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ABSTRACT: A combined computational and infrared multiphoton dissociation
(IRMPD) spectroscopic investigation shows that protonated D-(+)-biotin, formed in
the gas phase by ESI-MS, acquires a folded structure with proton bonding between
the ureido and valeryl carbonyls, and that only a single conformer of such a structure
predominates. A uniform frequency vs distance correlation function is proposed for
the O+−H···O and N−H···O bonds involved in the folded conformers of O2′-
protonated D-(+)-biotin in the gas phase which, therefore, depends exclusively on
the corresponding geometric parameters.

■ INTRODUCTION

D-(+)-Biotin (Figure 1) is a water-soluble vitamin also called
vitamin H or B7. It acts as a coenzyme in a number of
enzymatic processes catalyzing the fixation and transfer of
carbon dioxide.1,2 Reversible D-(+)-biotin carboxylation pro-
ceeds through the selective substitution of the 1′-NH proton by
the carboxylate group.3,4 Detailed NMR studies on the NH
proton exchange rate in D-(+)-biotin pointed out that the
observed selectivity can be ascribed to the deactivation of the
competing 3′-NH center due to intramolecular hydrogen
bonding with the COOH group of the valeryl side chain.5−12

The H−D exchange process is facilitated when temporary
intramolecular proton transfer from the side chain carboxyl
group to the ureido carbonyl group does not sterically interfere
with the access to the NH groups. The 1′-NH group meets this
steric condition, while the 3′-NH one does not.
The ureido ring of D-(+)-biotin plays a crucial role in

biochemistry since it strongly interacts with (strept)avidin to
generate very stable noncovalent complexes suitable for
biochemical sensing applications and for identifying new drug
targets.13,14 Recently, D-(+)-biotin was also used as a cancer-
targeting ligand in most advanced theranostic drug delivery
systems.15 Despite its key role, the structure and conformation
of D-(+)-biotin is still a matter of debate.7−12,16,17 Ab initio
calculations indicate that the valeryl chain of D-(+)-biotin can
adopt, in the isolated state, either the extended or a folded
form.8,10 The same happens in solution in spite of extensive
solvation of all functional groups of the molecule.7,9 In crystal
phase, only the extended structure is formed by virtue of
intermolecular hydrogen bonding between two D-(+)-biotin
molecules.16 Besides, no information is available yet as to the

effects of protonation on the structure and conformation of D-
(+)-biotin.5,18

Gas-phase studies afford an opportunity to investigate the
intrinsic properties of charged species in the “isolated state”,
not perturbed by solvent effects which are exceptionally difficult
to probe experimentally. In the present investigation, the
intrinsic structure and conformation of protonated D-(+)-biotin
is carried out from both the computational and spectroscopic
standpoints. Experimental validation of the computational
results is obtained by generating protonated D-(+)-biotin in a
mass spectrometer (MS) by electrospray ionization (ESI) and
by assessing its structure and conformation by using variable
wavelength IR multiphoton dissociation (IRMPD) spectrosco-
py.19−24

