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It is a challenging task to develop uranyl-chelating agents based on peptide chemistry. A recently developed
cationic dummy atom model of uranyl in conjunction with the classical molecular dynamics simulation presents
a helpful utility to study the chelation of uranyl by peptides with a low computational cost. In the present study,
it was used to describe the chelation of uranyl by the cyclic decapeptide with 4 Glu residues cyc-
GluArgGluProGlyGluTrpGluProGly and its derivatives containing two phosphorylated serines in place of two
Glu, termed pS16, pS18, pS38, and pS68. The obtained structures were further studied by density functional
theory (DFT) and subsequent density analysis. We show that a combination of steered molecular dynamics and
simulated annealing, using standard forcefields for peptide with the cationic dummy atom model of uranyl, can
quickly and reliably obtain binding modes of uranyl-peptide complexes. Classical molecular dynamics simulation
in explicit water produces geometry very close to the DFT-optimized structure. The presence of uranyl
completely changes the conformation of these cyclic peptides from unstructured to organised. The simulation of
a peptide with two uranyl units explained why only the 1:1 ratio of peptide and chelated-uranyl is observed
experimentally in most cases, by the insufficiency of the anionic residues for the chelation of two UO%Jr units, but

that pS16 can accommodate two such units.

1. Introduction

Despite its presence in mineral ores, soil, and water, uranium is not a
natural element used by living organisms, and exposure gives rise to
radiological and especially chemical toxicity [1]. Uranium in blood
tends to bind to proteins, erythrocytes, and other biomolecules [2],
causing harsh impacts on health, even though only up to 1.5 % of ura-
nium is absorbed in organism [3]. This heavy metal mainly accumulates
in bone and kidney, resulting in renal dysfunction and augmenting the
probability of osteosarcoma [4,5]. Uranium occurs in various oxidation
states, ranging from III to VI, the states IV and VI being the most ubiq-
uitous in nature [6]. In physiological conditions, the uranyl cation [U
(VDO-] 2t s prevalent and constitutes a linear molecule with U(VI) in
the centre, making possible coordination of 4-6 ligands in the equatorial
plane perpendicular to the O-U-O axis. Being a hard Lewis acid, ac-
cording to hard and soft acids and bases (HSAB) theory [7], uranyl ex-
hibits high affinity toward hard oxygen donors. On the other hand, as a
hard acid, it resembles the hard cation Ca*, this similitude explaining
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its ability to substitute Ca?" in bones [8,9].

That is why it is a challenging task to develop uranyl-chelating
agents since there is a necessity to create selectivity over Ca?* cations
that are present in high quantity in physiological milieu. At least a
femtomolar affinity to uranyl is requisite to compete with the high level
of solvated carbonate [10]. Various uranyl sequestering agents are based
on the coordination of uranyl in sites rich with hard oxygen donors, such
as phosphines, phosphates, phenolates and carboxylates [11,12]. The
affinity toward uranyl was revealed in various proteins, including
transferrin [13], albumin [14], calmodulin [15], and osteopontin (OPN)
[16,17], the latter demonstrating an especially elevated affinity for
uranyl [17,18]. Indeed, a recent investigation has disclosed an ability of
human OPN to bind uranyl with high affinity [17]. Although the uranyl-
binding sites in OPN were not established, there are a plethora of indi-
rect experimental evidence of the major role of the polyphosphorylated
residues, particularly serine, in the chelation of uranyl [16,19-21]. In a
recent study, cyclic preorganized peptides, mimicking the highly phos-
phorylated binding sites of OPN, were designed and synthesized in such
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a way that they incorporated two phosphoserines and two glutamic
acids in the metal-binding motif [20]. These peptides revealed a high
affinity for uranyl, thus corroborating the importance of phosphorylated
residues in the cyclic peptide [20].

Computational chemistry studies yield significant results disclosing
the chemistry of uranyl species. DFT was used to investigate the coor-
dination of uranyl in water [22,23]. The reduction of uranyl, occurring
in cytochrome c7 in the bacteria D. acetoxidans and G. sulfurreducens
[24], was also studied via DFT, corroborating experimental results and
demonstrating the coordination of uranyl to carboxylates. The coordi-
nation of uranyl in super uranyl binding protein (SUP) [25], calmodulin
[26], and apotransferrin [27] was analysed computationally, indicating
the binding with aspartate, glutamate, and the phenolate of tyrosinate.
However, the main drawback of DFT, its high computational cost, re-
stricts its employment to only smaller, simplified models treated with
implicit solvation.

