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ABSTRACT: Molecular structural elucidation can be accomplished by different techniques,
such as nuclear magnetic resonance or X-ray diffraction. However, the former does not give
information about the three-dimensional atomic arrangement, and the latter needs HO
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crystallizable solid samples. An alternative is direct, real-space visualization of the molecules k

by cryogenic scanning tunneling microscopy (STM). This technique is usually limited to
thermally robust molecules because an annealing step is required for sample deposition. A —
landmark development has been the coupling of STM with electrospray deposition (ESD),
which smooths the process and widens the scope of the visualization technique. In this work,
we present the on-surface characterization of air-, light-, and temperature-sensitive
rhamnopolyene with relevance in molecular biology. Supported by theoretical calculations,
we characterize two isomers of this flexible molecule, confirming the potential of the technique

to inspect labile, non-crystallizable compounds.

ne of the most relevant advances in human knowledge

has been the understanding of biological processes and
its dramatic consequences for human health."” Such processes
usually rely on a fine interplay between organic-based entities,
which, in many cases, are labile outside the biological
protecting media. The molecular interactions are highly
dependent upon functionality and also geometry at the
molecular level. Therefore, determining the structure of such
organic molecules is critical to rationalizing their mechanism of
action. Routinely, nuclear magnetic resonance (NMR)
techniques are used to assign the structure of organic
compounds. However, these techniques are limited in their
capability to discern the constitution and configuration of
molecules, which lead on occasions to wrong assignments.‘%’4
Furthermore, the outputs come from a myriad of individual
molecules, which introduces a notable drawback, as the precise
assignment or manipulation of individual structures lies
beyond the scope of this methodology. A more precise
approach to structural analysis relies on X-ray diffraction of
single crystals. In such a case, the distance and relative
positions between the atoms are acquired, showing the
connectivity (molecular constitution) and three-dimensional
(3D) structure (molecular configuration). Despite its un-
doubtable utility, a key limitation remains because it is not
always possible to grow high-quality single crystals.” Although
crystalline sponges (CSs)® have been proposed as an
alternative, the technique requires a careful selection of the
CS, which varies depending upon the target molecule.”
Moreover, this technique continues to analyze an ensemble

© 2024 The Authors. Published by
American Chemical Society

WACS Publications

6935

xxreeet
A1)

-
0 Z(pm) 190

Electrospray Deposition +  STM Characterization

of molecules without any possible molecular manipulation.
Cryogenic electron microscopy (cryo-EM) has emerged as
another tool allowing for the characterization of macro-
molecules.” Despite the impressive results that can be
achieved, atomic manipulation cannot be performed on the
samples. Therefore, the development of an alternative
technique of general use is of utmost demand for the structural
identification and manipulation of organic compounds.
Technological advances have allowed for the imaging of
molecules with unprecedented resolution on different surfaces,
thus creating a potent tool for electronic and structural
analysis.g_ll In fact, cryogenic scanning tunneling microscopy
(STM) allows for real-space imaging of individual molecules
deposited on a surface under ultrahigh vacuum (UHV)
conditions with sub-nanometer resolution, resulting in a
unique instrument for the study of molecular structures,
molecular interactions, and reactivity in a controlled environ-
ment.'”"? Remarkably, tip manipulation also makes a direct
non-destructive interaction with the substrate possible at the
unimolecular level. That characteristic allows for stability or
integrity studies among others.'* Nevertheless, some intrinsic
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Figure 1. Electrospray deposition on Au(111) of RP4. (a) Chemical structure of RP4 with the rhamnose group (left), the polyenic chain, and the
alanine group (right). (b) Schematic of the ESD from the liquid solution to the Au(111) sample in UHV. (c) Constant-current STM overview of

Au(111) after ESD of solution RP4/methanol.

drawbacks related to sample deposition have limited the
studies mainly to molecules with high thermal stability as a
result of the UHV sublimation process required for sample
deposition. Considering the vast number of potential organic
structures, innovations capable of dealing with thermally labile
or even unstable molecules would be in the forefront of the
technique."*™"” One potential solution is the combination of
STM with electrospray deposition (ESD) or electrospray ion
beam deposition (ES-IBD),'®"? which has been demonstrated
for the imaging of numerous organic molecules.””~** The soft
landing of molecules on the atomically clean surface is an
excellent alternative for transferring them as a result of its
compatibility with many typical organic functional groups.
Therefore, the ESD technique presents unique characteristics
allowing for the visualization and manipulation of highly
sensitive molecular architectures, including those out of the
scope of X-ray diffraction techniques, at the unimolecular level
in a controlled environment. However, the characteristic
exponential decay of the tunneling current with the tip—
sample distance still prevents its use for large nonplanar
molecular structures where it is more conveniently imaged and
characterized using other techniques, such as cryo-EM (e.g., f-
galactosidase).”’

