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ABSTRACT

Collagen fibrillogenesis underlies the structural and mechanical properties of the extracellular matrix in connective and

other tissues, yet its molecular mechanism remains poorly understood. Here, we show that a europium(III) dipicolinate

complex (EuDPA) acts as a luminescent reporter of collagen aggregation. We combine Raman microscopy, circularly polarized
luminescence (CPL), and molecular dynamics (MD) simulations to study this process. While Raman imaging directly visualizes
the EuDPA-enhanced fibrillar architecture, CPL reveals enantioselective EuDPA-collagen interactions that accompany the
fibrillogenesis. MD simulations indicate the presence of stabilizing interactions between hydroxyproline residues and the
dipicolinate ligand. The results pave the way to monitoring of protein aggregation in general, and are relevant to fibrotic pathologies

and biomimetic materials design.

1 | Introduction

Collagen is the main component of the connective tissue found
in tendons, skin, cartilage, and bone. Its fibril-forming types (I, II,
I11, V, and XI) are the most significant species, and are involved
in aging and many pathophysiological processes such as cystic
fibrosis or cancer. Their highly ordered packing and hierarchical
bundling not only underlie collagen’s mechanical resilience in
vivo but also translate to its long-term stability in archaeological
findings [1].

A well-known structural feature of collagen is its triple helix, in
which three polypeptide chains adopt a polyproline II-type (PPII)
conformation stabilized by intramolecular hydrogen bonding.
The most common amino acids in it are proline (Pro, P),
hydroxyproline (Hyp, H), and glycine (Gly, G). The ProHypGly
(PHG) triplet is fundamental in assembling the helical chains
[2]. Although atomic-level features have been extensively studied

since the 1950s [3-6], many aspects of collagen fibrillogenesis
remain incompletely understood [7]. Even the most advanced
biomolecule-structure prediction algorithms, such as AlphaFold2
[8] and AlphaFold3 [9], struggle to describe higher-order collagen
assemblies.

Conventional methods such as X-ray crystallography, scanning
electron microscopy (SEM) [10], and mass spectroscopy (MS)
[11] can provide valuable structural information, but are
inherently limited to studying only in dry state. The atomic
force microscope (AFM) of collagen can handle hydrated
specimens [7], and optical methods also represent a suitable
alternative. For example, second-harmonic generation (SHG)
microscopy enables label-free visualization of fibrillar collagen
in intact tissues [12, 13], while vibrational (Raman in particular)
spectroscopy [14-16] offers a label-free, non-destructive way
to characterize collagen conformation in hydrated specimens
[16]. Raman imaging of protein-specific modes, such as amide
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vibrations, poses significant challenges because the signal is
weak compared to that of the dominant C—H stretching [17, 18],
especially when lipids are present in the specimen.

Lanthanide probes are frequently used to study photophysical
properties of molecules, including their sensitivity to local chiral
environment [19-21]. Lanthanide-binding proteins/peptides may
help to elucidate the structure and function of living systems,
and thus far have been investigated by X-ray crystallography, flu-
orescence spectroscopy, and NMR spectroscopy [22-24]. Among
them, Eu(III) complexes appear particularly suitable for chemical
imaging because the relevant transition D, — F,) at ~615 nm
does not overlap with vibrational Raman bands if the standard
532 nm excitation is used. This makes it possible to simultane-
ously record luminescence and Raman signal. Chiral-contrast
imaging is yet another promising application [25].

Chiroptical spectroscopies (e.g., circularly polarized lumines-
cence, CPL) are indispensable to study intermolecular inter-
actions [26, 27]. In particular, CPL detection within Raman
optical activity (ROA) spectroscopy [28-31] has proven highly
effective for bio-related studies, for example, in amino acids [32],
peptides [33], saccharides [34], N-acetylneuraminic (sialic) acid
[35], nucleotides [36], and DNA [37]. The lanthanide complexes
prove very useful to this end, and can also be used in chemical
(Raman) microscopy [38, 39]. In otherwise unstained cells, an
Eu(I1I) complex can serve as a counterstaining agent facilitat-
ing navigation in the specimen, i.e., providing a much-needed
morphological context [40].

Here we present a lanthanide-based molecular-imaging approach
linking molecular chirality to higher-order fibril architecture.
Specifically, we employ a europium(III) dipicolinate (EuDPA)
complex acting simultaneously as a luminescent tag and a
chiroptical probe. By combining Raman microscopy, ROA/CPL
spectroscopy, and molecular dynamics (MD) simulations, we
visualize the fibrillogenesis in collagen.

