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We measured with high accuracy the effective charge of a ura-
nium(vi)-AMP complex by electrophoretic NMR (eNMR). Using the
same method, the degree of counterion association is also assessed
which leads to a quantitative determination of the nominal charge
which then provides the degree of ligand deprotonation in the
complex. This demonstrates a new application of eNMR for resolving
structural details of supramolecular complexes.

Metal-coordinated supramolecular complexes display an enor-
mous diversity and are of paramount significance. Nucleotides
and nucleic acids are important ligands, not least because of
their biological role. They are polydentate with various potential
binding sites, including nitrogens in the purine base, hydroxyls
in the ribose sugar, and negatively charged oxygens in the
phosphate group. Depending on conditions (e.g. pH) either
monodentate or multidentate coordination to these donor
atoms or groups is possible. NMR spectroscopy has been shown
to be a powerful tool to identify the stoichiometry and the mode
of metal binding in nucleotide complexes.*

If, as often, the binding sites can be deprotonated such as
hydroxyl and amine groups of nucleotides, the structure of
formed complexes attains a new source of uncertainty which
can be resolved by firmly establishing the deprotonation state of
those groups. Conventionally, potentiometric pH measure-
ments have been applied for this purpose. However, this indi-
rect technique has significant drawbacks; it requires a quite
complex experimental setup involving reliable electrodes, stable
temperature, the presence of a suitable ionic medium and inert
atmosphere. At high pH, glass electrodes may not be reliable
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while using hydrogen electrodes is tedious. Low ionic strength
can also be a problem (junction potentials).

As we exemplify below in a uranium(vi)-AMP complex, elec-
trophoretic NMR (eNMR) spectroscopy? is a tool, new in this
context, that can be used to assess directly the deprotonation
state of ligands and thereby the structure of supramolecular
metal coordination complexes. The water-soluble uranyl ion
(U0,*") has two strongly bound oxygens (called “yl”-oxygens)
that are chemically inert under most circumstances. Binding
sites of exchangeable ligands are all arranged in a plane
perpendicular to the linear UO,**-unit; therefore, steric
requirements in ligand substitution reactions and in template
and catalytic reactions are strict. The UO,>"-unit may enhance
the nucleophilicity of coordinating OH groups. Hence, it has
been recently reported that uranium(vi) can form oxo-bridged
complexes with a-hydroxycarboxylic acids.®* Formed by proton
dissociation from the a-hydroxy group already around pH 3,
they indicate a dramatic increase, by at least a factor of 10"%, of
the dissociation constant upon coordination to uranium(vi).

By coordinating and activating sugar moieties, uranyl may
promote the formation of internucleotide bonds and can be an
effective catalyst in oligonucleotide synthesis.* Conversely, it
can also induce DNA damage, a subject of considerable recent
interest.* Nucleotide-like ligands are also promising for metal
extraction.® We recently characterized a uranium(vi)-AMP
(adenosine monophosphate) complex with a metal-to-ligand
ratio of 3 : 3 (hereafter called Complex 3 : 3, see Scheme 1) in
the alkaline pH range by using a combinatorial NMR approach’
supplemented by X-ray diffraction and molecular modelling.

Similarly to complexes formed with a-hydroxycarboxylic acids,
we observed an increase of the dissociation constant of the sugar
OH groups and subsequent deprotonation upon chelate forma-
tion with uranyl. Nevertheless, it remained unclear whether or
not both hydroxyl groups of the coordinating AMPs are depro-
tonated. As is clear from Scheme 1, the degree of deprotonation of
AMP is a remaining key issue when deciding about the fine
structure of Complex 3 : 3. In an attempt to resolve this issue we
measure here the charge of the complex by an NMR method.
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Scheme 1 The structure of the uranium(vi)-AMP complex” investigated here.
The monodentate 2-OH oxygens with unresolved state of protonation are shown
in red.

eNMR can be used to measure the effective charge z of
charged species in solution via the well-known Nernst-Einstein
relationship. Hence,
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where D is the self-diffusion coefficient measured by diffusion
NMR and u the electrophoretic mobility from eNMR.? With the
experimental setup®® used here, z has been determined with
high accuracy which led to accurate measures of ion-pairing
between small ions®** and of the degree of binding of surfactants
by cyclodextrins.® The effective charge of polyelectrolytes® and
proteins® has also been estimated by eNMR.

