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ABSTRACT: Biomolecules function by adopting multiple con-
formations. Such dynamics are governed by the conformation
landscape whose study requires characterization of the ground and
excited conformation states. Here, the conformational landscape of
a molecule is sampled by exciting an initial gas-phase molecular
conformer into diverse conformation states, using soft molecule
surface collision (0.5 5.0 eV). The resulting ground and excited
molecular conformations, adsorbed on the surface, are imaged at
the single-molecule level. This technique permits the exploration of
oligosaccharide conformations, until now, limited by the high
exibility of oligosaccharides and ensemble-averaged analytical
methods. As a model for cellulose, cellohexaose chains are
observed in two conformational extremes, the typical “extended”

chain and the atypical “coiled” chain the latter identi ed as the gas-phase conformer preserved on the surface. Observing
conformations between these two extremes reveals the physical properties of cellohexaose, behaving as a rigid ribbon that becomes
exible when twisted. The conformation space of any molecule that can be electrosprayed can now be explored.

1. INTRODUCTION

The three-dimensional structure of a biomolecule is of
fundamental importance for its function and properties.
Understanding the mechanism of action™? of a biomolecule
requires identi cation of conformations beyond the most
abundant ones since those are often not the bioactive
species.>® Identifying these rare conformations is key to
understanding the properties of materials made out of these
biomolecules.>® Exploration of the conformation space beyond
the most stable conformation is a prerequisite.

The conformational space of oligopeptides’ ° and oligonu-
cleotides™ is well studied, while little is known about
oligosaccharide (i.e., glycan or carbohydrate) conforma-
tions""*? the most abundant biomolecules on earth that
play a key role in cell recognition® and structure.* To date,
oligosaccharide conformations in various environments have
been probed by crystallography and spectroscopy techni-
ques.>>*+1> 22 However, these results remain limited to the
few most abundant conformations and these measurements
require deconvolution into contributions from individual
conformers assumed to be rigid.***®?*?* This rigidity
assumption complicates the study of oligosaccharide con-
formation since oligosaccharides are highly exible ***#°
Mapping of the oligosaccharide conformation space requires
single-molecule approaches that eliminate the ensemble
averaging.
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A combination of electrospray ion-beam deposition (ES-
IBD)*? and scanning tunneling microscopy (STM) allows
for single-molecule imaging of oligosaccharides deposited on a
surface.”” ° Here, we show that soft collision (0.5 5.0 eV) of
an oligosaccharide with a surface produces both ground and
excited oligosaccharide conformations, whose imaging reveals
the oligosaccharide conformation space. Our approach takes
advantage of the mechanical excitation provided by molecule
surface collision that is known to excite low-frequency
molecular vibrational modes® *? that, for biomolecules, are
associated with their backbone motions (i.e., their conforma-
tion dynamics).** ¢ Adsorption on a cold surface ( 120 K)
deactivates the thermal motion of the conformers generated
from our collision experiment, allowing us to trap excited
conformation states and image them as isolated single
molecules. Imaging these conformation states reveals the
intrinsic conformation space of the target oligosaccharide.

The conformation space of cellohexaose, an oligosaccharide
composed of six glucose (Glc) units linked by -1,4 glycosidic
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Figure 1. Cellohexaose conformers imaged on a surface. (a) Chemical structure of cellohexaose an oligosaccharide with six glucose (GIc) units
linked via -1,4 glycosidic bonds. The structure is drawn from the nonreducing end (the left end) to the reducing end (the right end). (b)
Schematics of the experiment: a beam of cellohexaose anion, [M H] %, was aimed at the normal incident angle to a Cu(100) surface held at 120
K. The outcome of the collision at low energies (Eco.) of 0.5 5.0 eV was imaged by STM (see Materials and Methods for details). (¢c) STM image
and STM simulation of cellohexaose on Cu(100) at 11 K, showing a spectrum of conformers between “extended”, which has six horizontal (H)
pyranose rings, and “coiled”, which has six vertical (V) pyranose rings. The height of the V unit was measured as 2.5 % 0.3 A, while that for the H
unit was 2.0 = 0.3 A. The STM simulation is superimposed with its corresponding computed structure, whose side view is given in GEOM,
ascribing the middle of the imaged Glc protrusion to the center of the Glc pyranose ring.

