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Methodology

Sample preparation. Samples for U-sugar phosphate experiments were prepared as follows.
Sugar phosphate disodium salt hydrates (glucose-1-phosphate, G1P, fructose-6-phosphate, FO6P
and fructose-1,6-diphosphate, F(1,6)P) were purchased from Sigma (analytical grade). The stock
solutions (0.1 M) were prepared freshly for each experiment. The stock solution of UO,*" (0.1
M) was made from UO,(NO3),-6H,O (Merck, p.A.). The uranyl nitrate was converted in a
muffle furnace at 320 °C, the resulting UO3 was dissolved in 0.5 M HClO4. The concentrations
of the EXAFS solutions were adjusted to 1 mM UO,>" and 50 mM sugar phosphate. The ionic
strength was adjusted to 0.1 M by adding NaClO4 (NaClO4-H,0, Merck, p.A.) from a 1 M stock
solution. All solutions were prepared with deionized water. Necessary pH adjustments were
made with HCIO4s or NaOH. Samples for U-DNA experiments were prepared as follows.
Salmon testes genomic DNA (CALBIOCHEM) was dialyzed against Millipore water resulting in
a Na/P ratio of 1.4 and negligible amounts of Ca*" and Mg*" as determined by inductively
coupled plasma mass spectrometry using an ICP-MS-ELAN 9000 spectrometer (PerkinElmer
SCIEX, Rodgau-Jiigesheim, Germany). Uranium concentration was varied from 1 to 5 mM and
DNA/U ratio was kept at 4 to 5. The pH of the U-DNA samples was between 5.97 and 6.30. All
samples were prepared by mixing following 3 solutions in different ratio; 1) 25 mM DNA stock
solution in 5SmM acetate buffer, 2) 100 mM U(VI) stock solution, 3) 5 mM acetate buffer. As
references a sample of aqueous U(VI) hydrate (UO,(H,0)s*") and the phosphate mineral meta-
autunite were prepared. For each sample the chemical conditions are listed in Table S1.



Table S1. Samples prepared for EXAFS measurements.”

Sample ID [ [U]/mM | Ligand [ [L]/mM | pH | State
meta-autunite reference
R1 |/ |/ |/ |/ | Solid
U(VI) with DNA, fructose-6-phosphate (F6P) and fructose-1,6-diphosphate
(F1,6)P)
Ml 5 DNA 20 6.0 Shock-Frozen
M2 2.5 DNA 10 6.1 Shock-Frozen
M3 2 DNA 10 6.2 Liquid
M4 1 DNA 5 6.3 Liquid
M5 1 F6P 50 4.0 Liquid
M6 1 F6P 50 3.5 Liquid
M7 1 F6P 50 5.5 Liquid
M8 5 F6P 50 5.5 Liquid
M9 / F(1,6)P / / Solid
M10 1 GI1P 50 2.0 Liquid
Mi11 1 GI1P 50 2.5 Liquid
M12 1 GIP 50 3.0 Liquid
M13 1 GIP 50 3.5 Liquid
M14 1 GI1P 50 4.0 Liquid
M15 1 GIP 50 4.5 Liquid
M16 1 GIP 50 5.0 Liquid
U(VD) hydrate reference
R2 | 20 |/ |/ | 1.0 | Liquid

* The order of the samples here corresponds to the order of the EXAFS spectra in Fig. 1.