2 | Results and Discussion

2.1 | Imaging Collagen Fibrils With the Aid of a
Lanthanide Raman Tag

As a label-free technique, Raman microscopy provides chem-
ical contrast by exploiting unique vibrational fingerprints of
molecules. A more refined approach employs Raman tags
that provide strong spectral lines in the silent spectral range
(1800-2800 cm™), where biomolecules typically do not gener-
ate measurable signals [41]. To visualize collagen fibrils, we
used a water-soluble europium(III) tris(dipicolinate) complex,
Na,[Eu(DPA);] (abbreviated as EuDPA; Figure 1) as a selective
lanthanide luminescence tag. This probe binds to collagen and
is readily detected through its hypersensitive Eu** emission
band (°D,—’F, transition at ~616 nm). This band is seen at
~2555 cm™! in the Raman spectrum and is as narrow as most
vibrational bands [40]. Spectral mapping of this EuDPA-specific
peak revealed extended fibrillar networks that colocalized with
the collagen protein C—H stretching band at ~2935 cm™. This
overlap confirms the selective affinity of EuDPA for collagen and
enables direct visualization of its fibrillar architecture.

Bright-field microscopy of collagen hydrogels formed in the
presence of EuDPA revealed large, macroscopic fibers tens of
micrometers wide (Figure 1). However, sub-micrometer details of
these hydrated fibrils were not readily discernible.

When dried (Figure 2), smaller fibers/aggregates become visible,
most likely because the EuDPA concentration increases during
the drying process, thus facilitating fibrillogenesis. In the absence
of trituration (Figure 2A-C), the EuDPA concentration consid-
erably varies within the specimen, that is, can be locally higher
(and the collagen fibers bigger) than in triturated specimens
(Figure 2D). The crystal-like ordered nature of the fibers is appar-
ent from the polarization image (Figure 2B), and colocalization
of collagen I/ IT with EuDPA from the Raman (Figure 2C,F) and
luminescence (Figure 2C,E) images. The fibers were much less
numerous (or absent altogether) in control samples of collagen I
/ II alone and EuDPA alone (Figure 3 and Figure S3). Note that
the Eu luminescence band at ~2555 cm™ exhibits an intensity
over two orders of magnitude higher than the strongest Raman
signal of collagen I / II (the CH stretching mode at ~2935 cm™).
Detailed comparison of the spectral intensities (luminescence of
EuDPA vs. Raman CH-stretching band of collagen I / II) in wet
and dry state are shown in Figure S4 and Figure S5, respectively.

2.2 | Modulation of Collagen Aggregation by
Europium: ROA/CPL Spectroscopy

While lanthanide tagging enables direct chemical imaging of
the collagen fibrils, a deeper understanding of their molecular
architecture requires a chiroptical analysis. To this end, we
applied a ROA-CPL detection scheme to examine how EuDPA
binding affects the collagen self-assembly, as it is highly sensitive
to subtle structural changes induced by the lanthanide complexes
[30]. The water-soluble EuDPA complex exhibiting a pseudo-
D, symmetry contains coordination sites capable of chelating
histidine-containing peptides [42] and lysozyme [32]. Here, we
employed it to investigate induced-CPL spectral responses in
collagen proteins and collagen-type peptides.

EuDPA concentration below 1 mM (red traces in Figure 4A and
Figure S6A), the total-luminescence (I + I;) signal recorded
at 1565 and 1546 cm™ is a doublet corresponding to the D, —
"F, Eu®* transition (Iy and I;, denote the intensity of right- and
left-circularly polarized light). This particular transition generally
exhibits only a single luminescence band, and the doublet
most likely indicates a competition between the two EuDPA
enantiomers (A and A) for binding to collagen I. This spectral
couplet gradually becomes a singlet as EuDPA concentration
increases (>2 mM).

It is interesting that collagen I (20 mg/mL) preferably binds the
A-configuration of EuDPA [32, 42, 43] at low concentration of
EuDPA (<2 mM), and it exhibits a negative CPL (I; — I;) pattern
(Figure 4B and Figure S6B), with most Raman and luminescence
bands (I + I;) remaining almost the same (Figure 4A).