On the other hand, molecular dynamics (MD), based on Newtonian
mechanics applied to atoms, gives the possibility to investigate whole
proteins. The choice of a classical force field is crucial in these simula-
tions [28]. Although the earlier force fields correctly reproduced the
uranium-water distances [29-31], the inclusion of polarizability in the
potential augmented the computational burden. Another force field [32]
yielded the correct hydration free energy of uranyl, however, permitting
the spurious formation of hydrogen bonds between UO3" oxygens and
water. The effective pairwise potentials developed for actinyls AnO5" (n
=1, 2) describing U—Am [33,34] also produced accurate hydration free
energies, but overestimated An(VI)-oxygen distances. The difficulty of
designing a force field to describe uranyl is one of the reasons of the
rarity of its MD simulations. Recently, the geometry of super uranyl
binding protein SUP was investigated via MD, studying the effect pro-
duced by uranyl on SUP [25,35]. MD simulations of calmodulin and
ubiquitin revealed conformational consequences of the presence of
uranyl [36,37].

Recently, a multisite cationic dummy atom (CDA) model of the
uranyl cation, suitable for atomistic simulation of its interaction with
water and biomolecules, was constructed [38]. The usage of this CDA
model, designed as the UO3™ molecule with five rigidly fixed dummies
located in the equatorial plane, each bearing a fraction of the charge and
mass of the cation, allowed for the accurate reproduction of the geom-
etry of model complexes with typical ligands and of the diffusion coef-
ficient in water. Moreover, it permitted to obtain the correct structure of
a uranyl-SUP adduct.

In the present study, we performed the molecular dynamics simu-
lation of uranyl with a set of phosphorylated cyclodecapeptides pS16,
pS18, pS38, and pS68 [20], along with the parent cyclic peptide with 4
Glu residues (cyc-GluArgGluProGlyGluTrpGluProGly) [11]. These cyclic
preorganized peptides were synthesized in a recent study with an
intention to mimic the highly phosphorylated binding sites of OPN
[20,21]. Their design includes the incorporation of two phosphoserines
and two glutamic acids in the metal-binding motif. These peptides
revealed a high affinity for uranyl, evidencing the importance of the
availability of the phosphorylated residues in the peptide loop. The
objective of this paper is to obtain the mechanistic understanding of how
these cyclopeptides chelate uranyl and also to test our CDA model of
uranyl.

2. Methods

Cyclic peptides were built from sequence using the leap utility of
AmberTools [39], with phosphorylated residues and bonds between N
and C termini added as necessary. The resulting structures were mini-
mised, then the cationic dummy atom model of uranyl [38] added in the
vicinity of, but not specifically bound to, the peptide. Steered molecular
dynamics, using a harmonic force constant of 10 kcal mol * A7, was
then used to push the centres of mass of uranyl and peptide Ca together.
In some cases (vide infra) a further steered MD run and/or simulated
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annealing was used to search for lower energy coordination modes.
These initial searches were performed using ff14SB forcefield [40] and
GBSA implicit water model [41] (igb = 5) without any cutoff of elec-
trostatic interactions.

Following steered MD searches, the resulting structures were sol-
vated in a truncated octahedral box of TIP3P water [42] and neutralised
by addition of appropriate number of Na* ions. This solvated structure
was minimised and heated to 300 K in NPT ensemble over 2 ns, followed
by production MD run of 100 ns in NPT ensemble, with 2 fs timestep
enabled by restriction of bonds to hydrogen using SHAKE [43]. Analysis
of the resulting trajectories used cpptraj [44] v6.18.1 from AmberTools,
with clustering using k-means algorithm to generate 10 clusters. The
same MD and clustering procedure was carried out for metal-free pep-
tides to provide a reference. Radial distribution function, g(r), is used to
measure the increased density of the specified atoms over the density of
the bulk, to measure coordination number to different possible donor
atoms. CD spectra were predicted using the PDBMD2CD server https://p
dbmd2cd.cryst.bbk.ac.uk/ [45].

