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Uridine, a nucleoside formed of a uracil fragment attached to a ribose ring via a

Keywords: nucleotides; uracil; charge density L K . K K K
B-N1-glycosidic bond, is one of the four basic components of ribonucleic acid.

distribution; anharmonic motion; multi-

temperature XRD. Here a new anhydrous structure and experimental charge density distribution
analysis of a uridine-5’-monophosphate potassium salt, K(UMPH), is reported.
CCDC references: 1533597; 1533598; The studied case constitutes the very first structure of a 5’-nucleotide potassium

1533599, 1533600; 1533601 salt according to the Cambridge Structural Database. The excellent crystal

quality allowed the collection of charge density data at various temperatures, i.e.
10, 100, 200 and 300 K on one single crystal. Crystal structure and charge density
data were analysed thoroughly in the context of related literature-reported
examples. Detailed analysis of the charge density distribution revealed elevated
anharmonic motion of part of the uracil ring moiety relatively weakly interacting
with the neighbouring species. The effect was manifested by alternate positive
and negative residual density patterns observed for these atoms, which
‘disappear’ at low temperature. It also occurred that the potassium cation,
quite uniformly coordinated by seven O atoms from all molecular fragments of
the UMPH™ anion, including the O atom from the ribofuranose ring, can be
treated as spherical in the charge density model which was supported by
theoretical calculations. Apart from the predominant electrostatic interactions,
four relatively strong hydrogen bond types further support the stability of the
crystal structure. This results in a compact and quite uniform structure (in all
directions) of the studied crystal, as opposed to similar cases with layered
architecture reported in the literature.

Supporting information: this article has
supporting information at journals.iucr.org/b

1. Introduction

Uridine is a nucleoside formed of a uracil fragment attached to
a ribofuranose ring via a f-N1-glycosidic bond (Wu & Char-
gaff, 1969). Its phosphate constitutes one of the four basic
components of ribonucleic acid (RNA) (Wan et al., 2011), and
among other roles plays an important part in the glycolysis
pathway of galactose (Romano & Conway, 1996). In general,
uridine phosphates, salts and all compounds containing
nucleosides are of great interest in science. They are important
molecules playing key roles in many biochemical processes,
such as glucose metabolism, cell growth, gene transcription,
K" and Na" ion transportation (Klohs et al., 1984; Romano &
Conway, 1996; Wan et al., 2006; Desch et al., 2010; Fajardo et
al., 2014). For instance, uridine monophosphate is used as a
convenient delivery compound for uridine in brain research
studies on Alzheimer’s disease (Wurtman et al., 2009). In view
of the above, studies on their chemical nature, the ability to
form hydrogen bonding and to interact with other molecules
© 2017 International Union of Crystallography are crucial to understanding biochemical processes and to
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design new drugs, as well as give relevant insight into RNA
and DNA structure and properties.

Nucleotides and their salts can also be very interesting as far
as crystallography itself is concerned. In the Cambridge
Structural Database (CSD; Groom et al., 2016) more than 300
crystal structures containing the uridine fragment and its
modifications have already been deposited. In the current
contribution we focus our attention on the uridine-5'-mono-
phosphate potassium salt, K(UMPH) (Scheme 1) and report
its first anhydrous crystal structure. As the crystals were of
superior quality, it was possible to conduct high-resolution
X-ray diffraction experiments and thoroughly analyse charge
density distribution and its subtle features in the selected
single crystal at a number of temperatures, i.e. 10, 100, 200 and
300 K. Additionally, the experimental data were supple-
mented by a neutron diffraction data set collected at 10 K and
subjected to computational analysis. The study constitutes
somewhat a continuation of our previous structural and
charge density investigations dedicated to nucleic acid base
derivatives (Czyznikowska et al., 2010; Jarzembska et al., 2012;
Jarzembska, Goral et al., 2013; Jarzembska, Kaminski et al.,
2013).

(|)H
0 /
U o TP e
O N K
/
HO ‘OH
o Scheme 1 o

2. Experimental
2.1. Materials

UMPH, was purchased from Sigma-Aldrich. K(UMPH)
was obtained by reacting UMPH, with KHCOj; in a 1-to-1
molar ratio. Both substrates were initially dissolved in water.
In the next stage the majority of water was evaporated under
dry nitrogen, and the final product was crystallized from the
remaining solution with the addition of methanol. Such a
procedure resulted in crystals of excellent quality which were
subjected to further X-ray diffraction studies. We note that no
single crystals were obtained from pure water.