Although some examples have been reported,”*>*® the
study of synthetic compounds with relevant biological interest
has been less explored and would open new opportunities for
this technique. Therefore, we focus on a synthetic lipidic
molecule (RP4 in Figure 1a), which mimics a more complex
natural product: granadaene.”™** This latter longer polyene is
cytotoxic/hemolytic and is a key virulence factor promoting all
facets of group B Streptococcus (GBS) disease.** ™" Although
GBS typically resides in the lower genital tract of healthy
women, perinatal GBS infections lead to preterm births,
stillbirths, or severe diseases in newborns.**~* Currently, no
vaccine exists to prevent GBS infections in humans. This is due
in part to the difficulty in neutralizing these toxic lipids and
challenges in generating non-toxic antigenic lipids. Despite
these challenges, we recently showed that RP4 is a non-
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hemolytic lipid, and RP4 immunization conferred the
production of antibodies that inhibited granadaene-mediated
hemolysis and diminished GBS infection in both non-pregnant
and pregnant mice.*”*” RP4 is composed of three distinct
components, namely, a thamnose unit, a terminal amino acid
group (alanine), and a main chain consisting of four
conjugated double bonds (the acronym RP4 refers to a
rhamnopolyene with four double bonds). RP4 shows ideal
characteristics for this STM—ESD proof-of-concept study: (i)
the structure is known, which is relevant for the validation of
the results; (ii) it is polyenic in nature, with RP4 being
sensitive to air, temperature, and light and, therefore, labile and
ambient unstable; and (iii) it is a non-crystallizable liquid.
Moreover, it represents a model for a family of biologically
relevant polyenes whose structure is not completely under-
stood, being difficult to manage as a result of its instability. The
RP4 determination by this technique paves the way for future
structural assignment and understanding of pathogenic
behavior of human-threatening GBS bacteria.

Furthermore, the understanding of its structure at the
unimolecular level would be a step forward in the under-
standing of its mode of action as a potential vaccine. Despite
the significant difference between the metal surface in UHV
and the liquid environment of a vaccine, this exploratory study
exemplifies how direct imaging and manipulation of the RP4
molecule by STM allows us to unambiguously discriminate the
configuration and structure of individual isomers on the
surface.

We first prepared RP4 (Figure la) following a stereo-
selective synthetic approach, affording the all-E isomer as the
major product (see the Supporting Information for further
details). The molecular deposition of RP4 on atomically
defined Au(111) was carried out under UHV conditions at
room temperature, as illustrated in Figure 1b. The ESD
technique was employed to deposit a solution of RP4 in
methanol (2 mg/mL) onto the surface, as described in the
“Experimental and Computational Methods” section. It is
important to note that our setup did not include mass or
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Figure 2. Isolation and manipulation of the RP4 isomers from clusters. (a—c) Detail in constant current STM of the separation of RP4 clusters by
tip manipulation. (d—g) Sequence of STM images displaying a tip-induced manipulation on a single monomer from an initial state (d) to a final
state (g) through a sequence of rotations (see the Supporting Information for further examples). Scanning parameters: (a) V, = S01 mV and I = 10
pA, (b) Vy=1mV and I = 10 pA, (c) V, = 51 mV and I = 10 pA, and (d—g) V, = S01 mV and I = 10 pA.

energy selection. The sample was then quickly transferred to a
cryogenic scanning tunneling microscope operating at 4.8 K
for further examination. The large-scale STM topographs
(Figure 1c) revealed that RP4 molecules tend to agglomerate
into small and disordered two-dimensional clusters with typical
apparent heights ranging from 260 to S00 pm (see the
Supporting Information). We postulate that the aggregation of
RP4 occurs at the Au surface owing to low surface diffusion
barriers and large molecular mobility at room temperature,
with the aggregates being stabilized by dispersion forces and
hydrogen bonding involving OH of the rhamnose moiety.”***
It is important to note that, despite ESD being an ionization
process, it is plausible to assume that the ions neutralize rapidly
upon contact with the metallic surface as a result of charge
transfer with the surface.