bonds (Figure 1a) serving as a model for cellulose,** is
explored by colliding a singly deprotonated cellohexaose anion,
[M H] % with a Cu(100) surface held at 120 K. STM
imaging of the adsorbed molecules revealed that the collision-
sampled diverse conformation states of cellohexaose (Figures 1
and 2). These states show the characteristic geometry and
exibility of the -14 Glc-Glc glycosidic bond at varied
pyranose ring orientations, thus providing insight into the
intrinsic property of cellohexaose. Cellohexaose surface
collisions at either 0.5 or 5.0 eV collision energy (Ecop in
Figure 1b) give the same types of conformers on the surface,
but with substantially di erent populations (Figure 3). At low
energies (0.5 eV), limited conformation states were sampled,
thereby preserving the gas-phase conformation of cellohexaose
as the major species on the surface; at higher energies ( 5.0
eV), more conformation states were sampled since the
collision with ample energy was able to change the gas-phase
conformation into many other conformation states. These
results demonstrate that a fragile, gas-phase molecular
conformer can be preserved on a surface for detailed structural
characterization by single-molecule microscopy, and soft
molecule surface collision is a viable means to generate
both the ground and excited conformation states of a complex
molecule on the surface.

2. RESULTS AND DISCUSSION

Deposition of deprotonated cellohexaose anions ([M H] 1)
was found to give adsorbed cellohexaose that was imaged as a
chain containing six protrusions, corresponding to the six Glc
units in cellohexaose (Figure 1c). Representative conformer
types observed include the fully linear (“extended”), the
partially coiled, and the fully coiled (“coiled”) conformer.
Molecular manipulation of the coiled species with the STM tip
converted the coiled conformer into an extended conformer
(Figure S1, Supporting Information), demonstrating that these
two species are di erent conformations of the same molecule.

The observation of partially and fully coiled cellohexaose
conformers challenges the widely accepted paradigm that
cellulose-like oligosaccharides can adopt only a linear
conformation similar to the extended species, typically found
in a solution*® and in a condensed phase.™

The Glc units in cellohexaose were observed in one of two
orientations: the horizontal “H” or the vertical “V” state.
Height measurements and STM simulations by density
functional theory (DFT) show that, in the H state, the
pyranose ring is oriented parallel to the surface, while in the V
state, the ring is oriented perpendicular to the surface. Notably,
the V state of the glucose unit in cellohexaose has the same
height as the glucoses in  -cyclodextrin that also adsorbs with
its ring perpendicular to the surface (Figure S2), con rming
that the V unit in cellohexaose has the same geometry as the
glucose in  -cyclodextrin.

The adsorbed cellohexaose was modeled by structures
relaxed in DFT, guided by the results from molecular dynamics
(MD) simulation of cellohexaose anion landing on the Cu
surface. The nal structures from the MD simulation show that
the adsorbed cellohexaose chain containing V-unit coils in the
clockwise direction, starting from the nonreducing to the
reducing end. This information allows us to identify the
nonreducing end for cellohexaose chains observed with any
number of V units (Figure 1c and Figure 2). Calculations of
the adsorbed cellohexaose show that the molecule exists as an
alkoxide covalently bound to the Cu surface (RO Cu) via one
of the hydroxide groups (RO ) initially present in the gas
phase (see the discussion of Figure 5 for more details). The
computed binding strength of the molecule to the surface
ranges from 9.7 eV for extended to 7.2 eV for coiled, of which
3.3 eV originates from the covalent RO Cu bond.

To rationalize the conformation space of cellohexaose, we
have grouped the conformers based on the number of V units
in the chain (Figure 2a n). The curvature of the cellohexaose
chain depends on the orientation of one pyranose ring with
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Figure 2. Real-space conformations of cellohexaose. Least-square overlay of experimentally observed cellohexaose conformers, grouped on the basis
of the number of vertical Glc units present: none in (a), two in (b d), three in (e h), fourin (i k), vein (I m), and six in (n). The positions of
the Glc units are shown as green squares for vertical Glc (V) and red squares for horizontal Glc (H). The nonreducing end of the chain has its V/H
label underlined. The size of the square grid in each panel is 4.0 x 4.0 A% The number of molecules observed are given as an N value at the bottom-
right of each panel. Detailed analysis of the spatial distribution is given in Figure S3. Panel (0) gives representative computed geometry of distinct
linkages present in the cellohexaose chain, showing di erent interunit hydrogen bonding (blue dashed lines). The rings are colored in red for H
units and green for V units. The axial H atoms on each of the pyranose rings are hidden for clarity.