2.2. Data collection and processing

A charge-density quality single crystal of a suitable size was
chosen for the purpose of the current study, and thus multi-
temperature, high-resolution data collections at 10, 100, 200
and 300 K were performed on one single crystal. Particular
care was taken to record all low-angle reflections, which are
crucial for a reliable charge density determination, and to
minimize the number of reflections with I/o(I) < 3.0 in the
whole data set. It is worth mentioning that the collected

reflection data were of high quality with well defined round
reflections and the crystal exhibited very low mosaicity. The
latter was indicated by the fact that two nearly identical data
sets measured at 100 K, differing only in the single-frame scan
width (0.50° versus 0.25°), gave results in favour of the thinner
reflection slicing (R, was half that for the 0.25° scan data
set). This is in line with the previous literature studies on data
quality with respect to the scan width (Sgrensen & Larsen,
2003). Data processing and reduction was conducted using the
native diffractometer software (Bruker AXS, 2015) and the
SORTAV program (Blessing, 1987, 1995, 1997). All data sets
exhibited a high-resolution limit of (sin /1), ~ 1.2 A~! and
overall completeness of more than 90%. Final data collection
and reduction parameters are summarized in Table 1. Selected
sets of raw diffraction frames and the associated data are
accessible online under the following doi: http://doi.org/
10.18150/repod.6850518 (Repository for Open Data, Inter-
disciplinary Centre for Mathematical and Computational
Modelling, University of Warsaw, Warsaw, Poland). More
information is available in the supporting information.

2.3. Structure solution and refinement.

In all cases the crystal structure was solved by a charge-
flipping method (Oszlanyi & Siitd, 2004, 2005; Palatinus, 2013)
with the SUPERFLIP program (Palatinus & Chapuis, 2007).
Initial independent atom model refinements were performed
with the JANA program (Petficek et al., 2014).

Multipole refinements for all data sets were carried out
using the MOPRO suite (Guillot et al., 2001; Jelsch et al., 2005)
combined with the current version of the University at Buffalo
Data Bank (UBDB; Jarzembska & Dominiak, 2012), which
employs the Hansen—Coppens multipole model (Hansen &
Coppens, 1978). All the performed refinements were based on
F, while only reflections fulfilling the I > 30() criterion were
taken into account. Such a cut-off does not influence the final
model significantly, as has been shown recently (the results
obtained with and without cut-off do not differ significantly
considering the precision of the method; see also Fig. 2S in the
supporting information; Kaminski et al., 2014). In the refine-
ment, the estimation of anisotropic H-atom atomic displace-
ment parameters for all data sets was realised using the
SHADE server (Madsen, 2006; Munshi et al., 2008). It should
be stressed that the SHAD E-estimated values were also used
in the case of the 10 K data, as not all H-atom atomic
displacement parameters were of satisfactory quality (the
time-of-flight neutron diffraction experiment was quite
demanding due to the low scattering power of the sample and
the complexity of the structure). In turn, the X—H bond
lengths for the 10 K data set were restrained to neutron-
derived distances with o = 0.001. Similarly, for all other data
sets, X—H bond lengths were restrained to neutron-normal-
ized values with the same o value. Even in the absence of the
neutron data for higher temperatures, such an approach has
been successfully applied in a variety of experimental charge
density studies (Jelsch et al, 2000; Checinska et al., 2006;
Meindl et al., 2009; Jgrgensen et al., 2013; Jarzembska, Goral et
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Table 1

Parameters characterizing the studied crystal, X-ray data collection and refinement.

For all structures: CoH;,KN,OoP, M, = 362.3, orthorhombic, P2,2,2;, Z = 4, F(000) = 744, colourless tablet of dimensions (mm) of 0.28 x 0.27 x 0.16. Experiments
were carried out with Mo Ko radiation using a CCD detector. Absorption was corrected for by multi-scan methods (Blessing, 1995). H atoms were treated by a

mixture of independent and constrained refinement.

10K

100 K

200 K

300 K

Crystal data
a,b,c(A)

V(A%
D, Mgm™)
p (mm™)

Data collection

Tnins Tmax

Rmr

No. of measured, indepen-
dent and observed [/ >
30(1)] reflections

0 values (°)

(511 0/1) s (A7)

Index ranges

Completeness (%)

Refinement

No. of parameters, restraints
R[F] [I = 30(])], all data
wR[F] [I > 30(I)], all data

8.0778 (2),1 10.4023 (3),

16.0137 (4)+
1345.59 (6)
1.789
0.57

0.808, 1.127

0.0408§

80 683, 18 408, 17 834
(97%)1

2.3-584

1.20

—18 <h <18,
—24 <k <24,
—38 <1<37
95.0

602, 12

0.0148, 0.0154
0.0180, 0.0184
0.0241, 0.0241

8.0630 (3),1 10.4358 (5),

8.0670 (2), 10.4871 (3),

8.0835 (2), 10.5221 (3),

16.0092 (7)+ 16.0561 (4) 16.0738 (4)
1347.08 (10) 1358.34 (6) 1367.16 (6)
1.786 1772 1.760
0.56 0.56 0.56
0.862, 0.890 0.860, 0.890 0.847, 0.929
0.0255 0.0290 0.0292
142735, 18 693, 17 743 97227, 19 248, 15 846 89 436, 18 254, 12 221

(95%)9 (82%)9 (67%)9
23-592 2.3-59.3 23-587
121 121 121
—19<h <19, —18 <h <19, —17<h<17,
—23 <k <23, —25 <k <23, —24 <k<12,
—35<1<37 —38<i<21 —37<1<32
93.8 95.6 91.8
642, 12 642, 12 642,13