To investigate the chemical composition of the clusters, we
employed tip-induced manipulations to isolate individual
molecular units for a thorough examination. The procedure
involved a concise mechanical interaction between the tip and
the molecule, resulting in the tip exerting a pulling force on
certain parts of the cluster in the direction of fast scanning.
Specifically, we deliberately modified the imaging conditions,
particularly the tip—sample distance, to separate the molecular
aggregates into individual units, as shown in Figure 2 (further
details in the “Experimental and Computational Methods”
section). Figure 2a illustrates the initial state before cluster
manipulation. When the bias voltage was ramped down (from
501 to 1 mV) while scanning the cluster, the tip—sample
height was lowered, thus increasing the tip—cluster interaction,
as shown in Figure 2b. This step was critical to achieve the
separation of the molecular aggregates into individual units.
The outcome of cluster manipulation is depicted in Figure 2c,
where a single object can be clearly identified. Crucially, this
entity possesses a quantifiable length of 2.7 nm, akin to the
theoretical extension of the RP4 molecule in the STM-
calculated images. This procedure enabled us to discern the
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chemical content of the clusters and provided a more
comprehensive understanding of the properties and behavior
of RP4 on the surface. The procedure was repeated over
several aggregates, systematically leading to the isolation of
single objects with similar characteristics on the surface.
However, this method of isolation does not necessarily
preclude the presence of other chemical entities on the surface
despite only observing single molecules during the cleaning
process. Remarkably, following the manipulation of the cluster,
no residual material was observed in the vicinity of the scanned
region nor were there any alterations to the tip apex. As a
consequence, the complete identification and assignment of
structures to single molecules require a careful assessment of
the surface chemistry of the clusters.

Next, we conducted controlled molecular manipulations on
the single objects using STM to further demonstrate the
chemical integrity and stability of the single RP4 molecule.
Specifically, we induced rotations and translations of individual
RP4 molecules using the STM tip, as illustrated in panels d—g
of Figure 2, following isolation of the molecule, as described
above. This process was executed sequentially, with each step
being imaged to track the position of the molecule from an
initial state to a final state. The full manipulation sequence
provided compelling evidence that the characteristic functional
groups of RP4 remained intact throughout the manipulation
process and that the molecule was covalently bonded, with no
evidence of tip-induced isomerizations or irreversible changes.
These results further reinforce the chemical and stereo-
chemical stability of the RP4 molecule and its potential
applicability.

We now shift our focus to examining the stereochemistry of
RP4 molecules on the surface. This molecule is relatively
complex with a huge number of potential conformations in
solution. Full understanding the conformational space of RP4
is crucial to comprehend its potential interactions with other
biomolecules and its relevance to biomedical applications.

https://doi.org/10.1021/acs.jpclett.4c00164
J. Phys. Chem. Lett. 2024, 15, 6935—6942


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c00164/suppl_file/jz4c00164_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00164?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00164?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00164?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c00164/suppl_file/jz4c00164_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00164?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c00164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

b

Poly

,~e

Polyenic
Rhamnose chain Alanine

\ /

H
:,IOJ,O NG~ N
HO” Y “OH OLo”So
OH
RP4-1
-
0 Z(pm) 190
e
Polyenic
chain Alanine
Rhamnose 1
\ 7\
O N A O HO
o;{
e WOH HN—.=)§O
wd o

RP4-2

0 Z(pm) 160

Figure 3. Visualization of RP4 isomers. (a and e) Chemical structures of the visualized RP4 isomers. (b and f) Corresponding constant-current
STM images. The RP4-1 isomer displays the rhamnose group in one end, four E-alkenes in s-trans conformation, and the alanine amino acid in the
other end. The RP4-2 isomer presents one of the diene moieties in a s-cis conformation. (c and g) STM-simulated images of both RP4 isomers with
a superimposed model. (d and h) DFT-calculated conformations for RP4 isomers. Scanning parameters: (b) V=51 mV and I = 10 pA and (f) V=

501 mV and I = 10 pA.

Moreover, the main conformer present in solution may not
always be involved in molecular recognition or docking
processes.