■ MATERIALS AND METHODS

IRMPD Experiments. D-(+)-Biotin was purchased from a
commercial source and used without further purification.
Protonated D-(+)-biotin was generated by ESI of calibrated
solutions of D-(+)-biotin (10−5 M) in pure CH3OH. The ion
was then introduced in a modified Bruker Esquire 6000
quadrupole ion trap and isolated using the standard Bruker
Esquire Control (v6.2) software. ESI conditions used were as
follows: syringe pump rate, 180 μL h−1; spray voltage, 3500 V;
capillary temperature, 250 °C. Mass-selected ions were
irradiated using the MS2 step, where the excitation amplitude
was set to zero to avoid any collision-induced dissociation
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(CID) process. The average of four mass spectra was recorded,
using the 50−300 m/z mass range and the 5500 m/z s−1 scan
rate, the irradiation time being in the range of 200−500 ms in
the FEL region and 2 s in the OPO/OPA one, depending on
the fragmentation efficiency of the process. IR spectroscopy in
the 900−2000 cm−1 wavenumber range was performed using
the CLIO FEL. The light is produced in 8 μs long pulse trains,
the macropulses, of IR laser pulses a few picoseconds in
duration, the micropulses. The repetition rate of the macro-
pulses is 25 Hz while that of the micropulses is 62.5 MHz.
Typical energies reached within one macropulse can be 40−60
mJ: the macropulse energy in the present experiments is ca. 20
mJ.25 The 2800−3800 cm−1 wavenumber range was explored
using an IR optical parametric oscillator/amplifier (OPO/
OPA) system of LaserVision, pumped by a 10 Hz Nd:YAG
laser (Excel Technology Europe GmbH Surelite-II, 650 mJ per
pulse, 8 ns pulse duration). The output energy, measured
between 3400 and 3600 cm−1, is ca. 23 mJ per pulse with a
spectral bandwidth of ca. 5 cm−1. The loss of energy in the
other spectral regions is not more than 14%. The IR-FEL
photon energy was increased at a rate of ca. 2.5 cm−1 s−1, while
that from the OPO/OPA systems was increased at a rate of ca.
0.1 cm−1 s−1. In the IRMPD process, a photon is absorbed
when the laser frequency matches a vibrational mode of the
protonated D-(+)-biotin (m/z 245) and its energy is
subsequently distributed over all vibrational modes of the ion
by intramolecular vibrational redistribution (IVR). The IVR
process allows the energy of each photon to be dissipated
before the ion absorbs another, which leads to promotion of
ion internal energy toward the dissociation threshold via
multiple photon absorption.26 In agreement with CID
experiments, IRMPD fragmentation of protonated D-(+)-biotin

yields the m/z 227 fragment by formal loss of a water molecule.
By recording the intensity of the parent m/z 245 ion (IP) and
that of its m/z 227 fragment (IF), while varying the frequency
of the IR photons, the corresponding IRMPD spectrum is
obtained. The IRMPD fragmentation efficiency is defined as R
= −log[IP/(IP + IF)].

27 Infrared spectra obtained using IRMPD
have been compared to those collected using linear absorption
techniques.28−30

Computational Details. Geometry optimization of the
different isomers of protonated D-(+)-biotin was achieved
without any structural constraint at the B3LYP/6-311++G**
level of theory,31−34 using the 1 MAY 2012 (R1) version of the
general atomic and molecular electronic structure system
(GAMESS) software.35,36 Harmonic vibrational frequencies
were determined at this level to characterize the stationary
points as local minima and to estimate their zero-point
vibrational energy (ZPE) corrections as well as the relevant
298 K enthalpies and free energies. To correct calculated
harmonic frequencies for the inherent vibrational anharmo-
nicity, scaling factors were applied as recommended for the
level of theory employed here, i.e., 0.98 for the frequencies in
the 900−2000 cm−1 range and 0.96 for those in the 2800−3800
cm−1 one.37,38

■ RESULTS AND DISCUSSION
Structure and Relative Stability of D-(+)-Biotin

Protomers. Six different basic centers are present in D-
(+)-biotin, namely, the three oxygens, the two nitrogens, and
the sulfur atom. In principle, six isomeric families of protonated
D-(+)-biotin can be generated, each including the D-(+)-biotin
side chain either in an extended or in a folded arrangement.8,10

In each of the six families, rotation around the five successive
C−C bonds in the valeryl chain would give rise to several
hundreds of conformers. Therefore, to reduce the conceivable
isomers of protonated D-(+)-biotin to a manageable number,
we first analyzed the relative stability of their extended forms as
well as the relevant vibrational frequencies as compared to the
IRMPD spectrum of ESI-formed protonated D-(+)-biotin.
Figure 1 reports the B3LYP/6-311++G**-optimized geo-
metries of protonated D-(+)-biotin in its extended form and
the calculated proton affinity (PA) and gas-phase basicity (GB)
of its basic centers at the same level of theory. As shown in the
figure, the most basic site of the extended form of D-(+)-biotin is
the O2′ atom (structure I). Both N3′ (structure II) and N1′
centers (structure III), as well as the S1 one (structure IV), are
over 10 kcal mol−1 less basic than O2′. Protonation of the
O10b is even less favored (structure V), whereas that at the
O10a center leads to the prompt release of the H2O10a
molecule.
The most significant absorption frequencies of the extended