EXAFS measurements. The U Ly-edge (17185 eV) EXAFS spectra of U containing DNA and sugar
phosphate samples were measured at the Rossendorf Beamline (ROBL, BM20) at the European
Synchrotron (ESRF)." The electron beam (6 GeV, 200 mA) was monochomatized by a water cooled
Si(111) double crystal monochromator in channel cut mode (5-35 keV), while higher harmonics where
rejected with two Rh-coated mirrors. Depending on the U-content either the fluorescence signal of the U
Lo, lines or the absorption signal was detected by using a 13-element Ge-detector or gas filled
ionization chambers. For each sample multiple energy scans were performed and averaged in order to
obtain a sufficient high signal-to-noise ratio and a Y K-edge (17038 eV) absorption spectrum of a Y metal
foil was measured simultaneously for energy calibration. The samples were measured at room
temperature, except the shock frozen DNA samples which were measured at 15 K in a closed-cycle He-
cryostate (Table S1). The EXAFS signal was extracted from the raw absorption spectra by using the
program suite of EXAFSPAK * which contains standard procedures for the statistical weighting of the
detectors fluorescence channels and their dead-time correction, energy calibration, removal of the
background absorbance and for the shell fitting. The energy scale was converted into the photoelectron
wave vector (k), by assuming an ionization potential of Eo = 17185 eV, while the shift in energy threshold
(AE,) was defined as a free parameter with AE, = Ey—Et (E; — theoretical ionization potential) during the
shell fit procedure. The maximum available k-range of 3.1 A — 12.1 A™ leads to a maximum radial
resolution of 0.18 A. For the shell fit theoretical scattering phase and amplitude functions were calculated
by the ab-initio scattering code FEFF 8.20 * by using the crystal structure of meta-autunite * and a
structural model for U(VI) hydrate (Figure S1). In the case of meta-autunite the EXAFS spectrum was
Fourier filtered in the R-range of 0.00 A - 3.77 A in order to remove the backscattering signals from
higher shells, which are not expected in the systems with DNA and sugar phosphates.
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Figure S1. Structural model of U(VI) hydrate (A) and meta-autunite (B) used for FEFF
calculation. Radial distances are taken from literature.*” O, — axial oxygen, O, — equatorial
oxygen. Hydrogen atoms were omitted.

Iterative transformation factor analysis (ITFA).S'6

An EXAFS spectrum can be understood as a spectral mixture of the backscattering signals from atoms
which surround the X-ray absorbing atom (U) in its local environment, hence as a linear combination of
the signals stemming from coordinated atoms or functional groups weighted by their respective
coordination number (CN). Moreover, if several structurally different metal complexes coexist, then the
EXAFS spectrum will be a linear combination of the spectra of the single complexes weighted by their
respective fractions. Thus for EXAFS, a linear mixing model, such as the Beer-Lambert law, can be
applied. However, the fractions or CN might change as a function of a physicochemical parameter (i.e.
pH, temperature, concentration, etc.), so that a series of spectral mixtures occurs.

ITFA is a well-established statistical approach aimed at the decomposition of such mixtures into their
spectral components and their respective fractions or CN for each mixture.”"

ITFA comprises three steps.

1) The ¢ spectral mixtures are decomposed by principal component analysis (PCA) ' into a set of ¢
eigenvectors which enable a complete reproduction of the spectral mixtures by their linear
combination. However, if the number of spectral components (n) is n<c then only n eigenvectors
are necessary for a sufficient reproduction. The remaining c-n eigenvectors contain only parts of
the experimental error and are rejected, leading to a de-noising of the spectral mixtures by a
factor of (¢/n)~. The estimation of n is accomplished by the use of the indicator (IND) '* function
which reaches a minimum at n. With known »n the root mean square error (RE) 8 ie. the
experimental error, is determined.

2) The VARIMAX " procedure allows a qualitative measure of the fractions or CN of the spectral
components by using the n eigenvectors calculated by PCA. The application of this step was not
necessary for the actually investigated systems.

3) For the final decomposition the iterative target test (ITT) *° is used. The eigenvectors are
transformed via non-orthogonal rotation of the n-dimensional factor space into the spectra and the
fractions or CN of the spectral components by using constrains. In order to receive a unique
solution n”-n fractions or CN must be fixed at a known value during the iteration. For the



fractions or CN the 95% confidence intervals are estimated by using the errors calculated with the
method as described by Roscoe et al..»=

EXAFS data analysis and application of ITFA.