0.0111, 0.0124
0.0141, 0.0145
0.0161, 0.0163

0.0171, 0.0232
0.0185, 0.0204
0.0289, 0.0298

0.0194, 0.0336
0.0222, 0.0263
0.0270, 0.0287

R[F?] [I = 30(])], all data

S[F) [I = 30(I)), all data 0.836, 0.840 0.844, 0.848

APt AP (e A7) [1 > —0.16, +0.15 —0.07, +0.06
3o(1)]

Ap™T AP (e A7) (all —0.16, +0.15 —0.08, +0.08
data)

Harmonic model, X—H
distances from neutron
data

Additional comment

Anharmonic model

0.893, 0.891 1.043, 1.005

—0.10, +0.11 —0.10, +0.09

—0.13, +0.13 —0.11, +0.13

Anharmonic model Anharmonic model,
P, (K1) =6.30
(restrained)

+ The larger values at 10 K when compared with those at 100 K may result from an anisotropic thermal response of the crystal to temperature changes, or from a different number of
data used to refine the unit-cell parameters at both temperatures (note the unit-cell volume is smaller at 10 K than at 100 K). % Definition of R,,, is the same as in our previous papers
Jarzembska, Kaminiski er al. (2014) and Jarzembska et al. (2015), and follows definitions used by Blessing in the SORTAV program. § Note the larger R, value relates to the lower
redundancy of the data set. 4 Numbers in parentheses constitute the percentage of the ‘observed’ unique reflections with respect to the total number of unique reflections.

al., 2013; Jarzembska, Hoser et al., 2014). However, we note
that the neutron-derived X—H bond lengths determined at
10 K were very close to the averaged values reported by Allen
& Bruno (Allen et al, 1987; Allen & Bruno, 2010). The
multipole expansion was truncated at the hexadecapole (/,,,, =
4) and quadrupole (/,,,, = 2) levels for all non-H and H atoms,
respectively. For more specific details see the supporting
information (Su & Coppens, 1998; Macchi & Coppens, 2001;
Volkov et al.,2004; Hoser et al., 2009; Zarychta et al., 2011; Paul
et al.,2011; Jarzembska & Dominiak, 2012; Poulain-Paul et al.,
2012).

For the sake of further analysis it was particularly important
to verify the approach to the refinement of the potassium ion.
The refinement with standard atomic scattering factors (K':
[core: 1s*2s5?35%2p%3p®, valence: 4s'] or [core: 1s*2s3s*2pS,
valence: 3p®4s']) led to non-physical results (e.g. integrated
AIM charges outside chemically sensible limits). In some of
the published works (Koritsanszky et al., 2000; Nelyubina et al.,
2009; Mermer & Starynowicz, 2012) the P, parameter was
constrained to a specified value. In our case, an acceptable
model was obtained with the ionic scattering factor having 3p

electrons moved to the valence shell (K*: [core: 15°2523s%2p°,
valence: 3p°]). On the other hand, there still remains the
question of whether the the K atom is spherical or not. When
compared with much more rigid Li or Na cations, it possesses
more electrons and is generally known as being more polari-
sable (Molof et al., 1974; Ekstrom et al., 1995; Holmgren et al.,
2010). To the best of our knowledge, in the available literature
potassium was most often considered as being spherical
(Koritsanszky et al., 2000; Nelyubina et al., 2009; Mermer &
Starynowicz, 2012). Nevertheless, in the advent of crystal-
lography and experimental methods which allow the collec-
tion of high-quality data, it is tempting to extract and model on
such heavy atoms any aspherical deformations present. This is
especially interesting considering the latest reports on core
deformation effects suggested on the basis of experimental
charge density data (Fischer et al., 2011; Zhurov & Pinkerton,
2013; Bindzus et al., 2014). Therefore, both possibilities were
investigated, i.e. treating potassium as spherical (with only the
P, parameter refined) or aspherical (with multipole expansion
applied to the hexadecapole level). Obviously, the aspherical
model gave a slightly better fit, reflected in lower R-factors and
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residual density values (for numerical details see the
supporting information). This is due to the larger number of
refined parameters. Nevertheless, the differences are negli-
gible, as both models yielded very similar integrated AIM
charges for potassium (e.g. for the 10 K data set: +0.70 e and
+0.68 e for the spherical and aspherical models, respectively).
In order to decide which model is more physically sound we
compared electron distribution on the potassium centre in
both models (for 10 K data set), spherical (Fig. 1a) and
aspherical (Fig. 1), with that obtained by theoretical periodic
computations (Fig. 1c¢). The latter, theoretical results, further
described in detail, are treated here as an independent refer-
ence. The theory-computed negative Laplacian map clearly
shows the absence of noticeable valence-shell charge
concentrations in the potassium outer shell. Such a theoretical
outcome best supports the spherical multipole model for the
potassium ion. In the case of the 100 K data set the effect is
similar, but less pronounced. Consequently, in all models
derived for the purpose of this study the spherical description
of the potassium ion was applied. We note here that to make
the 300 K charge density model reasonable, the P, parameter
for the potassium centre was restrained to the value of 6.3 ¢
with o = 0.01 (based on the results from the lower-temperature
data sets). For more details see also the supporting informa-
tion (Moss et al., 1995; Souhassou et al., 1995; Espinosa et al.,
1996; Yufit et al., 2000; Janicki & Starynowicz, 2010; Mermer &
Starynowicz, 2011, 2012; Mermer et al., 2015; Kinzhybalo et al.,
2013; Starynowicz & Lis, 2014; Volkov et al, 2016).

