




materials. However, in typical implementations, PDF is derived
from WAXS alone, with the SAXS part omitted because of
instrumental limitations. The missing contribution from SAXS is
usually compensated using analytical approximations,[18] but
this approach is inadequate for particles having complex
shapes,[19] such as those encountered for biomacromolecules.
Here, we combined SAXS and WAXS signals to obtain a
complete PDF that encodes structural information at multiple
length scales – from sizes and shapes of biomacromolecules to
fine details of their local atomic order. Theoretical background
for the PDF analyses is provided in the Supporting
Information.[13,14c,15]

We employed cyclodextrins (CDs)[20] as model systems to
assess the feasibility of the proposed approach. CDs are cyclic
polysaccharides with α-1,4-glycosidic bonds linking α-D-gluco-
pyranosides units. The most common types of CDs are alpha-
CD (ACD), beta-CD (BCD), and gamma-CD (GCD). ACD, BCD, and
GCD incorporate six, seven, and eight basic units, respectively
(Figure 1a). CDs are of interest for both pharmaceutical
applications and fundamental research. These molecules, which
contain hydrophilic hydroxyl groups on the rims of the cones,
are soluble in water. At the same time, their hydrophobic cavity
can accommodate guest molecules with suitable sizes via host-
guest interactions. Because of this combination of hydrophilicity
and the ability to host hydrophobic guest species, CDs can
increase solubility and modify properties of guest molecules,
thereby helping to formulate small pharmaceutical compounds

(e.g., recent examples of remdesivir[21]) and build complex self-
assembled supramolecular structures.[22] The spatial dimensions
of CDs and their elemental compositions are comparable to
biomacromolecules such as small proteins or oligosaccharides.
Moreover, CDs of different sizes can exhibit different ring
conformations and/or flexibilities, resembling the variability of
the torsion angles between individual units in biomacromolec-
ular chains. The conformation of CDs in solutions determines
host-guest interactions;[23] therefore, adequate understanding of
structural details in these systems is key to developing their
applications. Additionally, MD simulations of CDs in solutions
are available, requiring experimental validation.[24] All these
factors make CDs well-suited for establishing the structure
determination methodology.

Results and Discussion

The structures of ACD, BCD, and GCD determined in their
crystalline states, along with their respective experimental
spliced SAXS and WAXS signals are displayed in Figure 1. Some
information is apparent already from visual inspection of the
scattering profiles, which feature two regions separated by the
vertical dashed line at 2.5 Å�1. For q<2.5 Å�1, the three profiles
are dominated by the SAXS form factors associated with the
overall shapes of the molecules (e.g., the first two minima are
related to the molecular dimensions.) For q>2.5 Å�1, the slowly
varying signals, albeit devoid of visually prominent features
(e.g., peaks, troughs), reflect the local atomic ordering, discov-
erable in the PDF if this scattering is included in the Fourier
transform. The high-q region appears similar for the three
structures, suggesting similar rigidity of the glycosidic units,
regardless of the number of glucopyranose units. We performed
standard analyses[3] of the SAXS data for solutions with different
concentrations of CDs to verify data quality and the appropri-
ateness of our data acquisition protocols. These results, along
with the effects of the omitted SAXS and WAXS signals on the
Fourier transform of the scattering data, are summarized in the
Supporting Information.

PDFs of CDs were extracted from the scattering profiles to
obtain interatomic correlations in these molecules. The blue
lines in Figure 2 represent the experimental PDFs. The low-r (<
4.5 Å) peaks correspond to interatomic distances within the
glycosidic units and hydrogen bonds. These peaks are relatively
sharp, as expected for rigid units. The high-r features reflect the
inter-glycosidic correlations and are significantly broader be-
cause of both the thermal motion of these units and the
progressively increasing number of atomic pairs at longer
distances, which lead to peak overlap.

Structural refinements of the CD molecules against their
PDF profiles were performed to determine the behavior of
glycosidic units. According to the published crystal structures,
NMR data and MD simulations,[20b,24–25] the conformation of the
CD macrocycle is relatively rigid due to the overall cyclic
restrictions and inter-glycosidic hydrogen bonds. In crystals,
glycosidic units deviate from their common mean plane by less
than 0.25 Å, while the torsion angles between these units are

Figure 1. (a) Rendering of ACD, BCD, and GCD crystalline structures.
Crystalline water molecules are omitted for clarity. (b) Log-Log plot of the
scattering intensity (I) vs. scattering vector (q) for the merged SAXS and
WAXS data from the CD aqueous solutions. Plots with error bars can be
found in the Supporting Information. The scattering profiles were obtained
by subtracting the solvent scattering, measured separately, from the total
signal. Red: 50 mg/ml GCD; Blue: 18 mg/ml BCD; Green: 50 mg/ml ACD. d is
the real-space distance calculated from q.
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nearly constant .[20b] However, in solution, the torsion angle
rotations about the glycosidic bonds can significantly affect
oligosaccharide conformations.[25b] Therefore, our models al-
lowed such motion by refining the torsion angles of glycosidic
bonds. Also, CD molecules form hydrogen bonds in aqueous
solutions with water both at the surface and inside the CD
cavity.[23] Therefore, such water molecules were included in the
structural models (more details are in the Supporting Informa-
tion). The thermal motion of the water molecules was refined to
recreate the contributions of the hydration layer and inner
water clusters to the PDF signal.

