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connected to biological activity.
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Chirality is determinant for sphingosine biofunctions and pharmacological activity, yet the reasons for
the biological chiral selection are not well understood. Here, we characterized the intra- and intermolec-
ular interactions at the headgroup of the cytotoxic anhydrophytosphingosine jaspine B, revealing
chirality-dependent correlations between the puckering of the ring core and the formation of amino-
alcohol hydrogen bond networks, both in the monomer and the monohydrate. Following the specific syn-
thesis of a shortened 3-carbon side-chain molecule, denoted jaspine B3, six different isomers were
observed in a jet expansion using broadband (chirped-pulsed) rotational spectroscopy. Additionally, a
single isomer of the jaspine B3 monohydrate was observed, revealing the insertion of water in between
the hydroxy and amino groups and the formation of a network of O-H���N-H���Oring hydrogen bonds. The
specific jaspine B3 stereochemistry thus creates a double-faced molecule where the exposed lone-pair
electrons may easily catalyze the formation of intermolecular aggregates and determine the sphingosine
biological properties.
� 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Interest in sphingolipids (SLs) is two-fold. From a structural
point of view SLs are key components of eukaryotic cell mem-
branes and lipid signaling messangers [1,2]. As an example, SLs
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participate with sterols in the formation of membrane microdo-
mains or lipid rafts, which are critically dependent on the sphin-
golipid chirality [3]. From the pharmacological side, some
sphingosines display strong chirality-dependent antiproliferative
properties and can be used as antitumor or cytotoxic compounds,
exploiting their role in cell proliferation, migration and apoptosis
[4]. Phytosphingosines form a sub-class of sphingoid bases (1,
Fig. 1), most commonly consisting of a 1,3,4-trihydroxy-2-amino
head and an 18-carbon aliphatic chain, like D-ribo-
phytosphingosine (2). Some unusual phytosphingosines deriva-
tives from marine organisms, like jaspine A (3) and jaspine B (4),
have important pharmacological properties. Jaspine B (pachastris-
samine), isolated from the sponges Pachastrissa sp. [5] and Jaspis sp.
[6] in 2002, is biosynthesized from D-ribo-phytosphingosine 2 by
intramolecular nucleophilic displacement and possesses a unique
all-syn (2S,3S,4S)-trisubstituted tetrahydrofuran ring core. Jaspine
B inhibits the ceramide and sphingomyelin synthases and shows
remarkable antitumor properties on several human cancer cell
lines [7–9].
Fig. 1. Upper panel: Schematics of the insertion of sphingosine into sphingomyelin
and into a (simplified) lipidic bilayer. Lower panel: Molecular formulas of
sphingosine (1), D-ribo-phytosphingosine (2), jaspine A (3), jaspine B (4) and
jaspine B3 (5).
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Since sphingoid bases acquire biological functions with specific
stereochemical configurations, interest has grown in the synthesis
and biological assessment of jaspine stereoisomers [10,11] and
derivatives [12]. Here we address the correlation between stereo-
chemistry, ring-puckering and the intra- and inter-molecular inter-
actions of jaspine B and its monohydrates from a molecular point
of view, probing the isolated molecule in the cooled and collision-
less environment of a supersonic jet expansion. Gas-phase studies
benefit from disaggregation [13], rendering intrinsic single-
molecule properties directly comparable to the in vacuo molecular
orbital computations. This information may help the rational
design of new drugs based on the jaspine skeleton. However, the
14-carbon aliphatic chain of jaspine B would create a myriad of
competing conformations, impeding a high-resolution spectro-
scopic study. For this reason, we first prepared a specially trun-
cated jaspine B with a shortened side chain, where we can
capture the conformational and structural properties of the bioac-
tive polar headgroup and its relation to the side chain using high-
resolution rotational spectroscopy. Following chemical and spec-
troscopic considerations, we synthesized the 3-carbon aliphatic
chain jaspine analogue of (2S,3S,4S)-4-amino-2-propyltetrahydro
furan-3-ol, denoted jaspine B3 (5).

Jaspine B3 is expected to display a rich three-level-deep iso-
merism arising from the flexible tetrahydrofuran ring, the presence
of two polar amino and alcohol groups in adjacent ring atoms and
the aliphatic side chain. The tetrahydrofuran five-membered ring is
a common scaffold in biological compounds like nucleic acids, dis-
playing unique torsional characteristics. The facile interconversion
between twisted and envelope forms may be described as a
monodimensional large-amplitude motion or pseudorotation
[14], in which bent/twist puckering rotates around the ring avoid-
ing planar configurations. Puckering can be very sensitive to ring
substituents or hydration and may determine macromolecular
arrangements [15–17], as in the different puckering of DNA/RNA
A or B chains. Precise determination of the puckering characteris-
tics is thus necessary to specify the pseudorotation pathways, to
compare with related biomolecules or clusters and to assess the
influence of the polar and aliphatic groups in the preferred struc-
tures of jaspine B. In addition, the amino and alcohol adjacent
groups offer several options for intra and inter-molecular hydrogen
bonding, such as O-H���N or N-H���O [15,18]. The aliphatic side
chain, even truncated here to 3 carbons, adds several three-fold
rotors which may engage with the ring or the polar groups creating
multiple isomers.