Despite the very low residual density extreme values
obtained for models at all temperatures and satisfactory R-
factors (considering non-trivial description of the potassium
and phosphorus atoms), careful inspection of the residual
density for 100, 200 and 300 K data sets revealed some
systematic effects within the uracil fragment. Although the
details are described in the following section of this paper, we
note here that we were able to take these effects into account
by refining the third-order Gram-Charlier parameters
(Johnson, 1969; Kuhs, 1983; Scheringer, 1985). The physical

reliability of the anharmonic model was confirmed by the
probability density function (PDF) computed with the JANA
program. Furthermore, the absence of these effects in the 10 K
data set (anharmonic effects for non-H atoms are expected to
diminish significantly with temperature lowering) additionally
supports such data treatment. The refined anharmonic para-
meters appeared to be rather weakly correlated with multi-
polar parameters. All these results are in line with many recent
literature reports on this matter (Scheins et al., 2010; Zhurov et
al., 2011; Herbst-Irmer et al., 2013; Poulain et al., 2014), where
high-quality data allow for reliable deconvolution of electron
density and thermal motion features. More details can be
found in the supporting information.

In general, determination of absolute structure was not
needed due to the known configuration of the studied
compound (B-p-ribofuranose ring). However, as a test, the
Flack parameter was determined in each case (Spek, 2015;
Hooft et al., 2008) and its value was very close to zero (see also
the supporting information). Residual density properties were
evaluated with the JNK2RDA program (Meindl & Henn,
2008). The analysis shows that the refinement resulted in
models characterized by the flat and almost featureless resi-
dual density distribution. All the final refinement statistics are
summarized in Table 1. The respective CIF files are given in
the supporting information, or can be retrieved from the
Cambridge Structural Database (CSD) (Groom et al., 2016).
For more information also see the supporting information
(Hirshfeld, 1976; Kuhs, 1988, 1992; Niepotter et al., 2015).

2.4. Periodic computations

Theoretical charge density distribution was evaluated on
the basis of wavefunctions calculated using the CRYSTAL
program package (Dovesi et al., 2005, 2009) (CRYSTALO09
edition) at the DFT(B3LYP) level of theory (Perdew, 1986;
Becke, 1988; Lee et al., 1988). The POB-TZVP molecular all-
electron basis set (Peintinger et al., 2013) dedicated to solid
state systems was applied for the purpose of the conducted

3.0 —— —— 3.0 T— — 3.0 - -
204/
1
04
0.0 + —_— — = o0+ — e 4 00 . r —
0.0 1.0 2.0 3.0 0.0 1.0 2.0 30 00 1.0 2.0 3.0
(a) ()
Figure 1

Electron density Laplacian maps in the vicinity of the potassium ion for multipole models with spherically (@) and aspherically (b) refined potassium
fragment, and resulting from theoretical periodic computations (c¢) (logarithmic contours; blue dashed lines — positive values, red solid lines — negative
values; K1—04—0O2 plane). Experimental maps were computed for the 10 K data set (the respective figures for the 100 K data set are available from the

supporting information).
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computations. The evaluation of Coulomb and exchange
series was controlled by five thresholds, set arbitrarily to the
values of 1077, 1077, 1077, 1077 and 1072, whereas the
shrinking factor was equal to 8. CRYSTAL program input files
were prepared with the CLUSTERGEN program (Kaminski
et al., 2013).

2.5. Evaluation of the charge density distribution properties

The experimental charge density distribution obtained with
the multipolar approach was analysed by means of Bader’s
quantum theory of atoms in molecules (QTAIM; Bader, 1994).
The VMOPRO module (part of the MOPRO package) was
used for Fourier syntheses and bond critical point evaluation.
Visualization of bond paths was accomplished with the
MOPROVIEWER program (Guillot, 2012). Evaluation and
integration of atomic basins were performed with the XD
(Volkov et al., 2016) and TOPOND (Gatti et al., 1994; Bertini
et al., 2007) programs for experimental and theoretical data,
respectively.

2.6. Neutron diffraction

A single-crystal time-of-flight neutron diffraction experi-
ment was performed at the SXD beamline (Keen et al., 2006),
at the neutron spallation source at the ISIS facility (Oxford-
shire, UK). For the purpose of the experiment a single crystal
of size approximately equal to 1 mm x 1 mm X 2 mm was
attached to an Al pin with adhesive Al tape, and cooled to
10 K in a closed-cycle refrigerator with He as an exchange gas.
Eleven crystal orientations were recorded in total, each
exposed for 816 h. We note that the last three orientations
were collected simultaneously for three crystals of the same
size (Wilson, 1997). Data reduction was accomplished using
the locally available SXD2001 program (Keen et al., 2006).
The crystal structure (with anisotropic H-atom displacement
parameters) was then refined in the JANA package directly
from the time-of-flight data. It is also worth noting that the
extinction was successfully modelled using the Becker—
Coppens approach (Becker & Coppens, 1974a,b, 1975). More
information and the CIF file are available in the supporting
information. Raw neutron diffraction frames and the asso-
ciated data are accessible online under the following doi:
http://doi.org/10.18150/repod.6850518 (Repository for Open
Data).