The samples (see Table 1, further details in the ESIf) were
prepared in two steps. First, an appropriate amount of AMP
monohydrate was added to 10 ml of D,O that was then neutral-
ized to pD = 6.5 (calculated using pD = pH + 0.4 (ref. 11)) by
adding a concentrated solution of TBA-OH (tetrabutylammo-
nium hydroxide) in order to facilitate full dissolution of the AMP.
Then, uranyl nitrate UO,(NO3),-6H,0 was added and the pD was
increased to the desired value by adding TBA-OH. The solutions
contained mainly Complex 3 : 3 and a small amount of free AMP
(ca. 30% of the total). As has already been established, Complex
3 : 3 was long lived.” TBA-OH was used to adjust the pD since it
has been shown that quaternary ammonium cations are, in
contrast to other possible ions like Na", relatively inert to asso-
ciation with the phosphate group of nucleotides** like AMP. In
addition, the effective charge of the TBA" cation can be deter-
mined directly by the same "H eNMR experiment that is used for
measuring the effective charge of Complex 3 : 3. To quantify the
ion-pairing behavior of the pure TBA", experiments were also
performed on a TBA-OH solution with no uranyl.

Table 1 The composition (in mM units) of the investigated D,O solutions

Sample AMP Uranyl Complex 3 : 3¢ TBA-OH pD
1 7.9 6.8 2.3 +0.2 51 11.9
2 9.6 7.9 2.3 £0.2 102 13
3 — — — 45 13

@ As obtained from the observed "H NMR intensities.
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Fig. 1 "H eNMR spectral portions with an increasing electric field for Sample 2.
The spectra on the left present the peaks of AMP and their phase shifts, either in
Complex 3 : 3 (larger peaks) or free in solution (smaller peaks). The spectra on the
right exhibit the phase shifts of TBA* peaks with the exception of the peak at ca.
2.6 ppm that arises from uncharged DMSO. Notice the opposite sign of phase
shifts for AMP (negatively charged entities, both the free AMP™ ions and the
complexed AMP) and TBA* (positively charged). For the full spectrum, the
detailed assignment and details of data evaluation, see ESI.t

The self-diffusion coefficients were obtained by stimulated
echo experiments while the electrophoretic mobilities were
measured by recording with the double stimulated echo eNMR
pulse sequence* the variation of spectral phases with the
electric field strength. Due to the high pD in the studied solu-
tions, HDO was not used as a supposedly uncharged reference
to correct for bulk flow effects®? in eNMR experiments. Instead,
a small amount of DMSO (dimethylsulfoxide) was added to the
studied solutions and its phase shift was monitored parallel to
that of the target components Complex 3 :3 and TBA® (see
Fig. 1). The results obtained from the diffusion and eNMR
experiments are summarized in Table 2. As can be seen, for the
TBA ions with smaller average charge the error in effective
charge is dominated by the error in the electrophoretic mobility;
for the complex, the error is contributed rather evenly by the
diffusion and electrophoretic results obtained on the complex-
bound AMP lines. Note that the errors for effective charges are

Table 2 Self-diffusion coefficients (D), electrophoretic mobilities (u), and effec-
tive charges (z) of Complex 3 : 3 and TBA™ in the studied samples. The precision is
given as +o, as obtained by repeated NMR experiments, at least 3 (and at most 5)
for each sample; precision is calculated as average standard deviation for Samples
1 and 2 on one hand and Samples 3-5 on the other hand. The precision of the
effective charge is calculated under the assumption of uncorrelated errors in D
and u

Complex 3 : 3 (measured on complex-bound AMP)

Sample D¢* e’ 2c
1 20.1 4+ 0.43 —2.99 4+ 0.10 —3.8 £ 0.21
17.5 £ 0.38 —3.25 £ 0.11 —4.8 + 0.26

TBA" (in solutions containing Complex 3 : 3)

Sample Drpa” tra” ZTBA
1 39.4 + 0.23 0.77 + 0.04 0.50 £ 0.03
39.3 £ 0.23 0.80 £ 0.04 0.52 £ 0.03

TBA" (in aqueous solution)

a b
Sample Dfree Mfree Zfree

3 41.0 £ 0.24 1.02 £+ 0.05 0.64 £ 0.04

10" m?s ). P (10 m2 Vs
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calculated under the assumption of uncorrelated errors for D
and pu; possibly, this leads to some overestimate. However, the
random errors given in Table 2 do not account for the system-
atic errors, such as those arising from gradient miscalibration.
Note, however, that z is derived as a ratio of D and u, which
reduces calibration errors in z, presumably to a value far below
that of random error.