The microsolvation of jaspine B uses one water molecule to
probe the strength of the intramolecular forces in the monomer
and the possibility of water to modulate molecular conformations
or hydrogen bonding in the isolated molecule [13,15,19]. Specifi-
cally, water may either add or disrupt the monomer intramolecular
hydrogen bonding or puckering, offering clues on the strength and
nature of the intermolecular interactions [20]. All these factors
make jaspine B3 a testbed to examine the relation between
intra- and inter-molecular interactions and conformation in sphin-
gosine headgroups and to relate to biomolecular interactions. The
present work extends previous gas-phase structural studies on
mimics of sphingoid headgroups, restricted to small 3- or 4-
carbon open-chain amino-alcohols like serinol [21] or the threoni-
nol [22] and allo-threoninol [23] diastereoisomers. These studies
have detected multiple low-energy isomers where intra-
molecular hydrogen bonds may produce linear or cyclic networks
of hydrogen bonds, revealing initial connections between chirality
and intramolecular interactions. The investigation of jaspine B3
represents a qualitative leap in the progress toward molecular
studies of larger SLs.

The spectroscopic work used advanced chirped-pulse broad-
band microwave spectroscopy [24], offering much higher resolu-



Fig. 2. Conformational landscape of jaspine B3 and predicted free energies at 1 atm and 298 K (B3LYP-D3(BJ)/def2-TZVP, kJ mol�1; see Supporting Information for B2PLYP and
MP2 values). The species observed experimentally are encircled (Ring puckering notation: T = twist, E = envelope, see Fig. 3; Side chain orientations given by the two dihedrals
s1 and s2: A = anti, G+/G-=gauche +/-). The oxygen and nitrogen atoms are in red and blue colors, respectively (For interpretation of the references to colour in the figure
legends, the reader is referred to the web version of this article.)

Fig. 3. Ring-puckering diagram comparing the ring conformation of the six isomers
of jaspine B3 (red circles: 1, 2, . . .6) and its observed monohydrate (blue square
W2). The crosses represent predicted unobserved monomer conformations. The
diagram shows the puckering amplitude (q) and phase (/, see Supporting
Information) and reveals a clustering of conformations around the 3T4 twist and
E5 envelope structures (red and yellow regions, respectively), with specifically
associated intramolecular interactions. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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tion (�10-7 cm�1) than vibrational techniques and unambiguously
discriminating rotamers and even isotopologues through their
moments of inertia. Computational tools provided rationalization
of the experiment.
3

2. Experimental methods

2.1. Chemical synthesis and spectroscopy

The molecule of jaspine B3 was initially prepared by hydro-
genation and deprotection of the proper isopropylydene-Boc pro-
tected alkene intermediate used for the total synthesis of Jaspine
B [25], as detailed in the Supporting Information. Jaspine B3 was
investigated in a supersonic jet expansion with a chirped-pulse
broadband Fourier-transform microwave spectrometer [24] work-
ing in the region 2–8 GHz, described in the Supporting Information.
Briefly, the sample was vaporized (95–110 �C) in situ at the spec-
trometer injector, diluted in a stream of neon and co-expanded
near-adiabatically to form a pulsed supersonic jet in the evacuated
expansion chamber. The estimated rotational temperature is 2 K.
The jet was then probed with chirped microwave pulses (4 ls),
exciting the full bandwidth by a fast-passage electric-dipole mech-
anism [26]. The subsequent free-induction decay is registered in
time scales of 40 ls and Fourier transformed to the frequency
domain.
2.2. Computational methods

The computational methods included a conformational search
and molecular orbital calculations, which are described in the Sup-
porting Information. Briefly, the computational search started with
molecular mechanics and the MMFFs force field [27], which pro-
vided an initial set of molecular geometries. These conformers
were fully re-optimized using D3 dispersion-corrected hybrid den-
sity functional theory (DFT) methods [28] and a triple-f basis set
(B3LYP-D3(BJ)/def2-TZVP), limiting the final search to isomers
within free energies below 5 kJ mol�1. The most stable conformers
of the monomer and the monohydrates were additionally recalcu-
lated using a double-hybrid [29] B2PLYP-D3(BJ) functional and



Fig. 4. PES scans of the sidechain for the 3T4 and E5 ring conformations, showing the location of the most stable conformers. The sidechain behavior is similar for both 3T4 and
E5 puckering conformations, with preference for G- and A orientations (numerical values in Supporting Information). In this blue-to-red color scheme the smaller energies are
dark blue. The isomer locations are marked 1-11.