The refined structure of ACD superimposed on the initial
model from the crystal-structure database is displayed in
Figure 3; similar results for BCD and GCD are listed in the
Supporting Information. Figure 2 compares PDF profiles for the
initial (green dots) and refined structures (red lines). The
differences between the high-r portions of the two signals are
significant. Asymmetric torsion angles for each glycosidic bond
in ACD differed from those in the initial crystal structure by �4°

(positive for the hydroxymethyl groups rotating outwards from
the CD macrocycle). For both BCD and GCD, the differences
from their respective crystalline models were �3°. The more
significant torsion angle differences in ACD relative to two other
types can be attributed to different strains in the overall
macrocycle conformations,[24] PDF-refined models are also
markedly less symmetric than the approximately circular
structures determined in their respective crystalline forms,
possibly reflecting distortions of the individual oligosaccharides
in solutions at 298 K.

In the case of CDs, knowledge of fine structural details, such
as torsion angles within the building units, could increase
understanding of host-guest interactions – as required, for
example, to explain the unusually high affinity between CDs
and guest boron clusters, the size of which precisely match that
of the CD cavity.[26] Yet, such details would be inaccessible from
typical SAXS experiments and modeling. For example, Figure 4
shows a reconstructed structure[14a,b] from the SAXS component
of the ACD data. Although this model correctly describes the
approximate size of the ACD molecule, the details of its shape
(e.g., six repeat units) and closing cycles are either missing or
misrepresented. Possible reasons include the limited resolution
and information content of the SAXS data. Even the SAXS cutoff
of 1 Å�1 results in the structural resolution of only �6 Å, which
is coarser than the dimensions of a glycosidic unit. Another set
of factors is the approximations and regularization biases

Figure 2. Low-r (left) and high-r (right) region of experimental (blue solid
line), calculated from the initial structures adopted from the database (green
dotted line), and fitted (red dash line) PDFs of (a) ACD, (b) BCD, and (c) GCD.
Insets display the corresponding structural models with the hydration-layer
water molecules omitted for clarity.

Figure 3. Refined structural model of ACD. Hydration water molecules are
omitted for clarity. Superimposed refined structure (red) of ACD from the
PDF analysis and the initial structure from the database (blue). (a) top and
(b) 45°-tilted views of the secondary rim of ACD. The refined models for the
other two types of CDs are included in the Supporting Information.

Figure 4. Reconstructed structure of ACD from SAXS (q<1 Å�1) (light gray
envelope) overlayed onto the model obtained from the PDF refinements
(gray/red stick rendering). (a) Top view, (b) side view.
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involved in converting the SAXS intensity into a pair-density
distribution function and then into a three-dimensional struc-
tural model.[14a,b] As we show here, extending the qmax limit of
the scattering data to yield an adequate-quality PDF leads to
much-improved resolution and scope of structural solutions.

CDs are smaller and more rigid and ordered than many
biomacromolecules facilitating refinements of their structures
from the PDF alone using existing crystallographic methods
and software. For biomacromolecules, such as proteins or
oligonucleotides, a PDF, which effectively represents an average
over an ensemble of molecules in the sample, will still serve as
a high-fidelity “fingerprint” of the overall molecular structure.
However, finding a representative structural solution will
require integrating this PDF signal with other data from
methods such as NMR to constrain the model. Unlike traditional
crystallographic descriptors employed here, with atomic motion
parameterized using atomic displacement parameters (ADP),
fully atomistic refinements of the instantaneous atomic posi-
tions encoded in the solution-scattering data and including
several conformations might be possible, though it will
necessitate further development of the existing algorithms and
computer programs. Concurrently, PDF data can provide power-
ful constraints and benchmarks for MD simulations of bioma-
cromolecules. The fast speed of real-space PDF calculations also
makes PDF measurements attractive for use with high-through-
put methods, including training machine-learning models.

Conclusions

We demonstrated that combining SAXS and WAXS measure-
ments to span a q range from �0.05 Å�1 to 23 Å�1, holds
promise for the unprecedented structural characterization of
biomacromolecules in native solution environments and further
exploration is ongoing. A principal advantage of having a
scattering signal over such an ultra-wide q-range is the ability
to convert it to a high-resolution atomic pair-distribution
function which facilitates the determination of structural details.
We used CDs as example systems to illustrate the potential of
this approach. We successfully determined torsion angles for
the glycosidic bonds for CDs in solutions showing them to
deviate from those in the crystalline forms of these molecules.
Such information is inaccessible from standard SAXS measure-
ments. Using WAXS data measured to the conventional qmax of
2 Å�1 to 3 Å�1 could possibly permit the determination of
torsion angles; however, this analysis would have to be
performed in reciprocal space, which is much more challenging
and computationally intensive than the PDF analyses employed
here. The methodology, including the data acquisition and
analysis protocols established in this feasibility study, are
envisioned to provide a foundation for further development of
ultra-wide angle X-ray scattering measurements toward high-
resolution structural characterization of biomacromolecules.