As EuDPA concentration increases (>4 mM), formation of col-
lagen fiber(s) can be seen by the naked eye (Figure 1), and the
protein starts to favor binding to the opposite (A) configuration
of EuDPA while displaying an inverted CPL pattern. Significant
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FIGURE 1 | Representative image of a protein fiber formed in wet state (solution) in a mixture of collagen I (final concentration 6.5 mg/mL) and

EuDPA (final concentration 4 mM, formula in the right box). The luminescence image (inset) demonstrates colocalization of collagen and EuDPA. The
spectrum comprises both the Raman and luminescence signals, and is shown at an expanded scale in Figure S4.
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FIGURE 2 | Protein fibers/aggregates in dry state obtained by mixing collagen I or IT with EuDPA (see Section 4 for details). Bigger fibers are present
in non-triturated (less thoroughly mixed) samples (A-C) containing locally higher concentrations of EuDPA, and their crystalline nature is documented
by the polarization image (B). Raman (C,F) and luminescence (C,E) images (shown as overlays with brightfield) reveal colocalization of collagen and
EuDPA. Imaging modality and objective magnification/numerical aperture are stated for each image (DIC, differential interference contrast). A zoom-
out view of A and B is shown in Figure 3. Pseudocolour rendering of the two images in D is purposely different, and their expanded versions are
shown in Figure S3. Control images (collagen alone and EuDPA alone) are shown in Figure 3 and Figure S3. The spectra comprise both the Raman and
luminescence signals, and are shown at an expanded scale in Figure S5.
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FIGURE 3 | (Right) Small-magnification overview of the “collagen + EuDPA” aggregate shown in Figure 2A,B (dry-state non-triturated sample of
collagen I). (Left) Control images of collagen I alone. (Centre) Control images of EuDPA alone.

changes upon exposure of collagen I to EuDPA could also be
seen in the Raman bands, indicating structural changes during
the fibrillogenesis. The amide I vibration at 1668 cm™' was
only detectable at a sufficiently low concentration of EuDPA
(0.5 mM), as otherwise the signal was masked by too strong Eu
luminescence.

We noticed spectral changes in collagen I even before the fiber
could be detected by the naked eye, that is, at lower EuDPA
concentrations (below ~2 mM), The strong C—H bending Raman
band at 1455 cm™! slightly drifted to 1452 cm™, and a weak
band at 1426 cm™! became more intense and slightly drifted to
1424 cm™!, similar as reported elsewhere [44, 45]. The Raman
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Raman and chiroptical signatures of collagen I and peptide assemblies modulated by EuDPA. (A,B) Raman/luminescence (Iz + I,)

and ROA/CPL (Iy — I,) spectra of collagen I alone (control) and in mixtures with the EuDPA complex at the indicated concentrations in 0.1 M acetic
acid. (C,D) Corresponding Raman/luminescence (Ig + I,) and ROA/CPL (Ix — Ip) spectra of peptide models, (PHG)oPHA and (PPG)yPPA (20 mM),
mixed with EuDPA (2 mM) in 0.1 M acetic acid. Spectra A, B, and D are shown at a different scale in Figure S6.

band at 1033 cm™ (Phe and Hyp/Pro vibrations) drifted to
1021 cm™ (Figure 4A). Changes in the ROA bands were detected
at 1382, 1240, and 1024 cm™! (Figure 4B). Jointly, the spectra
indicate changes in the collagen structure upon its chelation to
EuDPA.

By further increasing the EuDPA concentration (to >4 mM), the
strong Eu luminescence prevents detecting any new details in the
CPL/ROA spectra of collagen fibers [31], but stronger (or new)
Raman bands of collagen I could still be detected (Figure 4A).
The most prominent enhancement was encountered for the C—H
deformation at 1422 cm™', amide III vibration at 1257/1259 cm™!,
Phe and Hyp/Pro vibrations at 1021 cm ™!, C—C stretching at ~810—
880 cm~!, and a Raman band of the Hyp ring at 476 cm ™' [16]. New
bands were detected at 664 and 221 cm™.

These observations clearly indicate that collagen I conformation
is modulated by EuDPA. No changes were recorded in the Raman
or ROA spectra when collagen I was titrated by Na,DPA, indicat-
ing that the interaction between collagen and the DPA*" anion
alone is extremely weak, and it is indeed the pseudo-D; symmetry
of EuDPA geometry that is essential to the fibrillogenesis.