Fig. 5. A 4 GHz section of the jet-cooled microwave spectrum of Jaspine B3. Upper trace: Experimental spectrum; Lower trace: Fit of the different conformers 1–6 using the
rotational parameters of Table 1 and a rotational temperature of 2 K.
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second-order ab initio perturbation theory [30] (MP2) and the
same basis set. Vibrational frequency calculations provided a har-
monic force field, centrifugal distortion and zero-point energy cor-
rections. For the dimer, complexation energies were corrected for
basis-set superposition errors with the counterpoise method [31].

3. Results and discussion

3.1. Potential energy surface

The investigation of jaspine B3 started with a description of the
potential energy surface (PES). The computational results are sum-
marized in Tables S1-S3 (monomer) and S4-S5 (monohydrate, Sup-
porting Information). The calculations suggested a rich
4

conformational landscape, generating up to 52 conformers for
the monomer and 212 isomers for the monohydrate within
25 kJ mol�1.

The conformational landscape of jaspine B3 can be categorized
using the ring conformation and the side chain orientation (dihe-
drals s1 = O1C2–Ca-Cb, s2 = C2Ca–CbCc in Scheme S1). The confor-
mational maps in Fig. 2 and S1-S2 (Supporting Information) and
the puckering diagram of Fig. 3 specify ring puckering using the
Cremer-Pople (CP) curvilinear coordinates [32], allowing precise
comparisons with related five-membered dominant ring geome-
tries, either twisted 3T4 (conformers 1, 3, 5, 7,10, 13) or envelope
E5 (conformers 2, 4, 6, 9, 11, 15), both with the alcohol pointing
to the amino group. Three higher-energy isomers show a different
3T2 (8, 12) or 3T4 (14) twist conformation, with the amino group



Table 1
Experimental rotational parameters of the six observed isomers of jaspine B3 and the dimer (jaspine B3)-water. See Supporting Information for theoretical values.

System Jaspine B3 Jaspine B3-
water

Isomer 1 2 3 4 5 6 W2

Puckering 3T4 E5 3T4 E5 3T4 E5 3T4
Side chain AA G-A G-A AA G-G- G-G- AA
A / MHza 2795.4709(11)c 2243.8144(10) 3174.6108(18) 2462.18(14) 2901.8114(71) 2298.2034(14) 1382.331(28)
B / MHz 741.10679(29) 801.63564(35) 686.67666(33) 804.3406(12) 750.5540(14) 857.91008(53) 667.2511(10)
C / MHz 645.70568(22) 704.55488(32) 616.73418(28) 696.1520(11) 677.8354(14) 743.21068(50) 485.6647(10)
3/2 vaa 1.569(16) 2.2950(97) 3.090(17) 0.392(52) 4.04(13) 2.897(35) 3.355(47)
1/4 (vbb-vcc) 0.3322(51) �1.7099(27) �0.2650(49) �1.314(13) �0.585(32) �1.6560(90) �0.893(40)
DJ / kHz [ 0.0]d 0.1626(66) [ 0.0] [ 0.0] [0.0] 0.3314(62) [0.]
DJK / kHz [ 0.0] �0.754(11) [ 0.0] [ 0.0] [0.0] [ 0.0] [0.]
DK / kHz [ 0.0] 3.24(13) [ 0.0] [ 0.0] [0.0] [ 0.0] [0.]
|la| / D +++e +++ +++ +++ ++ + +++
|lb| / D + ++ + – – ++ –
|lc| / D ++ + ++ – – – –
Nb 161 168 103 62 36 56 45
r / kHz 15.2 10.2 13.4 12.5 13.5 15.7 12.4

a Rotational constants (A, B, C), nuclear quadrupole coupling parameters (va, vb, vc), Watson’s S-reduction centrifugal distortion constants (DJ, DJK, DK; the constants d1 and
d2 were fixed to zero) and electric dipole moments (la, a = a, b, c). bNumber of fitted transitions (N) and rms deviation (r) of the fit. cStandard errors in parentheses units of
the last digit. dValues in square brackets were fixed to zero. eOne or more positive signs indicates the observation and intensity of the corresponding transitions.
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towards the alcohol. For each geometry several side-chain orienta-
tions are possible. Additional bidimensional PES scans for the 3T4
and E5 ring conformations in Fig. 4 used B3LYP-D3(BJ) and show
preference for atoms Cb and Cc to be oriented either antiperiplanar
(A, s1 � 180�) or gauche– (G–, s1 � 300�) respect to the ring het-
eroatom, with relatively small energy differences between the
lowest-lying conformers and close similarity between the 3T4 and
E5 ring conformations.
Fig. 6. Conformational landscape of the most stable (jaspine B3)-water monohy-
drates W1 to W5 (T = twist, E = envelope), with predicted free energies at 1 atm and
298 K (B3LYP-D3, kJ mol�1; see Supporting Information for B2PLYP and MP2
values). The observed species is encircled.
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3.2. Jaspine B3 monomer