The aqueous system of the U(VI):G1P complexes serves as a measure of the applicability of our proposed
analysis strategy used for the quantification of coordinated phosphate groups in the system of U(VI) with
DNA and other sugar phosphates.

In aqueous solutions and depending on the pH 1:1 and 1:2 U(VI):sugar phosphate complexes are expected
in which the sugar phosphate groups interact with U(VI).” During complexation and with rising pH
coordinated water molecules are exchanged by phosphate groups. In order to determine the number of
coordinated water molecules and phosphate groups ITFA is used, while the EXAFS spectra of aqueous
U(V]) hydrate and meta-autunite serve as structural references (Figure S1).

Four prominent peaks appear in the Fourier transforms (Figure S2, right) of the EXAFS spectra (Figure
S2, left). The first two peaks can be assigned to O, (peak 1) and O.q (peak 2). For both references peak 3
consist of multiple scattering events (MS) along the “yI” chain like the MS U-Oux1)-U-Oux). In the case
of meta-autunite, the presence of P and the connected MS paths U-O-P and U-O.-P- O lead to an
enhancement of peak 3 and the appearance of peak 4. The shell fit of these scattering signals is shown in
Figure S2 and their EXAFS structural parameters are listed in Table S2.
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Figure S2. U Ly-edge EXAFS spectra of and meta-autunite (R1) and U(VI) hydrate (R2) (left,
black) with shell fit (red) and corresponding Fourier transforms (right). The labeled FT peaks (1-
4) are explained in the SI.



Table S2. Shell fit EXAFS structural parameters for the references
meta-autunite and U(VI) hydrate.

Shell | CN | R/IA | o?/A? | AE./eV
meta-autunite (R1)
Ou 2% 1'17739629) 0.00286(7) 0.702)
U-Oueiy-U-Ouy 2 /3.5472 /0.00572 /0.7
2.273(1
Ocq 4% S 0.00383(8) /0.7
p 4 3'3623(3) 0.0029(2) /0.7
U-Oci-P g 3.734(4) | /0.0029(2) /0.7
U-Oue-P- Ocg 4% /3.831 /0.0029(2) /0.7
U(VI) hydrate (R2)
Oax 2" 11'775675(2) 0.0018(2) 1.7(4)
U-Oueiy-U-Ouy 2 /3514 /0.0036 17
Ocq 4.6(3) 22'1%65(4) 0.0061(6) n.7

- - fixed parameter, /- linked parameter, CN — coordination number, R — radial distance, o= — Debye-Waller factor,

AE, — shift in energy threshold. The standard deviation of the fitted parameters is given in parentheses. Amplitude
reduction factor S; =0.9.

The EXAFS structural parameter are in good agreement with the values supplied by the literature (Table
S2).

All sugar phosphate and DNA samples show the same four peaks (Figure S3 and Figure S5) with
different amplitudes for peak 2, 3 and 4 and different radial distances (R) in the case of peak 2, while only
for peak 3 and peak 4 R does not change. These observations are in accordance with the exchange of
coordinated water molecules by phosphate groups, hence with the fractional change of the scattering
contributions of the selected references. Thus, for the determination of the CN of coordinated water
molecules (CNyater) and phosphate groups (CNphosphate) @ linear mixing model, like ITFA, can be applied.

U(VI) with glucose-1-phosphate (G1P).

As the first step the PCA is performed. The IND function reaches a minimum at n = 2, hence all spectra
can be sufficiently reproduced by two spectral components (Figure S3), even by inclusion of the two
references. Thus, all spectra of the system U(VI)-G1P are linear combinations of the two selected
references. In the last step and by keeping CNyaer = 5 and CNpnosphate = 4 during the iteration, the ITT
yields CNyater and CNphosphate for all samples (Figure S4). At pH = 2 U(V]) is already coordinated by one
phosphate group, while at pH = 5 two phosphate groups, hence two G1P molecules, form a 1:2
U(VI):G1P complex. The small average relative error of 0.15 atoms in determination of the CN underpins
the reliability of our proposed strategy for determination of CNphosphate 1 these chemical systems.