3. Results and discussion
3.1. General remarks

As already mentioned, up to now, more than 300 crystal
structures containing the uridine fragment and its substituted
derivatives are present in the CSD. Out of that number, 268
entries contain atomic coordinates. Concerning solely uridine-
like phosphates, one can find barium uridine-5'-monophos-
phate [Ba(UMP)] monohydrate (refcode: BAURIP; Shefter &
Trueblood, 1965), potassium dihydrouridine-3’-monophos-
phate hemihydrate (refcode: KURDMP; Emerson &
Sundaralingam, 1980), dipotassium uridine-5"-diphosphate

trihydrate (refcode: KURDPI; Viswamitra et al., 1979), diso-
dium deoxyuridine-5"-monophosphate pentahydrate (refcode:
NADOUR; Viswamitra et al., 1980), disodium uridine-3'-
monophosphate tetrahydrate (refcode: SURIDP; Viswamitra
et al., 1972), disodium uridine-5"-monophosphate [Na,(UMP)]
heptahydrate (refcode: SURIPH10; Seshadri et al., 1980), and
uridine-3’-monophosphate monohydrate (refcode:
URIDMP10; Srikrishnan et al., 1979). Clearly, all the crystal
structures are hydrates and only two contain the uridine-5'-
monophosphate (UMP) moiety (refcodes: BAURIP and
SURIPH10). However, in none of them is the protonation
state of the UMP fragment the same as that found in
K(UMPH). Furthermore, potassium ions are present in only
two other structures from the depicted group (refcodes:
KURDMP and KURDPI). Consequently, the reported
K(UMPH) salt (Scheme 1) constitutes the first anhydrous
solid-state form of the single-deprotonated uridine-5’-mono-
phosphate anion (UMPH ). The common feature of these
salts is that they are all chiral and crystallize in chiral space
groups. Nevertheless, they differ in the packing preferences.
Interestingly, the topology of the Na,(UMP) heptahydrate
crystal structure (refcode: SURIPHI10) reported in the
literature, as well as that of the related barium salt (refcode:
BAURIP), somewhat resembles the topology of aromatic
fluoroborate potassium salts, which form layered architectures
in the solid state (Conole et al., 1995; Harrison & Wardell,
2014; Kaminski et al., 2016). These two structures are very
similar to each other, except for some differences induced by
larger barium species (see the supporting information) when
compared with sodium cations (note that Na* ions were not
included in the refined model at that time; Seshadri er al.,
1980). In both structures layers formed by metal centres
coordinated by water molecules may be distinguished. Such
layers are separated by the UMP?~ anions, which act as
molecular linkers, further coordinating metal cations on one
side with the phosphate group and one uracil oxygen, while on
the opposite side by the remaining uracil oxygen and the
ribofuranose ring hydroxyl groups. In this respect the overall
architecture of the new K(UMPH) structure (Fig. 2) differs
from the two described cases due to the absence of water

Figure 2
Packing of K(UMPH) molecules in the crystal lattice; potassium ions
represented by spheres.
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Table 2
Selected Bader charges (Qamm) and atomic basin volumes (V) for the
K(UMPH) species present in the crystal lattice.

Data given for the 10 K data set and for TOPOND results; for more data see
the supporting information. The respective literature data for uracil-core-
based fragments are also included.

10 K data Theory 1mT,.+ 6m2tut
QAIM VAIM QAIM VAIM QAIM QAIM
Atom (e) (A% (e) (A% (e) (e)
K1 +0.70 21.53 +0.92 2043 - -
P1 +2.91 6.81 +3.77 325 - -
o1 —1.16 13.71 —1.30 14.37 - -
02 —1.32 17.55 —1.52 18.76 - -
O3 —1.29 17.48 —1.53 18.77 - -
04 —1.29 17.44 —1.45 18.39 - -
08 —1.07 19.25 —-1.15 20.13 —1.24 —0.27§
09 —1.09 19.65 —-1.16 20.57 —1.24 —1.16
N1 —0.98 11.33 —1.06 11.39 —0.73 —1.00
N2 —1.02 15.02 —1.10 15.5 —1.10 —1.06
C6 +1.60 5.26 +1.64 5.16 +1.66 +0.56
C7 +1.37 7.02 +1.23 6.90 +1.37 +1.33
C8 +0.19 11.97 +0.03 12.56 —-0.32 +0.03
9 +0.08 12.83 +0.36 10.84 +0.38 +0.23
HS8 +0.16 5.81 +0.08 6.56 — +0.12
H9 +0.19 5.24 +0.15 5.68 +0.17 -
H10 +0.49 2.54 +0.52 2.38 +0.46 +0.42

t Data taken from literature for 1-methylthymine (Jarzembska, Goral et al.,
2013). i Data taken from literature for 6-methyl-2-thiouracil (Jarzembska, Kamiriski
et al.,2013). § Sulfur atom.

molecules and different protonation state of the anion. Thus,
apart from the above-mentioned O atoms engaged in the
metal centre coordination, the O5 atom from the sugar ring
(Fig. 3) saturates the potassium coordination sphere instead of

phosphate fragment

% p1e Hi11
03® Hi1A ‘g

q“e
e
e
" |

H1B

ribofuranose
fragment

Figure 3

Molecular graph for the 10 K data set showing bond paths (yellow solid
lines) and bond critical points (small red spheres) for the UMPH™ anion.
Labelling and estimation of atomic thermal motion as atomic displace-
ment parameters is included (the absent potassium cation is labelled K1;
ellipsoids are drawn at the 70% probability level). The bond path derived
for the weak intramolecular H9---O1 interaction is coloured green.
Structural fragments (uracil, ribofuranose and phosphate) are addition-
ally depicted.