The computational predictions were assessed in our spec-
troscopy experiment. The dense rotational spectrum in Fig. 5
immediately suggested the presence of multiple competing iso-
mers. The spectrum was then searched iteratively using simula-
tions with the trial rotational constants in Tables S1 (B3LYP), S2
(B2PLYP) and S3 (MP2) in the Supporting Information. Most transi-
tions exhibited small (<1 MHz) nuclear quadrupole coupling
effects (Figures S3-S4, Supporting Information), so the spectrum
was analyzed with a Watson’s semirigid-rotor Hamiltonian with
quadrupole terms appropriate for the 14N nucleus (nuclear spin
I = 1) [33]. Both the global spectral patterns and the individual
hyperfine effects were extremely sensitive to molecular geometry,
leading to an unambiguous structural identification. The process
was repeated iteratively and finally a total of six different conform-
ers were positively identified, with the experimental parameters
and measured transitions presented in Table 1 and S6-S12 (Sup-
porting Information). The comparison of experiment and theory
confirmed the detection of all six jaspine B3 isomers with confor-
mational energies below 3 kJ mol�1 (outlined in Fig. 2). Differences
between the experimental and theoretical rotational constants
were below 0.8% for B3LYP and B2PLYP, while MP2 offered worse
results (<2.8%). Relative intensities on a common set of la transi-
tions gave estimations for the jet populations of 2:1:3:4:6:5 = 1.0
> 0.69(6) > 0.34(3) � 0.34(3) > 0.09(1) > 0.06(1), indicating that iso-
mer 2 is the most populated. However, population ratios cannot be
translated into energy differences as conformational relaxation is
often observed in the jet in case of low (<5–10 kJ mol�1) intercon-
version barriers [34,35]. We explored plausible conversions
between non-observed and detected species in Figures S5-S8 (Sup-
porting Information), obtaining barriers in the range 6.9–17.3 kJ m
ol�1 even for changes limited to the side chain orientation. The
smaller barriers exchanging conformers 10 and 3 or 9 and 2 (6.9
and 7.1 kJ mol�1, respectively) may be surmountable in the jet,
explaining the absence of additional specific isomers.

The experimentally observed isomers of jaspine B3 comprise
three 3T4 twist (1, 3, 5) and three E5 envelope (2, 4, 6) conforma-
tions. Topological analyses of the reduced electronic density with
NCI plots [36] in Figures S9-S10 (Supporting Information) and
the structural data in Tables S13-S18 (Supporting Information)
confirmed the presence of intramolecular hydrogen bonds in all



Fig. 7. Upper panel: NCI plot mapping the inter- and intramolecular interactions in the observed monohydrate of jaspine B3. The blue and green shades indicate strongly and
weakly attractive interactions, respectively (see Supporting Information), characterizing the hydrogen bonds. Lower panel: Plot of the reduced electronic density gradient s
¼ 1

2 3p2ð Þ1=3
rqj j
q4=3

� �
vs. the signed electronic density comparing conformer 1 (= 3T4 AA, red trace) and the water dimer W2 (= 3T4 AA, blue trace). Attractive critical points are

shown as negative minima of the curve (see Supporting Information). The comparison shows the formation of new interactions in the dimer. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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isomers. The twisted 3T4 isomers display a single O-H���N hydrogen
bond, as this ring conformation increases the distance between the
amino group and the ring oxygen (B3LYP: r(O-H���N) = 2.07 Å). Con-
versely, the E5 conformers may establish a network of two consec-
utive O-H���N-H���Oring hydrogen bonds, since the ring permits a
closer approach of one of the amino N-H bonds towards the ring
heteroatom. These isomers combine a relatively short O-H���N
hydrogen bond (r(O-H���N) = 1.94–1.99 Å) with a long N-H���Oring

contact (r(N-H��� Oring) = 2.59–2.61 Å). All intramolecular interac-
tions are constrained by the ring geometry but fall within the sta-
tistical bounds for these hydrogen bonds [15,18].
6

3.3. Jaspine B3 monohydrate

The addition of water to the carrier gas line permitted the
observation of new transitions from the monohydrated dimer
(Table S19, Supporting Information). Figure S11 (Supporting Infor-
mation) shows the nuclear quadrupole coupling hyperfine effects
of some typical rotational transitions, which were well reproduced
with a semirigid-rotor model. The experimental results in Table 1
and Table S20 (Supporting Information) can be compared with cal-
culations of the conformational landscape in Tables S4 (B3LYP) and
S5 (B2PLYP and MP2, Supporting Information), which predicted
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thirteen different isomers below 5 kJ mol�1. The experimental data
unequivocally correspond to isomer W2 of Fig. 6-7 and Figure S12
(Supporting Information), associated to a 3T4 ring puckering con-
formation. A few transitions were tentatively assigned to isomer
W1, but the small dataset did not permit a definitive confirmation.
Consistently, the W2monohydrate shows the largest complexation
energy (B2PLYP: �49.5 kJ mol�1). The observed W2 monohydrate
can be rationalized as result of the insertion of a water molecule
in between the alcohol and amino groups of the monomer 3T4 glo-
bal minimum, also predicted for isomer W3 (E4). Conversely, iso-
mers W1, W4 and W5 would correspond to a common pattern of
addition to the ring oxygen for three different puckerings. The
puckering plot of Fig. 3 evidences small ring distortions of isomer
W2 respect to the monomer, so the water role is to reinforce the
characteristic network of hydrogen bonds in which water always
participates simultaneously as proton donor and acceptor. NCI
plots in Fig. 7 and structural data in Table S21 (Supporting Infor-
mation) confirmed the complementarity and formation of new
intra- and intermolecular interactions in the dimer. The 3T4 dimer
exhibits two characteristic O-H���Ow-H���N-H hydrogen bonds,
while other hydrates may show up to three consecutive O-H���N-
H���Ow-H���Or hydrogen bonds. The addition of water to the ring
oxygen gives the shortest hydrogen bond (B3LYP: r(Ow-H���Or) =
1.83–1.85 Å). Water also behaves as proton donor to the amino
group when inserting in between the polar groups in the ring
(r(Ow-H���N) = 1.90 Å), confirming the amino group as better hydro-
gen bond acceptor and poorer donor, as observed in serinol [21]
and threoninol [22,23].
4. Conclusion