The most populated cluster was minimised in TIP3P water, before
explicit water and ions being stripped out to leave the uranyl-peptide
complex for DFT analysis. These used B3LYP-GD3BJ [46-48] with
Stuttgart 1997 ECP on U [49,50] and 6-311++G** on remaining atoms
[51,52] in PCM implicit model of water [53], in Gaussian16 Rev. B.01
[54]. Subsequent QTAIM analysis employed AIMAIl v19.02.13 [55],
concentrating on the electron density at the bond critical point (bcp), the
point of minimum electron density along the relevant bond path, which
is widely used as a proxy for bond strength.

3. Results and discussion

Initial steered MD typically resulted in an energy minimum involving
three of the anticipated binding residues (Glu and/or pSer), but in one
case (pS16) steered MD immediately docked uranyl to all four anionic
side chains (Table 1). In the remaining cases, a second steered MD
resulted in structures bound through four anionic residues, in agreement
with experimental data [20]. For these cyclic decapeptides, conforma-
tional searching using self-guided Langevin dynamics was not able to
leave the local energy minimum from first steered MD, in contrast to
behaviour found for shorter, linear peptides in our previous work. This
approach was therefore not pursued further (data not shown). Table 1
shows that there is no clear pattern in which residues bind uranyl on first
approach, with both Glu and pSer left free. Pushing the fragments
together results in large reduction in potential energy, in the region of
ca. 600700 kJ mol . For all phosphorylated peptides, steered MD and
simulated annealing resulted in effectively identical structures and
minor differences in potential energy, but for the 4Glu peptide simulated

Table 1
Results of initial steered MD simulations. Rel E refers to energies relative to
initial non-bonded complex, in kJ mol .

After SMD1 After SMD2 After Anneal

4Glu Bound: E3, E6, E8
Free: E1 @ 8 A

Bound: E1, E3, E6, E8 Bound: E1, E3, E6, E8

Rel E — 623 Rel E — 628 Rel E — 711
pS16 Bound: pS1, E3, pS6, N/A Bound: pS1, E3, pS6,
E8 E8
Rel E — 661 Rel E — 664
pS18  Bound: pS1, E3, pS8 Bound: all Bound: all
Free: E6 @ 9 A
Rel E — 590 Rel E — 766 Rel E — 674
pS38 Bound: E1, E6, pS8 Bound: E1, pS3, E6, Bound: all
Free: pS3 @ 10 A pSs
Rel E — 640 Rel E — 758
Rel E — 749
pS68 Bound: E1, E3, pS6 Bound: all Bound: all
Free: pS8 @ 5 A
Rel E — 682 Rel E — 732 Rel E — 740
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annealing gave a structure 84 kJ mol~! lower than SMD, in which all
four anionic side chains are bound to uranyl.

Explicit solvent MD runs starting from the endpoints highlighted in
Table 1 are stable, as evidenced by plots of RMSD against time (Fig. S1).
However, within that overall picture significant variation in coordina-
tion around uranyl is evident. In particular, variations in the coordi-
nating atom(s) in the anionic residues are common, occurring in
timescales of a few nanoseconds. This was observed mainly in Glu res-
idues, for which k2-chelation was rarely observed but switching be-
tween OE1 and OE2 regularly occurred. For pSer residues, a mixture of
k1 and x2-coordination was observed, again with regular changes of
specific atoms involved over timescales of around 10 ns, such that both
pSer residues exhibit transient bidentate coordination despite starting
points being monodentate. This is illustrated for one example (pS38) in
Fig. 1. Peptide oxygen atoms make fleeting contribution to uranyl co-
ordination: in most cases minimum U...O distances are around 2.5 A,
but these persist for just a few MD frames before anionic side chains
return to dominate coordination.

Given these variations and the possibility of explicit water also
contributing to coordination, radial distribution functions to possible
ligand atoms are a more useful measure of interactions. RDF plots from a
typical case are shown in Fig. 1, showing that all ligand peaks for the
first shell lie within 2-3 A, with further peaks for outer coordination
shells. Integrated radial distribution functions characterise coordination
modes over the length of each trajectory (Table S1). The 4Glu peptide
has, on average, just less than 5.0 ligands from Glu residues, and a minor
contribution (0.8) from explicit water. Changing two residues to pSer
results in a striking change, with all backbone and solvent atoms
excluded from the first shell. However, within the four phosphorylated
peptides there exists significant variation in the balance between Glu
and pSer: three peptides have approximately three pSer atoms bound to
U, with two from Glu, but pS16 reverses this trend to have Glu dominate.
Summing these values gives an estimate of the average coordination
number around the equatorial plane: for 4Glu is slightly more than 5.5,
whereas for all four phosphorylated peptides are almost exactly 5.0.