The effect of EuDPA was further analyzed by performing a
titration at low collagen I concentration (I mg/mL in 0.1 M
acetic acid, Figure S7). At a concentration this low, Raman
and ROA signals of collagen alone are almost invisible. Upon
chelating EuDPA, the induced CPL patterns started revealing

intermolecular interactions between EuDPA and collagen I, thus
sampling the structure of collagen itself.

The highest normalized circular intensity difference [CID = (I
— 1) / (I + I)] of =3.11 x 10~% was recorded at the lowest
concentrations of EuDPA (0.02 and 0.1 mM). As Eu concen-
tration increases up to ~1 mM, CID value decreases (Figure
S8). When the Eu/collagen ratio increases to ~0.5 mmol/g, the
“A” configuration of EuDPA is no longer dominant, and the
collagen fibrils/fibers begin to grow as more Eu is added. Their
putative binding to the opposite “A” configuration of EuDPA
yielded strong CPL, although the absolute CID ratio was smaller
than in the fiber-free case (i.e., at lower Eu concentration).
Possibly, total luminescence was weakened by the acetic acid
and water to a lesser extent at higher Eu concentration. We
assume that the Eu-collagen binding is most tight within the
range of 1 to 2.5 mmol/g because the induced CPL intensity starts
decreasing above ~2.5 mM Eu (Figure S7), and the CID value
starts decreasing below ~1 mM Eu (Figure S8).

Unlike in collagen I, where the EuDPA complex induced fibrillo-
genesis visible to the naked eye, no such effect was encountered
in collagen II in wet state. Instead, precipitation or condensation
occurred, accompanied by a similar CPL-signal inversion at
higher Eu concentrations (Figure S9).

Two collagen-type peptides, (PHG),PHA and (PPG),PPA exhib-
ited EuDPA-binding characteristics (Figure 4C,D and Figure S6D)

Aggregate, 2026

50f9

85U8017 SUOWILLOD 3A1T1D) 3|qeo! dde au Ag pauienob a8 Ss ol O ‘8sN JO S8|nJ o} Akeiq 1 8uljuQ A1 UO (SUOTPUOD-PUB-SWLBIAL0D" A3 1M Aeiq Ul Uo//:SdnL) SUonIPUOD pue suie 1 8y} 88S *[9202/50/90] Uo Areiqiauuo Asjim * Ansiweyd o1uebi0 JO 81yl - nog Jied Aq €620/ 21B2/200T 0T/10p/Wod™A8| imAe1q iUl juo//:Sdiy Wo.y pepeo|umod ‘g ‘9202 ‘09572692



similar to the “clear” (hyaline) fibre-free collagen I encountered
at low EuDPA/collagen ratio, indicating that these peptides favor
the A-EuDPA configuration. Obviously, the binding between
A-EuDPA and (PHG),PHA is slightly tighter, as indicated by
a higher CID value. In addition, an induced CPL couplet (+
type at 841/884 cm™) corresponding to the EuDPA °D, — ’F,
transition was detected in (PHG),PHA (Figure 4D), similar as in
collagen I before fibrillogenesis started taking place (Figure 4B).
Concentration titration of (PHG),PHA revealed changes in CID
only; binding to the A-configuration EuDPA was stable (both in
the presence and absence of acetic acid), and unlike in collagen
I and II, no inversion of the CPL sign was encountered (Figure
S10).

2.3 | Molecular Modelling of Eu-Collagen
Interactions

The experimental data established that EuDPA modulates
collagen conformation in a concentration- and configuration-
dependent manner, with marked differences between collagen I,
collagen II, and short collagen-type peptides. To elucidate these
effects at a molecular level, we performed MD simulations to
probe the lanthanide-peptide interactions and identify possible
binding motifs.

As demonstrated elsewhere, MD simulation can provide valuable
insights into lanthanide-peptide interactions [33, 42]. Upon
binding to (PHG),PHA, both “A” and “A” configurations of
EuDPA reached a minimum of free energy, at d ~ 7.6 and
9.6 A, respectively. Compared to larger distances (>~14 A), the
complex of the A-form and peptide is energetically different by
~2 kcal/mol from the A-form. However, this is comparable with
computational error and should not be compared to experiment
in a quantitative way. For (PPG),PPA and both enantiomers,
the most favored value is larger, d ~ 11.6 and 12.2 A (Figure 5
left). Stable geometries thus obtained (Figure 5, right) indicate
a significant role of the —OH group in Hyp, in that it is
capable of forming a hydrogen bond with the carboxylic group
of the DPA ligand of the EuDPA complex. Nevertheless, no
obvious intermolecular hydrogen bonding is captured in the MD
snapshots of EuDPA-(PPG),PPA.