respect to the neighboring ring, that is, VV, VH, HV, or HH
linkages (nonreducing to reducing end) (Figure 20 and Figure
S3). The HH linkage straightened the chain, while VV bent the
chain by 60°, as shown for the extended conformer (Figure
2a) and the coiled conformer (Figure 2n). In contrast, HV and
VH increased the geometric freedom of the chain, as evidenced
by the diverse conformations observed (Figure 2b m). The
absence of conformers with only one V unit indicates that the
V units are stabilized by the VV linkage, instead of HV or VH.
The di erent geometric preferences observed in these four
linkages provide an experimental measure of the potential
energy landscape at these four interunit ring orientations.
The potential energy landscape computed by DFT
reproduces the geometrical preferences of all four linkage
types (Figure S3). The calculations attribute the increased
geometric freedom in HV and VH, compared to that in HH
and VV, to the reduced number of hydrogen bonds between
glucoses at these orthogonal ring orientations. HV and VH
allow for one interunit hydrogen bond, while VV and HH
allow for two (Figure 20). This is an intrinsic molecular
property”® since the potential energy landscape of the Glc-Glc

linkage for the adsorbed molecule was computed to be similar
in the gas phase, free of environmental e ects (Figure S4).

The results identify cellohexaose as a rigid ribbon that, when
twisted, is highly exible at the twisting point (i.e,, at VH or
HV link) because of reduced interunit hydrogen bonding. This
increased exibility due to twisting is consistent with studies
that proposed the twisting of cellulose chains as a cause of
disorder in dissolved cellulose®” and in amorphous cellu-
lose.">*" The twisting also increases the number of hydroxyl
groups that can interact with their immediate environment.
Increased environmental interactions and exibility conferred
by twisting may explain why cellulose-like oligosaccharides
twist when bound by a carbohydrate binding module (CBM)
in enzymes.*®

The conformation space sampled by the cellohexaose
surface collision depends critically on the collision energy
(EcoL) that is, the translational energy of the molecule
toward the surface along the surface normal (see Materials and
Methods). Increasing Exo, from 0.5 to 5.0 eV increased the
extended and decreased the coiled population (Figure 3). The
dependence of the conformer population on Ecq, shows that
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Figure 3. Dependence of the conformation ensemble on the
molecule surface collision energy. () The most stable conformation
of the cellohexaose anion computed in the gas phase. This coiled
structure features two types of interunit hydrogen bonds: (i) between
OH6 OH6 (dotted blue line, “TOP” view), and (ii) between OH2
OH3 (dotted red line, “SIDE” view), with an average OO distance of
2.7 A. The axial H atoms on each pyranose ring are hidden for clarity.
(b) The observed conformer population at two collision energies
(Ecov), showing coiled as the major species (green bar) at 0.5 eV
collision energy and extended as the major species (red bar) at 5.0 eV.
EcoL is de ned as the translational energy of the molecule toward the
surface along the surface normal. The error bar indicates the standard
error.

various conformation states resulting from the collision
dynamics can be trapped on the cold surface. Collision at
EcoL = 5.0 eV was thereby understood to convert the initial
gas-phase conformer into many accessible conformation states;
collision at E;5, = 0.5 eV was limited in energy to induce
conformation change, causing the gas-phase conformer to be
preserved on the surface as the major species. Thus, the gas-
phase conformer of cellohexaose likely resembles the coiled
species.