Table S3. Real error (RE) and indicator function (/ND) in dependence of the number of spectral
components () used for the reproduction of the U(VI)-G1P spectral mixtures.

Number of RE | IND-10*
component (n)

1 0.102 159
2 0.069 14.1
3 0066 | 184
4 0.064 254
5 0.061 38.3
6 0.059 654
7 0.056 140.5
8 0.054 536.7
9 - -
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Figure S3. U Lijj-edge EXAFS spectra of meta-autunite (R1), U(VI) hydrate (R2) and of the
samples with G1P (Table S1) (left, black). Reproduction of the spectra by using two components

(red). Corresponding Fourier transforms (right). The labeled FT peaks (1-4) are explained in the
SL.
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Figure S4. ITT determined CN of coordinated water molecules (black) and phosphate groups
(red) in the case of the U(VI)-G1P system. R1 and R2 refer to the references meta-autunite and
U(VI) hydrate, respectively. For each determined CN the estimated 95% confidence intervals are
given.

U(VI) with DNA, fructose-6-phosphate (F6P) and fructose-1,6-diphosphate (F(1,6)P).

We used the same principle for determination of CNphesphate @s applied in the case of U(VI) with G1P.
Again, IND shows a minimum at two components (Table S4), hence the spectral mixtures can be
sufficiently reproduced by using two components (Figure SS). The ITT determined CNyqer and
CNphosphate are listed in Table S5. The average relative error in determination of the CN of 0.1 atom is by a
factor of 1.4 less than in the case of the U(VI)-G1P system. This observation can be explained with the
determined root mean square error (RE) at n = 2, which can serve as a measure of the statistical error in
the EXAFS spectra. The measured RE,—, = 0.049 (Table S4) is by the same factor of 1.4 less than RE,—, =

0.069 determined for the U(VI)-G1P system (Table S3), hence reflecting the better quality of the EXAFS
spectra in the case of the samples with DNA, F6P and F(1,6)P which leads to the smaller error in CN.

The maximum CNjphosphate €quals two for samples M5 and M8 (Table S1, Table S5), hence maximum two
sugar phosphate molecules coordinate U(VI) as in the case of U(VI) with G1P (Figure S4). We assume
that the formation of complexes with a stoichiometry higher than 1:2 is sterically hindered due to the
large size of the sugar phosphate molecules, since independently to the different chemical setup in sample
preparation (Table S1) no 1:3 complexes were observed.

For U(VI) with DNA a maximum CNpnosphate = 1.4-1.5 is observed (M3 and M4, Table S4), hence values
which point to the presence of 1:1 and 1:2 U(VI):DNA complexes where in the latter case the two
phosphate groups might stem from the same DNA molecule.



Table S4. Real error (RE) and indicator function (/ND) in dependence of the number of spectral
components (n) used for the reproduction of the spectral mixtures of U(VI) with DNA, F6P and
F(1,6)P.

Number of RE | IND-10*
component (n)

1 0.085 8.5
2 0.049 6.0
3 0.045 7.0
4 0.040 8.2
5 0.034 9.5
6 0.030 12.1
7 0.026 16 4
8 0.023 259
9 0.020 50.8
10 0.017 167.8
11 -
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Figure S5. U Lijj-edge EXAFS spectra of meta-autunite (R1), U(VI) hydrate (R2) and of the
samples with DNA, F6P and F(1,6)P (M1-M9, Table S1) (left, black). Reproduction of the
spectra by using two components (red). Corresponding Fourier transforms (right). The labeled
FT peaks (1-4) are explained in the SI.