Table 3
Selected QTAIM parameters at BCPs for strong interactions in the
K(UMPH) species in the crystal lattice.

d is distance between bonded atoms, d; and d, are distances from first and
second atom to the bond critical point, respectively; p is the electron density; &
is the bond ellipticity. The given results apply to the 10 K data set (for more
data see the supporting information).

p(rBCP) VZP(rBCP)

Bond d (A) d A d,(A) (A (eA) e

KI1---02 29008 (2) 1.484 1420 0.1 13 0.01
KI---04  29253(3) 1499 1430 0.1 1.2 0.03
K1.--05°  27261(2) 1418 1308 0.1 1.9 0.02
K1---08" 28008 (2) 1.454 1.347 0.1 1.6 0.00
K1.--09% 27278 (3) 1.413 1.315 0.1 1.9 0.01
K1.--O7Y 28040 (2) 1445 1360 0.1 1.6 0.04
KI1---06" 27480(2) 1420 1328 0.1 1.9 0.02
P1—-01 1.6017 (2) 0672 0934 12 8.1 0.16
P1—02 1.5132(2) 0636 0878 14 19.5 0.16
P1—03 14970 (2) 0625 0874 14 23.5 0.10
P1—04 1.5575(2) 0652 0908 12 13.9 0.27
N1—-C6 13847 (3)  0.801 0.584 2.3 -226 0.21
C6—N2 13716 (3) 0774 0598 2.3 —23.4 0.17
N2—C7 1.3903 (3) 0850 0540 2.0 —21.1 0.23
C7—C8 14437 (3) 0792 0652 21 -19.2 0.31
C8—C9 13521 (3) 0746  0.606 2.3 -22.6 0.27
C9—N1 13735(3) 0818 0556 2.1 —20.5 0.17
C6—08 12272(3) 079 0432 3.0 -33.6 0.06
C7—09 12358 (3) 0815 0422 27 —23.7 0.04
C8—H8 1.0711(8)  0.660  0.411 1.9 —24.7 0.15
C9—H9 1.0730(8) 0721 0353 20 —24.7 0.00
N2—H10  1.0410(8) 0775 0266 2.1 -30.0 0.07

Symmetry  codes: (i) x—3%,—y+i,—z4+1 (i) —x+i -y +z+L (i)
—Xtioy otz V) —x g oy R () x g oy i+ L

the water species. This, among others factors, imposes a
different arrangement of potassium cations around the
UMPH™ fragments, and also a different conformation of the
ribofuranose ring, resulting in a more uniform crystal packing
in all directions, with no disorder. All that may in turn
contribute to the observed distinctive quality of K(UMPH)
crystals.

Finally, it is worth noting that the reported crystal structure
is the first example of the 5'-nucleotide (i.e. 5'-nucleoside
monophosphate) potassium salt structure ever deposited in
the CSD. Considering the two mentioned potassium-
containing structures related to K(UMPH), the potassium
dihydrouridine-3’-monophosphate  hemihydrate (refcode:
KURDMP) forms layers, whereas the dipotassium uridine-5'-
diphosphate trihydrate (refcode: KURDPI) does not.
However, in both structures potassium cations are coordi-
nated by O atoms from all molecular units, including water
species, thus potassium achieves a coordination number of 7.
Similarly, in the analysed K(UMPH) structure the potassium
cation is coordinated by seven O atoms, which will be
discussed in detail in the following section in the context of
electronic properties.

3.2. Topological analysis of charge density distribution

The full multipole refinements yielded a set of crystal
structures and the charge density models were determined at
all four temperatures: 10, 100, 200 and 300 K, showing how the
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Table 4

Selected QTAIM parameters for weak intermolecular interactions at the positions of the

respective BCPs in the K(UMPH) crystal.