protomers I−V falling in the 1500−2000 cm−1 range are listed
in Table 1, together with the predominant IRMPD signals of
protonated D-(+)-biotin observed within the same frequency
range (vide inf ra). The same comparison, but extended to the
fingerprint region, is given in Figures S1−S5 of the Supporting
Information section as well. From their comparison it results
that the IRMPD signals are more consistent with the
absorption frequencies of the extended isomer of O2′-
protonated D-(+)-biotin I calculated at the B3LYP/6-311+
+G** level of theory.
This conclusion is further supported by fact that no IRMPD

signals are attributable to the C2′O2′ stretching frequency of
the other protomers II−V (Table 1 and Figures S1−S5 of the

Figure 1. B3LYP/6-311++G**-optimized geometries of protonated D-
(+)-biotin in its extended form with the calculated PA’s and GB’s (kcal
mol−1) of the most basic centers of extended D-(+)-biotin, i.e: O2′
(structure I); N3′ (structure II); N1′ (structure III); S1 (structure
IV); O10b (structure V). Prompt release of the H2O10a molecule is
observed during geometry optimization of the O10a-protonated D-
(+)-biotin.
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Supporting Information) as well as to the calculated absorption
frequencies of their most stable folded isomers (Figures S6−
S10 of the Supporting Information). On these grounds, the
discussion is henceforth focused on the conformational analysis
of ESI-formed O2′-protonated D-(+)-biotin.
Conformation of the O2′-Protonated D-(+)-Biotin.

Figure 2 illustrates the B3LYP/6-311++G**-calculated struc-
ture and stability of the most stable folded conformers of O2′-
protonated D-(+)-biotin relative to the extended form I. The
positive ΔH = HI − HF and ΔG = GI − GF values in Figure 2
indicate that the corresponding folded structures F are more

stable than the extended one I. Side chain folding in
conformers g−Aa,

g+Aa, and
tAs (the used symbolism is explained

in the Figure 2 caption) produces the most significant stability
gains, whereas the effect is almost negligible or even adverse in
conformers g+As,

g−Bs, and
g−Ba. Such a different outcome is

attributable to the effect of the torsional strain of the valeryl
side chain on the nature and the strength of the intramolecular
interactions between the remote COOH group and the O2′-H+

center of D-(+)-biotin (cf. A and B families of Figure 2).
For instance, the γ = C7−C6−C2−C3 = 74° dihedral angle

in g−Aa allows the establishment of an intense O2′H+···O10b
proton bond (1.74 Å). A further 223° torsion of angle γ leads to
a significant weakening of the same interaction in conformer
g+Aa (2.00 Å), partially compensated by the establishment of
the N3′H···O10b hydrogen bond (1.91 Å). Moreover, the syn
or anti orientation of COOH group may play some role as well.
Thus, the weak O2′H+···O10b interaction in g+Aa (2.00 Å)
becomes rather strong in the g+As conformer (1.75 Å). Finally,
it should be noted that the opposite effect is observed for the
strength of the O2′H+···O10a bond, as shown by comparing
the proton bond distances in g−Ba and

g−Bs.
Also the C10O10b stretching frequency of the conformers

of Figure 2 is affected by the proton interaction with the O2′H+

center as shown by the black arrows in Figure 3a. Relative to
the C10O10b stretching frequency at 1779 cm−1 of the
extended structure I, significant red shifts are observed for the
folded conformers, as in g−Aa,

g+Aa, and
tAs, characterized by

the O2′H+···O10b interaction. In contrast, those showing the
O2′H+···O10a bonding, i.e., g−Bs and