Table SS. ITT determined CN of coordinated water molecules (CN.,..) and phosphate groups
(CN.....) in the case of the U(VI) with DNA, F6P and F(1,6)P. R1 and R2 refer to the references

U(VI) hydrate and meta-autunite, respectively. For each determined CN the estimated 95%
confidence intervals are given in parenthesis. Sample ID according Table S1.

Sample ID CNwater CNphosphate
R1 0.0009) 4.00(7)
M1 2D 120(8)
M2 4.4(1) 0.9(1)
M3 374(7) | 1.43(6)
M4 3.73(9) 1.49(8)
M5 29(2) 2.1(D)
M6 35(1) 1.5(1)
M7 3.102) 1.3(1)
M8 2.6(1) 2.20(8)
M9 2.91(6) 1.73(5)
R2 5.0(1) 0.0(D)

Molecular dynamics simulation. MD simulations and data analyses were performed using AMBER
14 program package ** with ff99SB force field applied on the protein. For UO,>" ions,” additional
parameters were employed. The starting structure of Dickerson-Drew dodecamer was taken from a
literature.”® Na" ions were added to make the system electrostatically neutral. TIP3P waters were then
added with minimum water layer thickness of 12 A. 500 steps of steepest decent and 500 steps of
conjugate gradient with 500 kcal mol”" A™' harmonic restraint on the DNA was initially conducted after
which 1000 steps of steepest decent and 1500 steps of conjugate gradient were performed without
constraints. 40 ps of heating of the system from 0 to 300 K with 10 kcal mol™ A™" harmonic restraint on
the protein, after which another 1 ns preconditioning run was performed at 300 K without restraint on the
solutes. Finally, 100 ns (for Structure A, without crosslink) or 150 ns MD (for Structure B, with crosslink)
run was performed in a periodic boundary condition in NPT ensemble. Simulations were terminated and
restarted at every 5 ns. The SHAKE algorithm, a 2 fs time integration step, 12 A cutoff for non-bonded
interactions, and the particle mesh Ewald (PME) method were used. MD trajectory was recorded at each
50 ps.

FMO calculations. The fragment molecular orbital (FMO) calculations were performed at the second-
order Mgller—Plesset perturbation (FMO-MP2) level 729 available in the ABINIT-MP program,30 where a
partial renormalization (PR-MP2) ! was imposed to reduce overestimations in interaction energies.
Several in-house Intel Xeon servers and the Fujitsu FX-100 system (Nagoya University) were employed
for actual computations. The fragmentation for DNA was made in a standard segmentation manner (base,
sugar, and phosphorous-acid units), and that the water molecules as well as Na+ counter ion were treated
as single fragments. The basis sets for C, N, O, Na and P atoms was of valence double zeta plus
polarization type of the model core potential (MCP) scheme.’>*® Note that the use of MCP basis sets
could reduce the basis set superposition error in evaluating interaction energies.”* For U atom with large
relativistic effect, a special MCP basis set (Miyoshi, unpublished) was used, where the 1s-5p electrons
were replaced by the potentials and the valence electrons of 7s, 6d and 5f were described at the double
zeta level. The standard 6-31G* * basis was adopted for H atoms. All the FMO calculations were
performed with ABINIT-MP *: Nakano’s local version with extended integral ability for the f-shell was
used for the DNA plus uranyl system.



Figure S6. Superposition of 100 MD snapshots (each 1 ns for 100 ns) for simulation A in which
no interstrand crosslink was observed.
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Figure S7.  Average inter—fragment interaction energy (IFIE) amongst the nucleobases within
DD dodecamer with (red) and without (black) UO,*" obtained by fragment molecular orbital
calculations and their standard deviation (unit in kcal/mol). Two UO,*" depicted in the figure are
identical UO,*" which is crosslinking the two strands across the minor groove.
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Figure S8. Histogram of the distribution of the sum of stacking energy and H-bond energy
within Dickerson-Drew dodecamer with and without UO,>".
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