Two different isomers, RP4-1 and RP4-2, were experimen-
tally observed, with the first isomer being much more
commonly found (Figure 3). In both RP4 isomer images, we
can identify the central polyenic chain flanked by two bright
protrusions that correspond to rhamnose and the terminal
amino acid. The main difference lies in the more curved central
part of RP4-2 (Figure 3f). The structural assignment of such
isomers was carried out with the aid of theoretical calculations.
A completely unbiased conformational search in vacuo with the
CREST tool® gives a prevalence of folded structures in which
the sugar and amino acid terminus are hydrogen-bonded,
yielding a curved polyene chain not corresponding to the
observed shape (see section 5.1 of the Supporting
Information). These curved structures are not likely to be
energetically favored on the metallic surface because favorable
alkene—surface interactions are avoided. Therefore, it is not
surprising that the gold surface was limiting the number of 3D
arrangements compared to the vacuum. It is also worth noting
that such arrangements may not be more frequent in solution.
In that way, we can analyze conformations that are statistically
hidden in solution. Considering that molecules arrive to the
surface from solution/vacuum, the initially observed aggregates
(Figure 2a) could be related with very different RP4
conformers. Nevertheless, manipulations performed to isolate
the single molecule drive the system toward RP4 flat isomers
to maximize the surface—7 interactions. To find conformers
suitable for testing on a Au surface by the calculations
described in the following, a new conformational search for the
all E isomer was carried out maintaining the trans-planar
structural characteristic fixed while exploring all conforma-
tional possibilities for the two moieties: the rhamnose part and
the amino acid (see the “Experimental and Computational
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Methods” section for general details and the Supporting
Information for the preliminary study of the two independent
parts). Two principal conformers were then identified that are
partially folded (Table S3 of the Supporting Information),
presenting rhamnose parallel to the polyene chain. Although
they are challenging for STM elucidation, simple rotations
around the rhamnose polyene bridge give a realistic
conformation on the surface (see Figure S10 of the Supporting
Information for a comparison of the folded geometry versus
the extended geometry). This folding is energetically favorable
via an energy minimization from the interactions of oxygenated
functionalities with the metallic surface. We performed
computational simulations with the quantum mechanics
(QM)/molecular mechanics (MM) approach®® to characterize
the geometry of the RP4 molecule on the surface for both
isomers (panels d and h of Figure 3), and the corresponding
STM theoretical images were simulated with a reasonable
match to the experimental images (Figure 3¢ versus Figure 3b
and Figure 3g versus Figure 3f) (see the “Experimental and
Computational Methods” section for details). Our STM-
simulated images accurately replicate the visual representation
of the elongated central polyenic chain and the protrusions
arising from the out-of-the-surface plane configuration of both
rhamnose and the terminal amino acid. Guided by theoretical
conformational analysis and supported by simulated images,
we elucidate that the major isomer RP4-1 corresponds to the
all s-trans conformation (Figure 3a), whereas the minor isomer
RP4-2 comes from the energetically unfavorable conformation,
in which diene closer to rhamnose has a s-cis conformation
instead of the energetically favored s-trans conformation found
in isomer RP4-1 (Figure 3e). We cannot discard the fact that
the rotation of the single bond that gives s-cis diene occurs
during the deposition/isolation experiments as a result of the
low activation barrier to access such a conformation.
Remarkably, as shown in Figure 2, tip-induced manipulations
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of the molecule did not promote a conformational change,
maintaining the molecule unaltered.

In conclusion, the present study highlights the robust
potential in the synergistic application of ESD in conjunction
with UHV-STM for probing the intricate understanding of
labile and/or non-crystallizable molecular structures on
atomically defined surfaces, achieving submolecular resolution.
Specifically, we aimed to investigate the chemical structure of
the rhamnopolyene lipid RP4 on Au(111). The STM images
obtained from our experiments revealed the coexistence of two
distinct conformational isomers of RP4 on the surface, which
we further confirmed through single-molecule manipulation
experiments, thereby establishing the chemical stability of the
molecule. Furthermore, we performed density functional
theory (DFT) calculations considering flat polyene structures
to corroborate our experimental results and used such
structures to simulate STM images. Our findings provide
novel insights into the chemical structure of a labile complex
molecule of biological interest and pave the way for future
detailed investigations in this area. Further studies addressing
the structural elucidation of more complex polyenes, such as
granadaene, or exploring the interaction of RP4 with
subsequently electrospray-deposited amino acids or carbohy-
drates can be envisioned.