Experimental Section

Materials: ACD, BCD, and GCD powders were purchased from
Sigma-Aldrich and used without further purification. The sample
solutions were prepared by dissolving these powders in deionized
water. For ACD and GCD, sample concentrations of 12.5 mg/ml,
25 mg/ml and 50 mg/ml were used. For BCD, the concentrations
were 12.5 mg/ml and 18 mg/ml, with the latter close to the
solubility limit. Data collected for these solutions containing differ-
ent concentrations of CDs were used to assess the reproducibility
and reliability of both SAXS and WAXS measurements. All measure-
ments were conducted at ambient temperature (298 K).

SAXS: These measurements were performed at the NSF ChemMat-
CARS (15-ID-D) beamline of the Advanced Photon Source (APS) at
Argonne National Laboratory. The sample solutions were placed in
a 1.5 mm diameter, thin-walled quartz capillary tube flow cell, and
the solutions were flown continuously to mitigate radiation
damage. Data frames were collected using a Pilatus3X 300 K
detector with a 1 mm Si chip and a sample-to-detector distance of
0.57 m with the X-ray energy of 20 keV or 16 keV. We performed
separate measurements for the empty setup, empty flow cell, and
water flowing through the flow cell to determine the background
to be subtracted from the total intensity to isolate the signal from
the sample molecules. The exposure time for each measurement
was 2 min. The q-range of the data was from qmin�0.05 Å�1 to qmax

�1.4 Å�1.

X-ray total scattering: These measurements were conducted at
beamline 11-ID-B of the APS. Data were recorded on a Perkin–Elmer
amorphous-Si two-dimensional detector (2048×2048 pixels and
200×200 μm pixel size) mounted downstream from the sample
perpendicular to the beam path with a sample-to-detector distance
of �180 mm. The X-ray energy was 58.76 keV (λ=0.2115 Å). The
sample solutions were placed in 3 mm diameter thin-walled
borosilicate glass NMR tubes. The samples were oscillated during
measurements along the tube axis to mitigate radiation damage.
Scattering from the empty setup, empty NMR tube, and water in
the NMR tube was measured separately for background subtrac-
tion. Each data frame recorded on the detector consisted of 120
subframes with an exposure time of 0.15 s per subframe. We used a
3 min “sleep time” between the data frames and discarded the first
three frames to avoid potential artifacts caused by the presence of
a residual signal on the detector. For the sample solutions and the
empty setup, the total exposure time was 60 min. For the empty
NMR tube and water in this tube, the exposure time was 120 min.

Two-dimensional images of the scattering patterns were azimu-
thally integrated and converted to one-dimensional intensity(I)
versus q traces using GSAS II.[4] We used PDFgetX2 software[5] to
correct the I(q) signal for Compton scattering and to subtract the
backgrounds from the flow cell and water, converting I(q) first to
S(q) and then to G(r) per Equation (5) in the Supporting Information.
The q-range included in the Fourier transform was from qmin=1 Å�1

to qmax�23 Å�1.

Structural refinements: Structures of CD molecules were refined
against the experimental G(r) using TOPAS.[6] The starting models
were adopted from the Cambridge Crystal Structure Database
(CCDC, Table S1). These models were added a hydration layer and
placed in an otherwise empty unit cell, sufficiently large to prevent
contributions from interatomic distances between the molecule
and its aliases created by the periodic boundary conditions
imposed by the software. The glucopyranosides units were con-
strained as rigid, with each unit allowed to rotate around its center.
The total number of rotational variables was 6 for ACD, 7 for BCD,
and 8 for GCD. We used two ADP parameters to describe thermal
motion – one for the atoms in the CD structure and another for the
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water molecules in the hydration layer; the PDF alone did not
support refinements of individual ADPs. We employed a simulated
annealing algorithm implemented in TOPAS. The objective function
minimized during fitting was the sum of squares of the weighted
differences between the observed and calculated PDF signals at
each r-value. The final refined structure corresponded to the global
minimum of this objective function as identified by the software.
The existing literature on CDs[24,25] is inconclusive regarding their
most probable conformational states but suggests limited con-
formational variability of these molecules. Our structural models
assumed a single conformation for CDS because the PDF alone was
insufficient for including multiple conformations. In the future,
combining PDF and NMR data will help develop a more accurate
model of the conformational states.

Certain commercial equipment, instruments, materials,
suppliers, or software are identified in this paper to foster
understanding. Such identification does not imply recommen-
dation or endorsement by the National Institute of Standards
and Technology (NIST), nor does it imply that the materials or
equipment identified are necessarily the best available for the
purpose.
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