To obtain information concerning the gas-phase structure of
cellohexaose anion, we performed DFT calculations of
variously coiled cellohexaose gas-phase anions (Figure 4a).
In agreement with the experiment, the computed gas-phase

structure of cellohexaose anion (Figure 3a) is a fully coiled
structure that closely resembles the observed coiled species on
the surface. Both the coiled species at the surface and the
coiled anion in the gas phase share identical glycosidic
conformations (i.e., the ( , ) torsion angles) that de ne
the oligosaccharide conformation. The fully coiled anion
structure was the most stable gas-phase conformation (Figure
4a), computed to be 2.1 eV more stable than its extended
counterpart, largely because of new hydrogen bonds formed
between the two terminal glucose units. The coiling direction
was found to be speci ¢ since the anion in Figure 3a and
Figure 4a is 1.5 eV more stable than the anion fully coiled in
the opposite direction. The fully coiled anion was found to be
the most stable when the negative charge is placed at the
terminus of the chain (Figure 3a). In this speci ¢ instance, the
stabilizing e ect of the negative charge in the coiled anion was
found to be secondary since, for the neutral cellohexaose in the
gas phase, the coiled conformer is 1.9 eV more stable than its
extended counterpart. This coiled anion possesses glycosidic
conformations that are very similar to that in the gas-phase
conformer of cellobiose (i.e., a Glc-( -1,4)-Glc disaccharide),
observed spectroscopically.”’ Our observation of coiled
cellohexaose in the hydrophobic gas-phase environment,® as
opposed to its linear conformation in the hydrophilic aqueous
environment,*® thereby suggests a new path to form “cyclo-
dextrin-like” molecules using noncovalent interactions.

To gain insights into the conformational landscape sampled
by cellohexaose surface collision in the experiment, we
computed the potential energies for all conformer types
observed in the experiment (Figure 2a n). The calculations
(Figure 4b) show that coiled and partially coiled adsorbed
cellohexaose are excited conformation states of cellohexaose on
the surface, while extended is the ground conformation state.
The observation of coiled and partially coiled cellohexaose
chains on the surface thus provides clear evidence for the
trapping of excited conformations states on the surface
generated via the soft molecule surface collision. By relating
the computed energy pro le (Figure 4b) to the observed
conformer populations (Figure 3b), we show that the 0.5 eV
collision traps the system in potential wells associated with
structures that strongly resemble the initial gas-phase structure,
while the 5.0 eV collision propels the system to access
potential wells associated with structures that strongly di er
from the initial gas-phase structure.

We performed MD calculations implemented in DFT to
unveil the principal mechanism behind the cellohexaose
surface collision (Figure 5). The initial state in the MD
simulation was the fully coiled, gas-phase conformer of
cellohexaose anion with its center-of-mass velocity set to a
known translational energy toward the surface. The collision
was modeled as adiabatic dynamics on the ground potential
energy surface by a net-neutral system of a coiled cellohexaose
anion approaching a positively charged Cu slab understood to
contain the image charge of the incoming cellohexaose anion
(Figure S5). To gain qualitative insights into the collision
dynamics, we limited our calculations to one of the many
possible gas-phase orientations (i.e., the geometry where the
C5 C6 points away from the surface).

In agreement with the experimental trend, MD calculations
show that, at E;o. = 0.5 eV (Figure 5a and Video 1,
Supporting Information), the collision preserved the coiled
gas-phase conformer on the surface as coiled, and at E;, = 5.0
eV (Figure 5b and Video 2 in the Supporting Information), the
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Figure 4. Potential energy pro le for variously coiled cellohexaose in the gas phase and on a surface. Computed potential energy pro le from DFT
(black lines) is given for gaseous singly deprotonated cellohexaose anion (a) and adsorbed singly dehydrogenated cellohexaose (b). The hollow
squares in (a) indicate the computed free energy at 298 K. The gas-phase conformation of cellohexaose anion is expected to be the most stable,
fully coiled conformer because the ions in our apparatus undergo a thermalization process via collisions with gas molecules at room temperature
before it collides with the Cu surface (see Materials and Methods). The collision dynamics, illustrated by the blue arrow, excites the coiled anion
conformation into many conformation states on the surface. In all gas-phase conformers shown, the negatively charged hydroxide is located at the
04 of the Glc unit at the nonreducing end since it leads to the lowest energy structure. The potential energy for every partially coiled species on the
surface is averaged between multiple conformer types illustrated by the cellohexaose chain images (also shown in Figure 2).