Experimental and Computational Methods. Synthesis.
Unless otherwise stated, all reagents and solvents were
purchased from commercial sources and used without further
purification. Anhydrous tetrahydrofuran (THF) was freshly
distilled over Na/benzophenone. Flash column chromatog-
raphy was carried out using silica gel 60 (40—63 ym) as the
stationary phase. Analytical thin-layer chromatography (TLC)
was performed on aluminum sheets coated with silica gel with
fluorescent indicator UV254, observed under UV light (254
nm), and stained with phosphomolybdic acid (5% methanol
solution). All 'H and "*C nuclear magnetic resonance (NMR)
spectra were recorded on Bruker Avance Neo (400 or 500
MHz) spectrometers at a constant temperature of 298 K.
Chemical shifts are reported in parts per million (ppm) and
referenced to residual solvent: CHCl, (7.27 and 77.0 ppm for
'H and "*C, respectively), and MeOH (3.31 and 49.0 ppm for
'H and C, respectively). Coupling constants (J) are reported
in hertz. Multiplicities are abbreviated as follows: s, singlet; br
s, broad singlet; d, doublet; t, triplet; m, multiplet; dd, doublet
of doublets; td, triplet of doublets; ddd, doublet of doublet of
doublets; and dt, doublet of triplets. Proton assignment was
carried out by two-dimensional (2D) NMR experiments:
correlation spectroscopy (COSY), heteronuclear single-quan-
tum correlation (HSQC), and heteronuclear multiple-bond
correlation (HMBC), where possible. Assignment of the *C
NMR multiplicities was accomplished by distortionless
enhancement by polarization transfer (DEPT) techniques.
Electrospray ionization time-of-flight (ESI-TOF) mass spectra
were recorded in a Waters Xevo G2-XS QTof. RP4 was
prepared according to the literature,* with some modifications
detailed in the Supporting Information.

Scanning Probe Microscopy. The experiments were conducted
within an UHV environment, where the base pressure was
maintained below § X 107'° mbar. The setup included a low-
temperature scanning tunneling microscope (Createc GmbH)
operating at 4.2 K. Imaging was performed using a Pt/Ir tip
with the bias voltage applied to the sample. Metallic tips were
achieved through controlled indentations on the exposed
surface. Au(111) was prepared via standard cycles of Ar*
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sputtering and annealing. The ESDs were carried out using a
commercial system (MolecularSpray, Ltd.) outfitted with
several pumping stages. Our ESD setup was run in positive
mode; that is, a positive bias is applied to the emitter. The
setup was linked to the UHV preparation chamber. RP4 was
dissolved in methanol to form a solution with a concentration
of 2 mg/mL. The deposition was performed on the sample at
ambient temperature. During the spray deposition, the
pressure in the chamber was less than 1 X 1077 mbar.
Typically, the voltages applied to the capillary ranged between
2 and 2.3 kV with necessary adjustments to maintain spray
stability while keeping an approximate pumping rate of 60 L/
h for 60 min. After deposition, the sample was immediately
transferred to the analysis chamber in UHV and cooled down
to 4.2 K. All data were subject to standard processes using the
WSxM software”’ without any filtering or smoothing.
Approximately, more than 20 RP4 molecules were considered
in dozens of STM overviews of S0 X 50 nm* The molecular
manipulation to separate RP4 from the conglomerated islands
was performed by scanning in constant current mode a
conglomerate with a bias voltage of 1 mV and a tunneling
current of 10 pA. After every manipulation event, the frame
was rescanned in constant current mode with a bias voltage of
500 mV and a tunneling current of 10 pA. Single-molecule
manipulation has been performed in constant current mode
(10 pA) by ranging the bias to 1 mV.

Theoretical Calculations. A completely unbiased conforma-
tional search in vacuo was carried out with the CREST tool.*’
After the CREST conformational search, structures have been
optimized at the MO6/tzvp level with the Gaussian 16
package.52 RP4 structures on Au(111) have been calculated
using a QM/MM approach® with the molecules described
with Fireball DFT* and the surface described with the
interface force field.** More details are given in the Supporting
Information.
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