g−Ba, exhibit a blue shift.
This can be explained by the fact that a partial positive charge
on a carbonyl oxygen decreases the electron density of the
double bond, while the opposite effect takes place when a
partial positive charge is placed on the carbonyl carbon atom.
As shown in Figure 3a, the 1500−2000 cm−1 IRMPD

spectrum of the ESI-formed protonated D-(+)-biotin is in good
agreement with the calculated absorption spectra of the most
stable conformers g−Aa,

g+Aa, and
tAs (for a comparison within

the 900−1500 cm−1 region, see Figures S11 and S12 of the
Supporting Information). Discrimination among these con-
formers may take advantage of the fact that the vibrational
stretch of the O2′−H+ bond is rather sensitive to the O2′−
H+···O10b interaction, whose strength is mediated by the
torsional strain of the side chain (Figure 2). The result is
illustrated in Figure 3b, which compares the B3LYP/6-311+
+G**-calculated vibrational spectra of the conformers of Figure
2 with the 2900−3700 cm−1 IRMPD spectrum of the ESI-
formed protonated D-(+)-biotin. Within this frequency range,
the spectrum of protonated D-(+)-biotin is characterized by the
presence of five signals at 3562, 3475, 3405, 3180, and 2960
cm−1, whose relative intensity does not match that calculated
for the conformers of Figure 2. In this connection, it should be
considered that an ion structure can be detected in IRMPD
experiments only if it can absorb enough photoenergy to allow
unimolecular dissociation of the ion into the products. If ion
dissociation involves the breaking of a strong covalent bond,
e.g., the C−O bond of protonated D-(+)-biotin to form the
leaving water molecule, the ion must absorb several IR photons,
depending on their energy.39 Thus, it may happen that the
resonant multiphoton absorption by a given IR-active vibra-
tional mode may produce a weak signal, although calculations,
based on pure absorption phenomena, predict a much stronger
one (Figure 3b).

Table 1. B3LYP/6-311++G**-Calculated Frequencies of the
Extended Structures I−V of Protonated D-(+)-Biotin (See
Figure 1)

protomer
C10O10
stretching

C2′O2′
stretching

I 1618 (C2′−N3′
stretching)

1779 1670

II 1599 (H−N3′−H
scissoring)

1778 1924

III 1607 (H−N1′−H
scissoring)

1777 1926

IV 1400 (C2′−N3′
stretching)

1781 1827

V 1406 (C2′−N3′
stretching)

1516, 1588 1786

ESI-
IRMPD

1632 1706 1649

Figure 2. B3LYP/6-311++G**-calculated structure and stability of the
folded conformers of O2′-protonated D-(+)-biotin relative to the
extended form I. The capital letter refers to the specific proton
bonding: A (O2′−H+···O10b); B (O2′−H+···O10a). The superscript
of the capital letter refers to the torsional angle γ = C7−C6−C2−C3
(γ = 240−360° (gauche+), 120−240° (trans-anti), and 0−120°
(gauche−)); the a subscript (anti) indicates that the O10a−H bond
in the A conformers (the O10b atom in the B conformers) is oriented
away from the bridgehead hydrogens; the s subscript (syn) indicates
that the O10a−H bond in the A conformers (the O10b atom in the B
conformers) is oriented toward the bridgehead hydrogens. ΔH = HI −
HF; ΔG = GI − GF (the subscript F denotes a folded structure and the
subscript I the extended one I).
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The B3LYP/6-311++G**-calculated frequencies of the
stretching vibrations of the folded conformers g−Aa,

g+Aa, and
tAs are indicated in Figure 3b by the colored arrows: O2′+−H
(black); O10a−H (red); N1′−H (blue); N3′−H (green). As
shown in the figure, the O10a−H and N1′−H stretching
frequencies are rather insensitive to the structural features,
while the O2′+−H (black) and N3′−H (green) ones are
dramatically affected by the nature and the strength of their
intramolecular interactions with the valeryl oxygens, deter-
mined in turn by the specific conformation. In particular,
relative to the free O2′+−H stretching frequency of the
extended protomer I, significant red shifts (≥200 cm−1) are
observed for all the folded conformers of Figure 2, in particular
those exhibiting the strongest proton bonds, i.e., g−Aa (1.74 Å),
tAs (1.78 Å), and

g+As (1.75 Å). In the same way, relative to the
free N−H stretching frequencies of the extended protomer I,
red shifts around 100 cm−1 are observed for the folded
conformers of Figure 2 characterized by significant N3′−H···
O10b interactions, i.e., g+Aa (1.91 Å) and g−Bs (1.97 Å).