Figure 5. Computed dynamics of cellohexaose Cu(100) collision.
Time-dependent snapshots of cellohexaose colliding with (a) 0.5 eV
and (b) 5.0 eV collision energy. The 0.5 eV collision preserves the
gas-phase conformation of cellohexaose on the surface while the 5.0
eV collision induces a conformation change of cellohexaose. In both
trajectories, the proton from OH3 of the Glc at the nonreducing end
migrates to the O4 hydroxide, resulting in the formation of a O3 Cu
bond. The rings in the nal states are colored green for the vertical
ring (V) or red for horizontal (H). The axial H atoms on each of the
pyranose rings have been hidden for clarity.

collision changed the gas-phase conformer into a nal
conformation similar to that in Figure 2j. Analysis of the
computed dynamics (Figure S6) show the molecule to be
accelerated toward the surface, followed by the conversion of
its molecular translation into its low-frequency molecular
vibrations. The molecular acceleration increasing the molecular
translational energy by 2.7 eV in the 0.5 eV trajectory and by
1.8 eV in the 5.0 eV trajectory was understood to be mainly

driven by the attraction between the hydroxide group (RO )
and the surface en route to form the covalent RO Cu bond.
The greater increase of translational energy in the 0.5 eV
trajectory was due to the dynamical steering e ect®® wherein a
slow approaching molecule possesses more time to be
reoriented by the attractive forces from the surface, allowing
it to land on a more favorable adsorption site and give greater
energy release.

The surface collision of the molecule initiates energy transfer
from its translational degree-of-freedom to other degrees-of-
freedom (Figure S6). This highly inelastic collision prevents
the incident molecule from bouncing back to the vacuum by
converting 80% of its incident translational energy into its
rotations and vibrations, as well as the surface vibrations. The
calculation shows that the substantial ow of the incident
translational energy into the molecular vibrational energy
( 40%) is responsible for the molecular conformation
dynamics. In the 05 eV trajectory, the 1 eV gain of
vibrational energy is insu cient to signi cantly change the
molecular conformation, while the 2 eV gain in the 5 eV
trajectory is enough to initiate the conformation change. The
motion that causes this conformation change is identi ed as
the interunit rotation between glucose units (Figure 5b), which
breaks the interunit hydrogen bonds. This interunit rotation
changes the torsional angles of the glycosidic bond that dictate
the oligosaccharide conformation (Figure S6). Our result
shows that the collision directly converts the molecular
translation into low-frequency torsional motions that are
pertinent to conformation dynamics.
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3. CONCLUSIONS

Soft molecule surface collision was shown to sample the
intrinsic conformation space of an oligosaccharide. Controlled
exploration of the conformation space was achieved by tuning
the collision energy that can be minimized to preserve the gas-
phase conformer on the surface or can be increased to sample
many conformation states. The preservation of a fragile
molecular conformation from the gas phase to the surface
was demonstrated. As an outlook, starting from a native
electrospray,® near native as well as excited conformation states
can be isolated on the surface for structural investigations.
Synthetic oligosaccharides*®** can be examined to reveal the
e ect of chemical modi cation on their conformation with the
goal to achieve chemical control of oligosaccharide con-
formation, and subsequently, function. These studies will shed
light on the important role oligosaccharides play in biology®
as well as in material science.

The collision-induced conformation change described here
should be generally applicable for any complex molecule
colliding with a surface. Altogether, this approach enables the
study of both ground and excited conformation states at the
single-molecule level of any complex molecule that can be
electrosprayed. Preservation and imaging of gas-phase adducts
on a surface will reveal molecular interactions that are central
in biology®?* and chemical reactions.****

4. MATERIALS AND METHODS

4.1. Experiment. Cellohexaose was synthesized by previously
reported methods* and -cyclodextrin (purity 98%) was purchased
from Sigma-Aldrich. Both compounds were collided onto a surface
using the home-built electrospray ion-beam deposition (ES-IBD)
apparatus, described in detail elsewhere.”® In brief, the spray solution
was prepared by adding 10 L of 15% v/v aqueous NH5 into a 640 L
aliquot of 10 ® M cellohexaose or -cyclodextrin in a 4:5 water/
ethanol (v/v) mixture. The negative ions generated from the
electrospray ionization of this solution at an emitter voltage of 3
kV were mass-selected by quadrupoles to give a chemically pure ion
beam of cellohexaose monoanion ([M H] ! nmv/z = 988) or -
cyclodextrin monoanion ([M H] !, nmvz = 971). We used the
negative ion beam as opposed to the positive ion beam to avoid the
sodium-molecule adducts that were present as an impurity in the
positive beam. The ion beam was transmitted to an ultrahigh vacuum
chamber (P 10 '° mbar) and steered to a Cu(100) substrate held at