The observation of six isomers and themost stablemonohydrate
of jaspine B3 provides an accurate description of the conforma-
tional landscape and microsolvation properties. As observed in
other biomolecules with a tetrahydrofuran core, in particular
nucleotides, ring puckering turns fundamental, as relatively small
puckering differences are amplified by the ring substituents, condi-
tioning intermolecular interactions and large-scale molecular
behaviour [15]. Puckering preferences are relatively unchanged
for the monomer and hydrates and specifically dependent on the
ring substituents, as observed in furanosides [37]. This result con-
firms previous observations that molecular stability arises from
an interplay of intrinsic hyperconjugative electronic effects and
intramolecular interactions [16,17]. Similarities in the side chain
for different puckering conformations suggest a secondary role of
the aliphatic group, as in amino acids [38]. As a result, the specific
jaspine stereochemistry, which locates the polar groups on the
same side of the ring, is determinant of its intra- and intermolecular
interactions, creating a double-faced molecule where the exposed
lone-pair electrons on the substituents face may easily catalyze
the formation of intermolecular aggregates. The microsolvation of
jaspine B3 shows multiple hydration patterns by proton donation
to the oxygen ring or the amino group, creating chirality-
dependent hydrogen bond networks familiar in sugar hydration
[39,40], which may be instrumental for the jaspine biological role.
Finally, the importance of gas-phase molecular studies to comple-
ment crystal diffraction or liquid NMR information of biochemical
building blocks should be outlined, marking future routes to inte-
grated studies covering from the bare molecule to the integration
of biomolecular units in the hydrated biological environment.
CRediT authorship contribution statement

Rizalina T. Saragi: Validation, Formal analysis, Investigation,
Data curation, Writing – original draft, Writing – review & editing,
7

Visualization. Marcos Juanes: Validation, Investigation, Writing –
review & editing. José L. Abad: Conceptualization, Methodology,
Resources, Investigation, Writing – review & editing. Ruth Pina-
cho: Software, Resources, Writing – review & editing. José E.
Rubio: Software, Resources, Writing – review & editing. Alberto
Lesarri: Conceptualization, Methodology, Resources, Data curation,
Writing – original draft, Writing – review & editing, Supervision,
Project administration, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

Funding support from the Spanish MICINN-FEDER (grant
PGC2018-098561-B-C22) is gratefully acknowledged. M.J. and R.
T.S. are thankful for predoctoral contracts from the MICINN and
UVa, respectively.
Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.saa.2021.120531.

References

[1] B. Cinque, L. Di Marzio, C. Centi, C. Di Rocco, C. Riccardi, M.G. Cifone,
Sphingolipids and the immune system, Pharmacol. Res. 47 (2003) 421–437,
https://doi.org/10.1016/S1043-6618(03)00051-3.

[2] T. Ariga, W.D. Jarvis, R.K. Yu, Role of sphingolipid-mediated cell death in
neurodegenerative diseases, J. Lipid Res. 39 (1) (1998) 1–16, https://doi.org/
10.1016/S0022-2275(20)34198-5.

[3] K. Simons, E. Ikonen, Functional rafts in cell membranes, Nature. 387 (6633)
(1997) 569–572.

[4] J. Padrón, Sphingolipids in Anticancer Therapy, Curr. Med. Chem. 13 (2006)
755–770, https://doi.org/10.2174/092986706776055553.

[5] I. Kuroda, M. Musman, I.I. Ohtani, T. Ichiba, J. Tanaka, D.G. Gravalos, T. Higa,
Pachastrissamine, a cytotoxic anhydrophytosphingosine from a marine
sponge, Pachastrissa sp, J. Nat. Prod. 65 (10) (2002) 1505–1506, https://doi.
org/10.1021/np010659y.