In Complex 3 : 3, the central oxygen has a charge of —2, the
three uranyl groups have a total charge of +6 and the three
phosphate groups have a total charge of —6. The charge of
Complex 3 : 3 is then —2 which becomes —5 if the bidentate 3-
OH oxygens in the bridge position are deprotonated. If the
monodentate 2-OH oxygens were also deprotonated, the total
charge would be —8. However, positive ions can associate with
the complex, changing the charge from its nominal to its
detected effective value. As the only ones around, those ions
must be TBA".

Indeed, association of TBA" with Complex 3 : 3 is indicated
by detecting a higher effective charge of TBA" in Sample 3 (see
Table 2) that lacks both uranyl or AMP. Experiments with
additional samples with both AMP and TBA-OH but without
uranyl (see ESIt) provided the same effective charge for TBA' as
that in Sample 3; in other words, TBA" does not associate with
AMP alone. As indicated by the single-component spectral
appearance and the single-component behavior of the TBA"
signal in both the diffusion NMR and the eNMR experiments,
the cation is in fast exchange between the states free and
associated with Complex 3 : 3. On the other hand, we stress that
Complex 3 : 3 was long lived” with the AMP in slow exchange
between its bound and free states (see Fig. 1).

The degree of TBA" association can be estimated from either
the measured self-diffusion coefficients or from the electro-
phoretic mobilities, both of which are rendered average quan-
tities by fast exchange as

Drpa = (1 - p)Dfree + pDc (23)
HTBA = (1 - p),ufree + puc (2b)

where p is the fraction of TBA" associated with Complex 3 : 3,
with all other data defined and given in Table 2. (One should
note that Dge. and uge are themselves fast-exchange averages
over properties of TBA" ions un-associated and associated with
OH.) Hence, p can be obtained either from the diffusion or
from the eNMR data as

Dfree - DTBA
— e TTBA 3
Dfree - DC ( a)
_ HMiree — MTBA (3b)
Mfree — Mc

and is presented in Table 3. Note that the effective charge, a
quantity derived from D and pu, can be used to derive p in a
more complex manner (see ESIT). We also note that since p is
derived from ratios, it is not affected by gradient miscalibration
errors.

When a TBA' ion associates with Complex 3 : 3, it is plau-
sible to assume that the association is electrostatic. Hence, it
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Table 3 Calculated fractions p of TBA* ions associated with Complex 3 : 3 and
the nominal charge z,ominal Of Complex 3 : 3 calculated via eqgn (4)

Sample pa (OA)) Znominal
1 7.7 £2.4/6.2 £2.5 —5.5+0.6/-5.2 £ 0.7
2 7.2 £22/52+21 —8.0 £ 0.8/=7.1 £ 1.0

¢ Expressed as (from eqn (3a)/from eqn (3b)).

should involve TBA' ions not neutralized by association with
their OH™ counterions. Therefore, we can assume that TBA"
contributes +1 charge to the complex (see also ESIT) and the
effective charge of Complex 3 : 3 becomes

TBA*
ZC = Znominal 1 [ p[ ]

Complex 3 : 3] “

For those two cases, the calculated nominal charges z,ominal
of Complex 3:3 (with concentrations from Table 1) are
summarized in Table 3. One can conclude that the nominal
charge of —5 with the 2-OH groups protonated is consistent
with our data at pH = 11.9. Upon increasing the pH to 13,
Znominal increases toward —8 which indicates the 2-OH groups
becoming (at least fractionally) deprotonated.

In summary, we have shown that in this particular ura-
nium(vi)-AMP complex the binding involves deprotonated 3-OH
but the protonation state of 2-OH sugars of AMP changes with
pH while leaving the structure of the formed complex appar-
ently intact. Such information is difficult to be obtained by any
other method. Thus, a new application of electrophoretic NMR
is demonstrated.
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