These MD simulations can thus provide a qualitative understand-
ing of the observed data, although the actual binding sites may
be more complex, or multiple EuDPA molecules may be involved
in peptide binding. The MD data are consistent with ROA/CPL
spectra in terms of peptide binding to the EuDPA complex, and
Hyp appears to be closer to it than Pro, despite the fact that
the interaction of the complex with the collagen-type peptides is
rather weak.

In the EuDPA-(PHG),PHA model, the complex-peptide distance
is greater for the A-enantiomer than for the A-enantiomer, as
consistent with the observed CPL signal. In summary, EuDPA is a
racemate containing both enantiomers (A and A) in solution. At
low EuDPA concentrations, collagen I's interaction with EuDPA
is loose as no detectable fibrils are formed, and the induced CPL
signal is weak. The distance between EuDPA and collagen I is also
greater for the A-enantiomer, as in the peptide model. In contrast,
at high EuDPA concentration, collagen fibrils are formed, and

the A-enantiomer is encountered in the CPL spectra. Indeed,
the very presence of EuDPA-collagen fibrils in wet state (i.e.,
colocalization of EuDPA and collagen demonstrated in Figure 1)
indicates that collagen I and EuDPA do get closer to each other,
with the complex possibly linking multiple collagen chains.

3 | Conclusion

We have demonstrated that the EuDPA complex stimulates
fibril growth and can serve as a sensitive probe of collagen
fibrillogenesis, enabling its direct visualization by simultaneously
recording circularly polarized luminescence (CPL) of the complex
and Raman scattering of the collagen protein. Supramolecular
chirality of collagen and enantioselective binding of the complex
are involved.

The EuDPA complex appears to modulate collagen fibrillo-
genesis through stereospecific interactions. The concentration-
dependent induced CPL spectra reveal a dynamic switch in
collagen I’s enantioselective affinity to EuDPA’s A- and A- con-
figuration. This represents a key advantage over static structural
methods such as X-ray crystallography or ensemble-averaging
techniques such as NMR spectroscopy.

Molecular dynamics (MD) simulations of the Eu-collagen bind-
ing sites in the model peptides support the spectroscopic
conclusions. They highlighted the role of the Hyp residues in
forming hydrogen bonds with the DPA ligand. MD simulations
are consistent with CPL and Raman imaging data, and provide
a deeper understanding of the molecular architecture. The com-
plex’s pseudo-D; symmetry facilitates the collagen-EuDPA inter-
action by promoting collagen self-assembly at supramolecular
level.

The present findings pave the way to designing CPL-based
concentration switching materials with predictable chiroptical
properties, and to finding alternatives to the not very specific col-
lagen staining commonly used in histology and histopathology.
Extracellular matrix could thus be studied more efficiently, and
the data also aid the development of biomimetic materials such
as the inner lining of artificial (prosthetic) blood vessels.

4 | Experimental Section

Experimental procedures: Collagen I from rat tail tendon (used
in Figure 1 and Figure 4) and collagen II from chicken sternal
cartilage (used in Figure 2, Figure S3, and Figure S9) were
purchased as powder from Sigma-Aldrich and dissolved in 0.1 M
acetic acid. Two different stock concentrations were prepared for
collagen I (13 and 23 mg/mL), and one for collagen II (25 mg/mL).

Collagen I (1 mg/mL in 0.1 M acetic acid) from calf skin (used
in Figure S7) was purchased from Sigma-Aldrich and was used
directly in wet state (solution).

Collagen I used in imaging dry-state samples (Figure 2, Figure 3,
and Figure S3) was isolated from rat tail tendon at the Institute
of Organic Chemistry and Biochemistry and kept as a 4 mg/mL
stock in 0.1 M acetic acid.
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FIGURE 5 | Molecular dynamics (MD) simulation of the binding between EuDPA and two collagen peptides, (PHG)PHA and (PPG)yPPA. (Left)
Dependence of the free energy (E) on the EuDPA-peptide distance as obtained by the WHAM method. (Right) Snapshots representing the equilibrium
geometries of the EuDPA-(PHG),PHA (top) and EuDPA—(PPG),PPA (bottom) systems. Numbers indicate distances in Angstroms, and the pink ball

represents Eu.