[6] V. Ledroit, C. Debitus, C. Lavaud, G. Massiot, Jaspines A and B: two new
cytotoxic sphingosine derivatives from the marine sponge Jaspis sp,
Tetrahedron Lett. 44 (2) (2003) 225–228, https://doi.org/10.1016/S0040-
4039(02)02541-8.

[7] F. Cingolani, F. Simbari, J.L. Abad, M. Casasampere, G. Fabrias, A.H. Futerman, J.
Casas, Jaspine B induces nonapoptotic cell death in gastric cancer cells
independently of its inhibition of ceramide synthase, J. Lipid Res. 58 (8) (2017)
1500–1513, https://doi.org/10.1194/jlr.M072611.

[8] Y. Yoshimitsu, S. Oishi, J. Miyagaki, S. Inuki, H. Ohno, N. Fujii, Pachastrissamine
(jaspine B) and its stereoisomers inhibit sphingosine kinases and atypical
protein kinase C, Bioorg. Med. Chem. 19 (18) (2011) 5402–5408, https://doi.
org/10.1016/j.bmc.2011.07.061.

[9] Y. Salma, E. Lafont, N. Therville, S. Carpentier, M.-J. Bonnafé, T. Levade, Y.
Génisson, N. Andrieu-Abadie, The natural marine anhydrophytosphingosine,
Jaspine B, induces apoptosis in melanoma cells by interfering with ceramide
metabolism, Biochem. Pharmacol. 78 (5) (2009) 477–485, https://doi.org/
10.1016/j.bcp.2009.05.002.

[10] D. Canals, D. Mormeneo, G. Fabriàs, A. Llebaria, J. Casas, A. Delgado, Synthesis
and biological properties of Pachastrissamine (jaspine B) and
diastereoisomeric jaspines, Bioorganic, Med. Chem. 17 (1) (2009) 235–241,
https://doi.org/10.1016/j.bmc.2008.11.026.

[11] M. Martinková, J. Gonda, Synthetic analogues of marine cytotoxic jaspine B
and its stereoisomers, Carbohydr. Res. 482 (2019) 107737, https://doi.org/
10.1016/j.carres.2019.06.016.

[12] H. Yang, Y. Li, H. Chai, T. Yakura, B.o. Liu, Q. Yao, Synthesis and biological
evaluation of 2-epi-jaspine B analogs as selective sphingosine kinase 1
inhibitors, Bioorg. Chem. 98 (2020) 103369, https://doi.org/10.1016/j.
bioorg.2019.103369.

[13] J.-P. Schermann, Spectroscopy and Modeling of Biomolecular Building Blocks,
Elsevier (2008), https://doi.org/10.1016/B978-0-444-52708-0.X5001-1.

[14] A.H. Mamleev, L.N. Gunderova, R.V. Galeev, Microwave spectrum and hindered
pseudorotation of tetrahydrofuran, J. Struct. Chem. 42 (2001) 365–370,
https://doi.org/10.1023/A:1012448618502.

https://doi.org/10.1016/j.saa.2021.120531
https://doi.org/10.1016/S1043-6618(03)00051-3
https://doi.org/10.1016/S0022-2275(20)34198-5
https://doi.org/10.1016/S0022-2275(20)34198-5
http://refhub.elsevier.com/S1386-1425(21)01108-2/h0015
http://refhub.elsevier.com/S1386-1425(21)01108-2/h0015
https://doi.org/10.2174/092986706776055553
https://doi.org/10.1021/np010659y
https://doi.org/10.1021/np010659y
https://doi.org/10.1016/S0040-4039(02)02541-8
https://doi.org/10.1016/S0040-4039(02)02541-8
https://doi.org/10.1194/jlr.M072611
https://doi.org/10.1016/j.bmc.2011.07.061
https://doi.org/10.1016/j.bmc.2011.07.061
https://doi.org/10.1016/j.bcp.2009.05.002
https://doi.org/10.1016/j.bcp.2009.05.002
https://doi.org/10.1016/j.bmc.2008.11.026
https://doi.org/10.1016/j.carres.2019.06.016
https://doi.org/10.1016/j.carres.2019.06.016
https://doi.org/10.1016/j.bioorg.2019.103369
https://doi.org/10.1016/j.bioorg.2019.103369
https://doi.org/10.1016/B978-0-444-52708-0.X5001-1
https://doi.org/10.1023/A:1012448618502


R.T. Saragi, M. Juanes, José L. Abad et al. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 267 (2022) 120531
[15] G.A. Jeffrey, W. Saenger, Hydrogen Bonding in Biological Structures, Springer,
Berlin Heidelberg, Berlin, Heidelberg (1991), https://doi.org/10.1007/978-3-
642-85135-3.

[16] P. Écija, I. Uriarte, L. Spada, B.G. Davis, W. Caminati, F.J. Basterretxea, A. Lesarri,
E.J. Cocinero, Furanosic forms of sugars: Conformational equilibrium of methyl
b-d-ribofuranoside, Chem. Commun. 52 (2016) 6241–6244, https://doi.org/
10.1039/c6cc01180b.

