations.
Small IR intensities are observed in the aromatic region, with

two peaks around 1590 and 1610 cm−1 (see Figure 3).
Teicoplanin differs from the three others through the ratio
between these two peaks. At the same wavenumber positions,
two negative VCD bands are present for all of the compounds.
Vancomycin and oritavancin have a similar band shape (Sfg =
0.72; Table S13), whereas dalbavancin and teicoplanin each
exhibit unique VCD intensities (Sfg = 0.01; Table S13).
Differences between the former two compounds with respect
to the two latter ones can be explained by their aromatic ring
content. The distinguishment between dalbavancin and
teicoplanin is not immediately explainable.
Remainder: <1570 cm−1. Lastly, the remainder of the

spectrum holds more complicated, often delocalized, normal
modes. In general, it can be split into the amide II (1480−1570
cm−1) and III regions (1230−1300 cm−1), containing coupled
C−N stretch and N−H bending vibrational modes, the
backbone skeletal stretch region (870−1150 cm−1), and the
region below 800 cm−1 containing mostly delocalized modes,
O−C−N bending modes, out-of-plane N−H bending modes,
out-of-plane C�O bending modes, and C−H in-plane and
out-of-plane bend modes.36 The region below 1570 cm−1 will
be treated entirely at once. Upon inspection of the Raman
spectra in both Figures 2 and S4 (Supporting Information),
unique patterns are displayed by each of the compounds. For
oritavancin, again a very prominent band is present around
1291 cm−1, originating from two high-intensity normal modes
that involve vibrations localized on the chlorobiphenylmethyl
moiety, which are absent in the case of vancomycin and
dalbavancin. The ROA spectra of vancomycin and oritavancin
are highly similar (Sfg = 0.79; Table S15). Dalbavancin displays
a unique ROA pattern (Sfg = 0.44 with respect to vancomycin
and Sfg = 0.34 with respect to oritavancin; Table S15).
Although there are many vibrational modes overlapping in the
spectral region below 1570 cm−1 originating from all chemical
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entities present in the (lipo)glycopeptides, the vibrations from
the aromatic rings tend to dominate the ROA spectrum.24

Here, we see the result of how the aromatic rings, when equal
in amount and conformational constellation, yield comparable
ROA spectra. The conformational flexibility of the chlor-
obiphenylmethyl moiety renders it invisible in the ROA
spectrum, along the expectations.35

Unique features are present in the IR spectra of each of the
compounds under 1570 cm−1 but are much more subtle. More
obvious differences can be observed in the VCD spectra. The
spectra for vancomycin and oritavancin exhibit a +/0/+/−
pattern between 1400 and 1500 cm−1, whereas dalbavancin
and teicoplanin follow a −/+/+/+ pattern. The same
distinction can be made by looking at the pattern around
1200 cm−1. Vancomycin and oritavancin have VCD intensity
close to zero below 1200 cm−1, while the other two
compounds display a strong negative intensity. A common
feature for all of the compounds is a positive band above 1200
cm−1, albeit slightly broader for dalbavancin and teicoplanin.
For vancomycin and oritavancin, in particular, this positive
band is followed by a relatively strong negative VCD intensity.
Based hereon, a classification can be made like before:
vancomycin and oritavancin (Sfg = 0.87; Table S17) versus
dalbavancin and teicoplanin (Sfg = 0.84; Table S17).

■ DISCUSSION
On the ground of all of the abovementioned spectral
observations, we see that the two chiroptical techniques,
ROA and VCD, are capable of classifying vancomycin and
oritavancin in one group, and dalbavancin and teicoplanin in
another. Quantitatively, this is confirmed by overlap integrals
between compounds of the same spectral group to be around
0.80, as opposed to overlap integrals of around 0.40 for
compounds of a different spectral group (Tables S3 and S5).
The spectral intensities are governed by the amount and
precise overall conformation adopted by the shared molecular
tri/tetracyclic system (see red indications in Figure 1; further
referred to as the glycopeptide scaffold), of which the aromatic
systems are part, as found before for vancomycin, further
reinforcing conclusions drawn in previous studies.24−26 In fact,
the ROA and VCD spectra tell us that the common scaffolds of
vancomycin and oritavancin are highly similar, as their
experimental spectra and corresponding calculated spectra
and geometries are similar (see Figure 2 and Sections S4 and
S5 in the Supporting Information). Dalbavancin and
teicoplanin match analogously, albeit with two additional
fixed aromatic rings that are included in the molecular scaffold.
The deviating chiroptical spectra of these two lipoglycopep-
tides are the result of the presence of additional aromatic
systems, as well as the conformational changes that are induced
in the molecular scaffold that all of the four compounds share
between one another (see Sections S4 and S5 in the
Supporting Information). The addition and/or removal of a
carbohydrate entity does not play a major role in the ROA and
VCD intensities, as the spectral pattern of vancomycin barely
differs from that of oritavancin, and that of dalbavancin is very
similar to that of teicoplanin.
The nonchiral spectroscopic techniques�Raman and IR

spectroscopy�do show spectral differences between the
compounds that had similar ROA and VCD spectra. Their
intensities appear to respond foremost to the chemical content
of each compound and respond less to the conformation
adopted. This too was concluded in the past for vancomy-

cin.24,25 The current study hence demonstrates how they are
complementary between the chiral and nonchiral spectroscopic
techniques and that this is not a matter of superiority of one or
the other type of spectroscopy.
Lastly, we believe that the current contribution showcases

that experimental work within a certain molecular class is
absolutely worthwhile. Without any calculation, one discovers
valuable clues as to certain spectrum−structure/conformation
relationships. Previously, the experimental spectra IR and VCD
of vancomycin alone were not interpretable due to the absence
of representative calculations.25 Calculations were still not
possible here, hampering the extraction of direct structure−
spectrum relationships. Nevertheless, the silver lining of the
presented IR and VCD spectra is that having the recordings of
vancomycin and derivatives at our disposal does aid in
understanding the compound(s) structurally and conforma-
tionally, irrespective of the lack of representative calculated
spectra.

■ CONCLUSIONS
In this contribution, a VOA analysis of vancomycin and its
three derivatives�oritavancin, dalbavancin, and teicoplanin�
was performed. By doing so, we find closure in our journey
toward uncovering the added value of VOA techniques for the
conformational analysis of antibiotic glycopeptides. The
principal take-home messages are: (1) glycopeptides contain
certain molecular scaffolds that are highly similar, for which the
conformation is determinable using ROA and VCD to a lesser
extent and purely empirical, (2) the aromatic rings that are
incorporated in the glycopeptide within a rigid conformation
dominate the VOA intensities, and (3) the addition or removal
of carbohydrates and lipid entities barely influences the VOA
spectra, hampering the determination of their conformations.
Thus, vancomycin and oritavancin form one VOA spectral
group, and dalbavancin and teicoplanin form another one.
Altogether, it has become clear in what sense VOA is
applicable during the conformational analysis of the ever-
growing pool of antibiotic glycopeptides. Moreover, although
computations appear to provide us with all of the necessary
information regarding the spectral responses toward con-
formations and chemical structures, we herein demonstrate
that additional experimental work�here through the analysis
of derivatives of a compound�is of pivotal importance for an
even deeper understanding. As such, the present contribution
is a proof-of-concept paper raising the interest for future VOA
measurement of newly discovered or already existing (lipo)-
glycopeptides, for instance eventually creating a spectral
database that can be used for subcategorization. Furthermore,
such a future experimental database study would greatly benefit
from spectral calculations as presented in previous contribu-
tions,24,25 allowing the determination of the conformational
ensemble of each individual (lipo)glycopeptide.
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