Details about collagen-type peptide synthesis are provided in
Supporting Information. The europium(III) dipicolinate com-
plex, Na;[Eu(DPA),] (EuDPA), was prepared as described else-
where [32], and cuvette data (spectra) from all the peptides and
proteins were recorded in 0.1 M acetic acid.

Chemical Raman microscopy: The wet-state sample of collagen-
EuDPA mixture (Figure 1) was obtained by mixing a 5 pL droplet
of collagen I (13 mg/mL in 0.1 M acetic acid) with a 5 pL droplet
of EuDPA (8 x 1073 M in distilled water) directly on a microslide
with a preparation needle. The specimen was then covered with
a coverslip to obtain a thin enough specimen.

Dry-state non-triturated samples of collagen-EuDPA mixtures
(Figure 2A-C, and Figure 3) were prepared by mixing a 6 pL
droplet of collagen I or II (4 mg/mL in 0.1 M acetic acid)
with a 3 uL droplet of EuDPA (1.6 x 107> M in distilled
water) on a microslide with a preparation needle and letting
it dry.

Dry-state triturated samples of collagen I and II (Figures 2D-F,
and Figure S3) were prepared in the same way, except that mixing
was carried out by trituration with a pipette tip in an Eppendorf
tube, to achieve greater homogeneity.

Collagen-only (control) dry-state samples (left column in Figure
3 and Figure S3) were prepared by placing a 5 uL droplet of
collagen I or II (4 mg/mL in 0.1 M acetic acid) on a microslide
and letting it dry. An EuDPA-only sample (middle column in
Figure 3) was prepared by placing a 3 uL droplet of EuDPA (1.6
x 1072 M in distilled water) on a microslide and letting it dry.
All dry-state specimens were covered with a coverslip to prevent
contamination.

Differential interference contrast (DIC Nomarski) and polariza-
tion images were obtained on an Olympus IX81 microscope.
Darkfield and positive-type phase-contrast images were obtained
on a Zeiss Axio Observer.Al microscope.

Raman/luminescence images were obtained at room temperature
on an upright confocal Raman microscope (WITec alpha300 R) at
Aexe = 532 nm, at spectral integration time 500 ms per pixel, and
pixel size between 0.08 and 0.1 um. Intensity in the spectra was
offset to reduce background. The luminescence/Raman images
were generated using a spectral window (30-150 cm™' wide)
centered at ~2555 cm™' (616 nm) for EuDPA (luminescence
signal) and ~2935 cm™ for collagen I/II (Raman scattering
signal). The wavenumber and (in case of luminescence) also the
corresponding wavelength, rounded to 1 nm, as stated in the
spectral images (Figure 1 and Figure 2), denote the centre of
the spectral window employed to generate them, using WITec’s
Project Four software. Background in the images was subtracted
based on intensities in front of and behind the relevant peak.

ROA/CPL spectroscopy: ROA/CPL spectra were acquired at room
temperature on a BioTools ROA spectrometer (laser excitation
532 nm, resolution 7 cm™) in a cuvette of ~120 uL volume made
of fused silica. The laser power was within the range of 200-
1000 mW, and accumulation times were 4 to 72 h. To quench
the fluorescence, all biomolecules’ samples were irradiated at
200 mW for several hours before measurement, Raman intensi-
ties normalized to the water peak at 1650 cm™, and the remaining
fluorescence background was corrected by polynomial baseline.
The measurements were carried out at least three times on each
sample. The CPL dissymmetry factor g, value is equivalent
to —2CID, where CID (circular intensity difference) is the ROA
analogue of the dissymmetry factor, (I — Iy )/(Ix + I;.) [30].
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To study the Eu-peptide interactions, each of the two peptides,
[(PHG),PHA [6] and (PPG),PPA [46]] was placed in a periodic
water box (120 X 50 x 50 A) using the Packmol program [47]. The
initial system was then minimized using the Amber 18 program
suite [48]. The minimized system was then sampled along the
Eu-O (peptide) distance, d (4(3)-15 A), for both enantiomers of
the Eu(III) complex (Figure 5). The sampling consisted of 12
x 1 ns biased runs, with a force constant of 6 kcal-mol—-A=2.
The weighted histogram analysis method (WHAM) [49] was
employed to obtain the dependence of free energy on the distance.
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