To probe these differences in more detail, we extracted and analysed

= T T
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a single representative structure for each system obtained from k-means
clustering, with details summarised in Table 2, and snapshots of bound
residues in Fig. 2. In the case of the 4Glu parent peptide, all four Glu
residues are found to be in monodentate contact with uranyl. The
equatorial plane is made up by a water molecule at 2.48 A. In contrast,
all phosphorylated peptides are solely coordinated by Glu and pSer
residues, with the equatorial plane made up of three k1 and one 2 li-
gands. It is apparent from Table 2 that there is significant variation in U-
L distances, with bidentate ligands in some cases shorter but in others
longer than analogous monodentate coordination. As well, in some cases
distance to Glu is shorter than that to pSer, particularly for monodentate
coordination. We ascribe these effects to the steric demands of different
ligands and coordination modes, along with the demands of the peptide
backbone, since in isolated complexes and smaller model systems the
pattern of monodentate shorter than bidentate, and pSer shorter than
Glu was evident [38]. In all but one case, the k2 ligand is pSer, but in
pS16 the Glu3 residue is bound through two O atoms, and both pSer
through just one. The significance of this difference is discussed in more
detail below.

Secondary structure of the peptide was calculated over the 100 ns
trajectory for each peptide. In most cases the only defined element of
structure was bends, centred on the Pro4-Gly5 and Pro9-Gly10 motifs.
However, pS18 shows more rigidly defined secondary structure, with
antiparallel p-strands consisting of pSer1-Glu3 and Glu6-pSer8 joined by
Pro-Gly turns, a motif that places all four anionic side-chains in perfect
alignment to bind uranyl in equatorial plane and which persists over

Table 2
Denticity and U—O distances of representative clusters (A). k1 and k2 refer to
mono- and bi-dentate coordination to U, respectively.

1 3 6 8
4Glu kl 2.47 kl 2.46 k1 2.46 k1 2.48
pS16 k1l 2.63 k2 2.53/2.54 k1l 2.61 k1 2.52
pS18 k1 2.64 k1 2.44 k1 2.48 k2 2.62/2.64
pS38 k1 2.56 k1 2.63 k1 2.66 k2 2.65/2.69
pS68 k1l 2.48 k1 2.48 k2 2.65/2.66 k1l 2.59

0

o

4

o 1 | M'ﬁh——”_l\ |

6 8 10

Distance (Ang)

Fig. 1. Radial distribution function (RDF, g(r)) for different O ligands for pS38. pSer shown in green, Glu in red, solvent water in black. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Detail of first coordination shell for each UO3" complex (“Sep” denotes pSer in AMBER PDB files). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

most of the MD trajectory (Fig. 3). For comparison, the geometry of free
pS18 is shown (Fig. S4), in which the four coordinating residues are
found to lie on the same face of the peptide, but with considerably
greater distances from one another than in the bound complex.

The change in backbone structure that results from uranyl binding is
evident from the CD spectrum, as shown in Fig. 4. The free peptide
shows negative ellipticity at 200 nm, characteristic of an unstructured
peptide, whereas the bound peptide exhibits a positive peak at this
wavelength and negative ellipticity around 220 nm, exemplifying a
structure dominated by p-strands. Thus, it is clear that uranyl binding in
this case induces larger changes than just anionic side-chains drawing
closer together, allowing the pre-organised structure of the peptide to
fully develop. In contrast, all other peptides exhibit CD features typical
of unstructured peptides (Fig. S5), indicating that the specific sequence
of pS18 is perfectly set up for uranyl binding. These results agree well
with experimental data obtained by titration of pS18 with UO3" fol-
lowed by CD, which demonstrates growth of the band distinctive for the
B-sheet emergence at 207 nm upon addition of uranyl [20], which is also

evidenced at ~200 nm by our computation. The precursor of pS18 (the
peptide Al) and the tetraphosphorylated derivative pS1368 both
showecase a similar increase in the CD of titration data around 195-200
nm [11] and 200-210 nm [21], respectively.