Eg, is the interaction energy calculated based on the Espinosa—Lecomte approximation. The given
results apply to the 10 and 100 K data sets (for more data see supporting information).

p(rBCP) VZP(I'BCP) Eg
Interaction  d (A) d (A d,(A) (€A (eA™) (kJ mol™")
10 K data set
02---H11'  1.542(1) 1.037 0506 053 1.03 —113
03---H13%" 1669 (2) 1137 0532 026 3.76 —51
02---H10™  1.724(2) 1146 0579 026 3.41 —49
03---HI2"  1755(2) 1149  0.607 030 1.18 —48
O1---H9 2396 (5) 1418 0983  0.08 0.75 -8
06. - -H4" 2656 (5) 1476 1192  0.06 0.54 -5
08---H2V  2736(7) 1564 1232  0.03 0.37 -3
O7---H8" 2766 (5) 1.624 1172 0.03 0.28 -2
06---HIB" 3.050(5) 1717 1393  0.03 0.26 -2
09..-HIB"" 2876 (7) 1.653 1308  0.02 0.27 -2
09---H3'1  3127(9) 1726 1407 0.2 0.25 -2
100 K data set
02---HI11'  1541(1) 1042 049  0.54 0.03 —114
03---H13"  1.685(2) 1.133 0550 030 2.59 —53
02---H10™  1744(3) 1150 0589 030 1.43 —48
03..-H12"  1.758(1) 1174 0579 023 2.65 —40
O1.--H9 2394 (5) 1473 0961  0.05 0.81 —6
06- - -H4" 2656 (5) 1490 1191  0.05 0.49 -5
08---H2Y  2730(8) 1570 1216 0.3 0.39 -3
O07---H8"  2773(5) 1710 1163  0.02 0.37 -2
06---HIB" 3.068(5) 1747 1385 0.3 0.26 -2
09---H1B"" 2880 (7) 1.637 1299 0.2 0.30 -2
09---H3"  3119(9) 1722 1355 0.2 0.25 -2

electron density and thermal motion
features can be deconvoluted most reliably.
The molecular graph with the associated
ellipsoid representation of atomic displa-
cement parameters is presented in Fig. 3,
whereas the numerical parameters char-

Remarks acterizing the structure are summarized in
Tables 2—4.
O4—HI11.--02} At the start of the charge density
O7—HI3---03} distribution analysis, it is worth discussing
N2—H10---02 . . . . .
06—H12..-03;  the potassium ion and its coordination
C9—H9---01§ sphere in the studied structure. As already
gg*gg' : '82 mentioned, the potassium cation is seven-
C8—HS. . -O7 coordinated (Fig. 4) and is bound by almost
Cl1—H1B---06 all the available O atoms of the counterion,
Cl—-H1B---09 except for O1 and O3. These two
C3—H3---09 .. . . .
remaining O atoms are involved either in
the intermolecular O—H---O hydrogen
8?7338% bonds (O6—HI12---O3 and O7—
N2—H10.- .02 H13...03; Table 4), or in the weak intra-
06—HI12---03§ molecular  interaction = C9—H9---0O1
C9—H9---013 (depicted in green in Fig. 3). The bond
C4—H4---06 .- . .
CO—H2. .08 critical point (BCP) properties for K- --O
C8—HS---07 interactions compare well with those
Cl—H1B---06 reported in the literature (Table 3). The
Cl1—H1B---09 . .
C3_H3..-0 electron density at the BCPs is close to

Symmetry codes: (i) x+ 3, —y +31, —z+1; (i) —x,y+3, —z+% (i) x,y+1,z; (iv) —x+ 1Ly -1, —z4+% (v)
—x+i, -y, z—% (i) —x,y—3%,—z+% (vi) —x+1, -y, z+% (viii) x+31,—y—1,—z+1. 7 Interaction
between two phosphate groups. % Interaction in ‘triangle’ pattern with hydroxyl groups from ribofuranose

ring. § Intramolecular interaction (depicted in green in Fig. 3).

static electron density distribution evolves with temperature.
Despite the higher R,,, factor (see the respective comment in
Table 1), the main part of the following analysis will be based
on the 10 K data set, as at this very low temperature the

0.1 ¢ A, whereas the Laplacian is only
slightly positive (in our case it does not
exceed 2.0 e A’S). These features indicate
the closed-shell character of such interac-
tions, which is illustrated well by the
Laplacian map in the vicinity of the
potassium centre (Fig. 4b). The above conclusions apply to all
temperatures (see the supporting information). Finally, it
should be noted that the spherical multipole model relevance
for the potassium centre may result from its charge and the
rather uniform distribution of O
atoms in its coordination sphere.

Apart from the already
mentioned strong electrostatic
interactions between K and O
atoms, the studied crystal structure
is stabilized by numerous hydrogen
bonds and weaker intermolecular
contacts (Table 4). Analysis of
hydrogen bonds’ topological para-
meters reveals several interesting
facts. Firstly, the hydrogen bond
formed between two phosphate
groups, namely O4—HI11.--0O2,
appears to be very strong. Electron

09
. 06
1<)
05 08
8k
<
02
'} Q
07
04 Q/
(@

Figure 4

(a) Bond paths and bond critical points in the potassium coordination sphere (symmetry codes are
omitted for clarity). (b) Exemplary Laplacian map in the vicinity of the potassium ion (logarithmic
contours; blue dashed lines — positive values, red solid lines — negative values; note that the P1 atom is out

of plane). Both figures made for the 10 K data set.