120 K at a normal incident angle. The Cu(100) surface was chosen
to prevent the molecular di usion at 120 K. The ion surface
collision energy was controlled by applying a retarding potential on
the Cu substrate, which decelerated the incident ion to a desired
kinetic energy. Prior to the collision experiment, the Cu(100) was
cleaned by repeated sputtering by Ar ions (1 keV beam energy) and
annealing ( 600 K). After the collision experiment, the sample, while
held at 90 K, was transferred to a commercial low-temperature
scanning tunneling microscope (Omicron Fermi SPM) where the Cu
surface was scanned at 11 K. All images shown were taken with
constant-current mode using a current set point of 1 pA at a surface
bias of +0.3 V. Tip manipulation of the adsorbed molecule was
performed by increasing the set point from 1 to 10 pA, which caused
mechanical contact between the STM tip and the molecule.

Real-space analysis of the molecules were done by WSxM
software,* yielding, for every cellohexaose molecule observed, a set
of six coordinates from (X;,Y;) to (,Ys) that each corresponds to
the center of the glucose pyranose ring (the index 1 refers to the unit
at the nonreducing end and the index 6 refers to the unit at the

coiled chains, or between the same-index H units for the extended
chain. The curvature of the cellohexaose chain was computed as the
di erence between the estimated chain tangent at each Glc unit. For
example, the curvature formed between the nth and (n+1)th Glc units
is equal to the tangent di erence at (X, Y,) and (Xu1,Yne1)-

4.2. Theory. Density functional theory (DFT) using the plane-
wave basis sets, as implemented in the Vienna Ab-initio Simulation
Package (VASP, version 5.4.4),®“" was used to model the
experimental result. The calculation employed projection-augmented
wave function (PAW)*“* and Perdew Burke Ernzerhof (PBE)
functional®® with a cuto  energy of 400 eV. van der Waals correction
was added using Grimme's DFT-D3 approach.>* The Cu(100)
surface was modeled as a three-layer slab separated by 21 A of vacuum
space, with the bottom layer frozen. The molecular dynamics (MD)
calculations used a (10 x 8) slab for 5.0 eV collision simulation and a
(8 x 8) slab for 0.5 eV collision simulation, while the relaxation
calculations used a (11 x 6) slab. All calculations sampled only the
point of the k mesh. For relaxation calculations, all atoms, except the
bottom layer of the Cu slab, were relaxed until the forces were below
0.01 eV/A. STM simulation was performed with the Terso -
Hammann method® and visualized by Hive software.>*** Visual-
ization of molecular structures were done using VESTA software.>®

MD calculations, implemented in VASP, were performed as a
microcanonical ensemble, preserving the total number of atoms (N),
volume (V), and energy (E). The singly dehydrogenated cellohexaose
molecule was placed 11 A above the surface, giving the ground
electronic state shown in Figure S5. The velocities in the cellohexaose
molecule and the surface were initialized by a random velocities
vector sampled from a Boltzmann distribution at room temperature
(298 K) and at 120 K, respectively. On top of these velocities, the
center-of-mass velocity corresponding to either 0.5 or 5.0 eV
translational energy toward the surface was added to the cellohexaose
molecule. The molecular dynamics calculations were performed with
a time step of 0.5 fs, which gave a negligible energy drift as low as 25
meV/ps.

Gas-phase DFT calculations of isolated molecular anions were
performed in ORCA (version 4.0.1.2)° using the localized basis sets.
The parameters used were similar to that used for VASP, that is, using
PBE functional®™® with Grimme's DFT-D3 correction.”® The
calculations were performed using the basis sets ma-def2-SVP®">®
and the auxiliary basis sets were chosen automatically.*®
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Video 1: Computed dynamics of cellohexaose colliding
with a Cu(100) surface at 0.5 eV incident translational
energy; the simulation shows the gas-phase conforma-
tion to be preserved on the surface; the movie was
rendered at 15 fps (MOV)

Video 2: Computed dynamics of cellohexaose colliding
with a Cu(100) surface at 5.0 eV incident translational
energy; the simulation shows the gas-phase conformer to
undergo conformation change upon collision; the movie
was rendered at 15 fps (MOV)
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