Binding energy of uranyl to each peptide was calculated using MM-
GBSA method, taking snapshots every 50 frames from the 100 ns MD
trajectory (Table 3). In all cases, enthalpy of binding is strongly
favourable, while entropy disfavours binding, leading to overall binding
free energies of between —260 and — 470 kJ mol L. For the parent 4Glu
peptide binding enthalpy is almost —400 kJ mol ™!, but phosphorylation
enhances this markedly, albeit with striking sequence-dependence on
the extent of increased binding. Three peptides increase binding by —70
to —80 kJ mol ™!, but pS16 binds uranyl much more strongly, by around
—180 kJ mol ! excess over the parent peptide. This increased binding
strength stems from enhanced enthalpy since entropy change is much
less affected by changes in sequence.

MM-GBSA further allows decomposition of binding into per-residue
contributions, as shown in Table S2. This largely matches the geometric
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Fig. 3. Secondary structure of pS18-UO%" complex: p-strands shown as yellow
ribbons, turns as blue tube, heavy atoms shown as wireframe. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

data in Table 2; four Glu residues in the parent 4Glu peptide all
contribute strongly to binding, while the remaining six residues are
slightly repulsive toward uranyl binding. pSer residues are in general
more strongly bound than are Glu, and those that are x2-bound notably
more so than k1-bound. Again, the exception here is pS16, for which the
k2-bound Glu residue gives the single greatest contribution to binding.
This, along with the strong binding from two pSer, seems to be the origin
of the anomalous overall binding energy of this peptide. The remaining
residues give no more than 10 kJ mol~! to the binding energy, sug-
gesting that outer-shell effects are relatively small in these cases. These
data offer some further insight into the particularly strong binding of
pS16, for which the single most stabilising residue of all (Glu3) is
observed, along with strong binding from all the other anionic residues.
Interactions are almost as strong from k2-bound pSer in other peptides,
but these appear to reduce the contribution from the x1-bound residues.

DFT analysis was performed on the most populated cluster of each
system, with solvent and ions stripped out. Geometry optimisation of
pS16-UO3" gives RMSD between explicit solvent MD and implicit sol-
vent DFT of 1.53 A for all heavy atoms and 0.85 for UOZ" and ligands
only. This indicates good agreement between MM and DFT data, such
that all subsequent analysis is done on single point calculations on MM-
minimised geometry. Table 3 reports simple binding energy calculated
from DFT data, ie. the electronic energy change for [UO.]** +
peptides’ - [UO,.peptide] ™ in implicit aqueous solvent. These data
confirm the pattern of significantly enhanced binding on incorporation
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of two pSer residues. Adding entropy correction from MM-GBSA results
in overall free energy of binding of a little less than —500 kJ mol ™" for
4Glu, and a little over —500 kJ mol~! for phosphorylated peptides.
However, in these data the variation between phosphorylated peptides
is much smaller than in MM-GBSA (less than 20 kJ mol‘l), and here
pS18is predicted to be the strongest binder. Experimental conditions use
iminodiacetic acid (IDA) as a competitive binder: at the same level we
calculate the binding energy of IDA with uranyl to be —408.4 kJ mol 2,
confirming the peptides are significantly better binders than this syn-
thetic ligand.

It is notable that binding energies are significantly larger than
experimental data from conditional stability constants in ref. [20] (be-
tween 45 and 50 kJ mol™!). Table 3 also reports DFT binding energy
derived from the reaction scheme [UOs.peptide]” + 3Cl™ + 2H20 =
[UO,(CD3(H20)2]~ + peptidee", to avoid issues with charge separation
that can occur with implicit solvation models. These values are much
closer to experimental data for phosphorylated peptides, in the range of
75-80 kJ mol ™!, but suggest that the parent 4Glu peptide is a poor
binder for uranyl. We note that we are unable to correct these values for
entropy, since the peptide complexes are too large for DFT calculation.

Further insight into these trends is drawn from QTAIM analysis, in
the form of the electron density at bond critical points pgcp for U—O
interactions (Table S3). The strong U=0y, interactions are evident in all
complexes, the large value of pgcp being indicative of significant cova-
lent overlap. Equatorial U—O bonds are also evident, with much lower
density values. For the 4Glu complex, k1-bound Glu residues each have
associated BCP with density around 0.05 au, with similar value for bond
to water. Each phosphorylated peptide has five BCPs in equatorial plane,
matching the geometric analysis from Table 2. ppcp for Glu tends to be
slightly larger (0.05 au) than that for pSer (0.04 au) but differences are
small: an illustration of the molecular graph around U for pS18 is shown
in Fig. 5. As well as direct U—O interaction, QTAIM identifies numerous
secondary interactions, most notably C-H...O contacts with Oy atoms.
However, these are an order of magnitude weaker than the direct in-
teractions, as judged by ppcp, suggesting that they are not the origin of
observed differences in binding strength. Wiberg bond orders (Table 5)

Table 3
MM-GBSA and DFT binding enthalpy, entropy and free energy (kJ mol1).