[17] C. Calabrese, I. Uriarte, A. Insausti, M. Vallejo-López, F.J. Basterretxea, S.A.
Cochrane, B.G. Davis, F. Corzana, E.J. Cocinero, Observation of the Unbiased
Conformers of Putative DNA-Scaffold Ribosugars, ACS Cent. Sci. 6 (2) (2020)
293–303, https://doi.org/10.1021/acscentsci.9b01277.

[18] G.A. Jeffrey, An Introduction to Hydrogen Bonding, Oxford University Press,
Oxford, 1997.

[19] M. Juanes, R.T. Saragi, W. Caminati, A. Lesarri, The Hydrogen Bond and Beyond:
Perspectives for Rotational Investigations of Non-Covalent Interactions, Chem.
- A Eur. J. 25 (49) (2019) 11402–11411, https://doi.org/10.1002/chem.
v25.4910.1002/chem.201901113.

[20] M. Juanes, R.T. Saragi, R. Pinacho, J.E. Rubio, A. Lesarri, Sulfur hydrogen bonding
and internal dynamics in the monohydrates of thenyl mercaptan and thenyl
alcohol, Phys. Chem. Chem. Phys. 22 (22) (2020) 12412–12421, https://doi.
org/10.1039/D0CP01706J.

[21] D. Loru, I. Peña, J.L. Alonso, M. Eugenia Sanz, Intramolecular interactions in the
polar headgroup of sphingosine: Serinol, Chem. Commun. 52 (18) (2016)
3615–3618, https://doi.org/10.1039/C5CC09423B.

[22] V. Vaquero-Vara, D. Zhang, B.C. Dian, D.W. Pratt, T.S. Zwier, Delicate balance of
hydrogen bonding forces in D-threoninol, J. Phys. Chem. A. 118 (2014) 7267–
7273, https://doi.org/10.1021/jp410859n.

[23] D.i. Zhang, S. Bocklitz, T.S. Zwier, Broadband Microwave Spectroscopy of
Prototypical Amino Alcohols and Polyamines: Competition between H-Bonded
Cycles and Chains, J. Phys. Chem. A. 120 (1) (2016) 55–67, https://doi.org/
10.1021/acs.jpca.5b1065010.1021/acs.jpca.5b10650.s001.

[24] S.T. Shipman, B.H. Pate, New Techniques in Microwave Spectroscopy, in: F.
Merkt, M. Quack (Eds.), Handb. High-Resolution Spectrosc., John Wiley & Sons,
Ltd, New York, 2011: pp. 801–828. https://doi.org/10.1002/9780470749593.
hrs036.

[25] A.K. Jana, G. Panda, Stereoselective synthesis of Jaspine B and its C2 epimer
from Garner aldehyde, RSC Adv. 3 (2013) 16795–16801, https://doi.org/
10.1039/c3ra41778f.

[26] J.C. McGurk, T.G. Schmalz, W.H. Flygare, Fast passage in rotational
spectroscopy: Theory and experiment, J. Chem. Phys. 60 (11) (1974) 4181–
4188, https://doi.org/10.1063/1.1680886.

[27] T.A. Halgren, MMFF VI. MMFF94s option for energy minimization studies, J.
Comput. Chem. 20 (1999) 720–729. https://doi.org/10.1002/(SICI)1096-987X
(199905)20:7<720::AID-JCC7>3.0.CO;2-X.
8

[28] H. Schröder, A. Creon, T. Schwabe, Reformulation of the D3(Becke-Johnson)
Dispersion Correction without Resorting to Higher than C6 Dispersion
Coefficients, J. Chem. Theory Comput. 11 (7) (2015) 3163–3170, https://doi.
org/10.1021/acs.jctc.5b00400.

[29] S. Grimme, F. Neese, Double-hybrid density functional theory for excited
electronic states of molecules, J. Chem. Phys. 127 (2007) 1–18, https://doi.org/
10.1063/1.2772854.

[30] Chr. Møller, M.S. Plesset, Note on an Approximation Treatment for Many-
Electron Systems, Phys. Rev. 46 (7) (1934) 618–622, https://doi.org/10.1103/
PhysRev.46.618.

[31] S.F. Boys, F. Bernardi, The calculation of small molecular interactions by the
differences of separate total energies. Some procedures with reduced errors,
Mol. Phys. 19 (4) (1970) 553–566, https://doi.org/10.1080/
00268977000101561.

[32] D. Cremer, J.A. Pople, General definition of ring puckering coordinates, J. Am.
Chem. Soc. 97 (6) (1975) 1354–1358, https://doi.org/10.1021/ja00839a011.

[33] W. Gordy, R.L. Cook, Microwave Molecular Spectra, JohnWiley & Sons Inc, New
York, NY, 1984.

[34] P.D. Godfrey, R.D. Brown, Proportions of species observed in jet spectroscopy-
vibrational-energy effects: Histamine tautomers and conformers, J. Am. Chem.
Soc. 120 (1998) 10724–10732, https://doi.org/10.1021/ja980560m.