The relationship between the calculated stretching frequen-
cies ν(X−H) (X = O2′+, N3′) of the stable conformers of
Figure 2 and the corresponding hydrogen bond distances r(X−
H···Y) is illustrated in Figure 4. Frequency (ν(X−H)) vs H-
bond distance (r(X−H···Y)) correlation curves, as that shown
in the figure, have been established for various kinds of
hydrogen bonds in the condensed phase.40−43

A substantial fraction of the observed red shift and signal
broadening of the X−H stretching band has been attributed to
an increase of anharmonicity of the potential energy surface
along the stretching coordinate. Several equations, such as eq 1,
have been proposed for the ν(X−H) vs r(X−H···Y)
correlations where ν(X−H)free is the frequency of the free
X−H bond, χY = 3.65 is the electronegativity of the acceptor Y,
rX + rY is the hydrogen bond contact radius (=2.84 Å in the
present case), and a and b are two Y-dependent regression
parameters.

Figure 3. Comparison between the IRMPD spectra of ESI-formed protonated D-(+)-biotin and the B3LYP/6-311++G**-calculated absorption
frequencies of the stable structures of Figure 2 taken in the 1500−2000 cm−1 (a) and 2900−3700 cm−1 (b) frequency ranges. Bond stretching
frequencies: (a) C10O10b (black arrows); (b) O2′+−H (black arrows); O10a−H (red arrows); N1−H (blue arrows); N3−H (green arrows).
The calculated adsorption spectra were constructed using Molden 4.7 (G. Schaftenaar and J. H. Noordik, J. Comput.-Aided Mol. Des. 2000, 14, 123−
134) program, by selecting “10” as the width parameter.
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ν ν

χ

− = −

− + − − ···a b r r r

(X H) (X H)

exp[ ( (X H Y))]
free

Y X Y (1)

Best fitting the solid symbols of Figure 4 (r2 = 0.947), using
eq 1, yields ν(X−H)free = 3664 cm−1, a value which compares
well with the O2′+−H stretching frequency in the extended
structure I (3637 cm−1), together with a = 33.04 and b = 0.68.
Best fit of the open symbols (r2 = 0.930) yields ν(X−H)free =
3492 cm−1, a value which closely matches the N−H stretching
frequencies in the extended structure I (symm, 3490 cm−1;
asymm, 3479 cm−1), together with a = 5.72 and b = 1.02.
Despite the significant differences between the ν(O2′+−H)free
and ν(N−H)free values arising from the best fitting procedure,
the corresponding values in the proton- and hydrogen-bonded
structures (1.8 Å < (r(X−H···Y) < 2.2 Å; Figure 4) could be
approximately described by a single correlation curve pointing
to a convergent effect of the acceptor Y (in the present case one
of the side chain COOH oxygens) on both the O+−H and N−
H-bond stretchings in the X−H···Y (X = O+, N) interactions.
Besides, it indicates that, in the gas phase, in the absence of the
fluctuating environment interactions with the solvent, the red
shift of the X−H stretching band depends exclusively on the
X−H···Y geometric parameters.43

It is concluded that the diagnostic signatures at 1706 cm−1

(Figure 3a) as well as at 3180 and 3405 cm−1 (Figure 3b and
the inset of Figure 4), recorded in the IRMPD spectrum of
protonated D-(+)-biotin, are only compatible with the C2′
O2′, N3′−H···O10b, and O2′+−H···O10b stretching frequen-
cies of the most stable conformer g−Aa which, therefore, is
predominantly generated under ESI-MS conditions.
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