MM-GBSA DFT DFT reaction
AH TAS AG AE AG*
4Glu —418.1 -97.2 —320.8 —592.0 —494.7 -1.7
pS16 —568.0 -102.5 —465.5 —616.4 —513.9 —76.1
pS18 —459.3 —100.2 —359.1 —634.1 —533.9 —80.5
pS38 —475.5 —-98.9 —376.6 -611.8 -512.9 —-75.5
pS68 —469.0 -97.5 -371.5 —612.2 —514.7 -75.1

# Using TAS from MM-GBSA analysis.

CD signal (dE)
N

180 200 220 240 260

Wavelength (nm)

w

CD signal (dE)

180 200 220 240 260

Wavelength (nm)

Fig. 4. Predicted CD spectra of a) free and b) uranyl-bound pS18.
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Fig. 5. Molecular graph of pS18-UO3" around U. Most atoms not directly involved in uranyl binding are omitted. BCPs are shown as green spheres, bond paths as
grey tubes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

exhibit a similar trend, equatorial ligands’ values of 0.4 to 0.6 indicating
partial covalency with slightly larger values for bonds to pSer than to
Glu.

It is also instructive to note that ppcp for U=O0y, are significantly
lower than those for a model [UOZ(H20)5]2+ complex (0.338 au at same
theory level). Previous work has shown that competition from equato-
rial ligands tends to weaken these bonds due to subtle changes in d- and
f-orbital energies and occupation. Judged by pgpcp, the weakest U=Oy,
bonds are those in pS18, which is also the strongest bound on DFT data.
We suggest that these subtle electronic effects, that cannot be easily
incorporated into a forcefield description of molecular structure, may be
the origin of the discrepancy between MM-GBSA and DFT order of
binding energies. We also note that there is, in most cases, some asym-
metry in the ppcp values for U=Oy; bonds: typically, the weaker bond is
the one oriented toward the peptide with a greater number of C-H...Oy
interactions, as shown in Fig. 5.

Further insight into the electronics of uranyl bonding can be found
from Wiberg bond orders, as shown in Table 5. All U=0y; bonds are
predicted to have slightly more than a double bond, in agreement with
previous studies of model systems [38], and to have little variation in
bond order between peptides. All equatorial bonds have order 0.4 to 0.6,
with some evidence of slightly greater covalency in bonds to Glu than to
pSer, indicating the importance of ionic effects in distinguishing be-
tween these possible binding residues. The U—OH> bond in 4Glu has
order 0.40, comparable to those from peptide ligands.

Starck et al. noted that while most peptides formed 1:1 complexes
with uranyl [11], pS16 was found to bind two uranyls simultaneously
[20]. We therefore designed a further set of steered and conventional
MD to probe this behaviour, using pS16 and pS38 as a comparison. A
second uranyl ion was placed outside the 1:1 peptide:UO3" complex
found above, and pushed into proximity using steered MD. For pS16,
using several different starting geometries followed by steered MD/
annealing, this process located two possible 2:1 complexes. In the first,
one uranyl is bound through both pSer residues, along with backbone O

Table 5
Wiberg bond orders.
U=0y 1 3 6 8

4Glu 2.19, 2.20 0.56 0.55 0.55 0.52
pS16 2.14, 2.14 0.46 0.37, 0.39 0.48 0.43
pS18 2.15, 2.15 0.48 0.55 0.53 0.47, 0.46
pS38 213,213 0.48 0.44 0.43 0.46, 0.43
pS68 2.18, 2.15 0.50 0.51 0.45, 0.43 0.52