[35] F. Xie, N.A. Seifert, M. Heger, J. Thomas, W. Jäger, Y. Xu, The rich
conformational landscape of perillyl alcohol revealed by broadband
rotational spectroscopy and theoretical modelling, Phys. Chem. Chem. Phys.
21 (28) (2019) 15408–15416, https://doi.org/10.1039/C9CP03028J.

[36] E.R. Johnson, S. Keinan, P. Mori-Sánchez, J. Contreras-García, A.J. Cohen, W.
Yang, Revealing noncovalent interactions, J. Am. Chem. Soc. 132 (18) (2010)
6498–6506, https://doi.org/10.1021/ja100936w.

[37] H.A. Taha, M.R. Richards, T.L. Lowary, Conformational analysis of furanoside-
containing mono- and oligosaccharides, Chem. Rev. 113 (3) (2013) 1851–1876,
https://doi.org/10.1021/cr300249c.

[38] E.J. Cocinero, A. Lesarri, J.-U. Grabow, J.C. López, J.L. Alonso, The shape of
leucine in the gas phase, ChemPhysChem. 8 (4) (2007) 599–604, https://doi.
org/10.1002/(ISSN)1439-764110.1002/cphc.v8:410.1002/cphc.200600730.

[39] E.J. Cocinero, A. Lesarri, P. Écija, F.J. Basterretxea, J.-U. Grabow, J.A. Fernández,
F. Castaño, Ribose found in the gas phase, Angew. Chemie - Int. Ed. 51 (13)
(2012) 3119–3124, https://doi.org/10.1002/anie.v51.1310.1002/
anie.201107973.

[40] E.J. Cocinero, A. Lesarri, P. Écija, Á. Cimas, B.G. Davis, F.J. Basterretxea, J.A.
Fernández, F. Castaño, Free fructose is conformationally locked, J. Am. Chem.
Soc. 135 (7) (2013) 2845–2852, https://doi.org/10.1021/ja312393m.

https://doi.org/10.1007/978-3-642-85135-3
https://doi.org/10.1007/978-3-642-85135-3
https://doi.org/10.1039/c6cc01180b
https://doi.org/10.1039/c6cc01180b
https://doi.org/10.1021/acscentsci.9b01277
http://refhub.elsevier.com/S1386-1425(21)01108-2/h0090
http://refhub.elsevier.com/S1386-1425(21)01108-2/h0090
http://refhub.elsevier.com/S1386-1425(21)01108-2/h0090
https://doi.org/10.1002/chem.v25.4910.1002/chem.201901113
https://doi.org/10.1002/chem.v25.4910.1002/chem.201901113
https://doi.org/10.1039/D0CP01706J
https://doi.org/10.1039/D0CP01706J
https://doi.org/10.1039/C5CC09423B
https://doi.org/10.1021/jp410859n
https://doi.org/10.1021/acs.jpca.5b1065010.1021/acs.jpca.5b10650.s001
https://doi.org/10.1021/acs.jpca.5b1065010.1021/acs.jpca.5b10650.s001
https://doi.org/10.1039/c3ra41778f
https://doi.org/10.1039/c3ra41778f
https://doi.org/10.1063/1.1680886
https://doi.org/10.1021/acs.jctc.5b00400
https://doi.org/10.1021/acs.jctc.5b00400
https://doi.org/10.1063/1.2772854
https://doi.org/10.1063/1.2772854
https://doi.org/10.1103/PhysRev.46.618
https://doi.org/10.1103/PhysRev.46.618
https://doi.org/10.1080/00268977000101561
https://doi.org/10.1080/00268977000101561
https://doi.org/10.1021/ja00839a011
http://refhub.elsevier.com/S1386-1425(21)01108-2/h0165
http://refhub.elsevier.com/S1386-1425(21)01108-2/h0165
http://refhub.elsevier.com/S1386-1425(21)01108-2/h0165
https://doi.org/10.1021/ja980560m
https://doi.org/10.1039/C9CP03028J
https://doi.org/10.1021/ja100936w
https://doi.org/10.1021/cr300249c
https://doi.org/10.1002/(ISSN)1439-764110.1002/cphc.v8:410.1002/cphc.200600730
https://doi.org/10.1002/(ISSN)1439-764110.1002/cphc.v8:410.1002/cphc.200600730
https://doi.org/10.1002/anie.v51.1310.1002/anie.201107973
https://doi.org/10.1002/anie.v51.1310.1002/anie.201107973
https://doi.org/10.1021/ja312393m

	Chirality-Puckering correlation and intermolecular interactions in Sphingosines: Rotational spectroscopy of jaspine B3 and its monohydrate
	1 Introduction
	2 Experimental methods
	2.1 Chemical synthesis and spectroscopy
	2.2 Computational methods

	3 Results and discussion
	3.1 Potential energy surface
	3.2 Jaspine B3 monomer
	3.3 Jaspine B3 monohydrate

	4 Conclusion
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary material
	References