of Glu3, while the other uranyl is bound to both Glu residues, along with
backbone O of Gly10, as shown in Fig. 6. The other complex located has
the first uranyl bound to both pSer residues and Glu8, as well as back-
bone O of Gly10 and one water molecule, and the second uranyl mon-
odentate bound to pSer6, Glu3 and Glu8 sidechains, and Glu3 backbone.
In this complex, both pSer6 and Glu8 act as bridging ligands between
uranyls. In both cases, a single water molecule makes up the equatorial
coordination. In contrast to pS16, pushing a second uranyl into the 1:1
UO3*:pS38 complex does not result in a stable complex, nor does it
disrupt the existing coordination sphere. We speculate that the specific
binding mode noted above for pS16 facilitates this 2:1 binding since
both pSer residues are bound in x1 fashion, leaving two phosphoryl
oxygens free to bind a second uranyl. We note that both 2:1 complexes
are relatively unstructured in the peptide backbone, with all residues
being assigned as either coil or bend by DSSP. This does not agree with
experimental findings, for which a highly organised p-sheet structure
was reported [20]; despite extensive sampling of trajectories, we were
unable to locate such structures.

DFT calculations on the first 2:1 complex show that the first uranyl,
bound to 2 pSer residues, has binding energy —385.2 kJ mol !, while the
second (Glu bound) uranyl has binding energy of —293.9 kJ mol .
These are markedly less than the values of ca. -500 kJ mol~! for 1:1
complexes noted above, presumably reflecting the smaller number of
equatorial ligands available for each uranyl. There is also some evidence
for cooperativity in binding, as the overall binding energy of two uranyls
is approximately 54 kJ mol~! more negative than the sum of individual
binding. In comparison, we were unable to converge DFT calculations on
the second 2:1 complex, so cannot report binding energies for this.
QTAIM analysis of this 2:1 complex shows that one uranyl is k2-bound to
pSer1 (ppcp = 0.050, 0.047) and pSer6 (pgcp = 0.042, 0.038) along with
two backbone O-atoms (ppcp = 0.046, 0.042). The other uranyl is bound
in k2-manner to Glu3 (pgcp = 0.049, 0.045 au) and Glu8 (ppcp = 0.061,
0.055), and also to three peptide O-atoms (pgcp = 0.049, 0.045, 0.043).
The involvement of the backbone seems to be vital to the ability of this
peptide to bind two uranyl moieties since the anionic sidechains alone
are insufficient in number and too geometrically restricted to complete
the coordination requirements of uranyl.

4. Conclusions
We were able to gain mechanistic understanding of uranyl binding

by the cyclic peptide 4Glu and its phosphorylated derivatives by means
of previously designed cationic dummy atom (CDA) model of UO3",
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Fig. 6. Two possible structures of 2:1 uranyl:pS16 complex.

combined with well-known forcefields for peptide and water, in MD
simulations. The obtained results were confirmed by DFT calculations
which produced binding energies and wavefunctions, the analysis of
which yields the covalent strength of each separate bond. It also in-
dicates that non-covalent interactions to uranyl oxygen play only a
minor role in binding.

Primarily, this investigation has demonstrated that the CDA model of
uranyl works well in MD simulations, yielding the geometry very close
to the DFT-optimized structure, RMSD between these two methodolo-
gies being only 0.85 A for the uranyl and its first coordination. This
shows that the simple CDA model in classical MD simulation enables us
to predict the geometry with almost QM-level accuracy. We show the
reproducibility of the uranyl binding by the phosphorylated peptides
since both the steered MD and annealing produced the almost identical
structures. Moreover, use of implicit solvent and enhanced sampling
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allows rapid and automated identification of bound structures from
sequence alone, although subsequent equilibration in explicit water is
important for all details of uranyl binding to emerge.

The simulated CD spectra showed the unstructured character of the
non-metalated cyclic peptides, which changes drastically upon the
binding of uranyl, the presence of which affects the whole decapeptide
due to the uranyl holding together the anionic residues. Their binding to
the equatorial plane of the uranyl positions their negatively charged
oxygens directed toward uranium, such that they no longer strongly
affect neighbouring residues, leading to reorganization of the whole
peptide. Furthermore, the presented results corroborated the experi-
mental conclusion on the 1:1 complexes formed by these peptides and
uranyl. We show that, in most cases, these peptides cannot chelate two
uranyls as robustly as a single uranyl since there are insufficient anionic
residues to saturate the empty coordination sites of two UO3*" units.
However, the specific arrangement of anionic residues in pS16 allows
2:1 adduct to form, with some evidence of cooperativity of binding
obtained from DFT data.
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