density in the respective BCP, as for
a hydrogen bond, is relatively high
and exceeds the value of 0.5 ¢ A~
According to the Espinosa—
Lecomte estimation of the interac-
tion energy (Espinosa et al., 1998,
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1999), the energy of this interaction reaches almost
—115kJ mol™'. The obtained parameters resemble that
characterizing very strong hydrogen bonds reported in the
literature (Grabowski, 2001; Dominiak et al., 2006; Hoser et
al., 2010; Kaminski et al., 2014). On the other hand, it should
be noted here that both phosphate groups bear the charge of
—1.53 e, so the described hydrogen bond just somewhat
diminishes the strong repulsive interaction between these two
negatively charged species. A different situation is observed
for the remaining hydrogen bonds encountered in the studied
structure, ie. N1—H10---02, O6—H12---O3 and O7—
H13---0O3, which are considerably weaker (interaction energy
oscillates around —50 kJ mol™" at 10 K), however, the inter-
acting species do not repel each other. The first one is the
interaction between the N—H species from the almost neutral
uracil fragment (—0.10 e¢) and the negatively charged phos-
phate group, whereas the two others form a ‘triangle’ pattern
involving two hydroxyl groups from the positively charged

ribofuranose moiety (+0.93 e) pointing towards the O3 atom
from the phosphate group (Fig. 5). Thus, the last two inter-
actions are even strengthened by the electrostatic attraction
between the moieties engaged in the respective hydrogen
bonds, whereas the phosphate group acts in the crystal
structure both as a hydrogen bond donor and acceptor. It is
worth noting that the hydrogen bonds’ geometrical para-
meters, as well as topological and energetic features, do not
change much with temperature (within the estimated method
precision; Kaminski et al., 2014). This confirms the rigidity of
the structure, and is also reflected in the minor influence of
temperature on the unit-cell parameters, both typical for ionic
crystals (please note the unit cell derived from the neutron
diffraction data somewhat deviates from that obtained using
the X-ray data set at 10 K, which may be attributed to the
fewer data points used to refine the unit-cell parameters for
the TOF data and different experimental conditions, e.g. quite
large detector pixels). Nevertheless, the overall electron
density in the vicinity of H atoms
visibly varies with temperature. In

4.5 - — 4.5

3.0 1

1.5

the case of the N—H. - -O interac-
tion, the 100 K model yielded a
polarized H10 atom, but the 10 K
model did not. The opposite situa-
tion was observed for the HI12
atom, being polarized at 10 K, but
not at 100 K. Thus, the polarization
features of the H atoms involved in
strong hydrogen bonds seem to be
related to the actual structure at a
given temperature. Interestingly, at
higher temperatures (200 and
300 K) neither of these atoms is
polarized. Such an outcome,

0.0

however, may be considered to be a
drawback of the mentioned
incomplete  deconvolution  of

3.0

204

1.0

thermal motion and static charge
density in the corresponding
models (see comment later in the
text). Similar polarization effects
have been reported previously
(Overgaard et al., 2001; Roversi &
Destro, 2004; Sledz et al., 2010;
Jarzembska, Kaminski et al., 2014),
and the discussion whether they
result only from the refinement of
quadrupoles for H atoms, or
describe some physical phe-
nomena, is still open. It should be
noted here that to date no such

0.0

Figure 5

Laplacian maps for selected hydrogen bonds (logarithmic contours; blue dashed lines — positive values,
red solid lines — negative values). Atom labelling is shown in (@) and (), and applies for (c) and (d),

respectively.

polarization effects were indicated
by theoretical computations. Thus,
to answer this question more
studies are necessary, preferably
some solid comparison of various
electron density models, including

Acta Cryst. (2017). B73, 550-564

Katarzyna Jarzembska et al. -

557

Electron density and anharmonic motion modelling



Philip Coppens tribute

wavefunction-based approaches to experimental charge
density modelling (Massa et al., 1985; Howard et al., 1994;
Jayatilaka & Grimwood, 2001; Hibbs et al., 2005; Dos Santos et
al., 2014).

Electron density distribution on the uracil moiety at various
temperatures constitutes another important issue. Deforma-
tion density and Laplacian maps are presented in Figs. 6 and 7,
respectively. It is clearly visible that the data for 10 and 100 K
are of high quality. In the case of the 200 K data set, some
spurious features start to appear near the H-atom positions.
Consequently, for the 300 K data such effects are even more
pronounced. In addition, in the latter case the O9 atom elec-
tron lone pairs seem to be incorrectly described. Also, the
C6—08 bond path deviates significantly from the ring plane
(the Laplacian distribution appears to be discontinuous along
this bond in the projection in Fig. 7d). This is probably due to
the earlier-mentioned incomplete deconvolution of electron
density and thermal motion features at higher temperatures.
However, in general, such effects can also have other origins,
among which is the thermal diffuse scattering (TDS) being
most significant at high angles and at elevated temperatures.
Nevertheless, during the model evaluation the TDS was either
rather small, or could not be decoupled easily from other

resolution-dependent issues, such as possible scaling proce-
dure deficiencies (see the supporting information for more
details). Interestingly, the refinement of the 300 K data with
the O9 atom multipolar parameters fixed at the UBDB values
results in a more reasonable deformation density for this atom
with almost no harm to the model quality indicators, as e.g. R-
factors, extreme residual density values, etc. Furthermore, the
overall shape of the deformation density derived for the O9
atom (i.e. the difference between the two referred models)
visualized by the three-dimensional plot cannot be explained
either by changes in the intermolecular interactions or by
anharmonic motion, as discussed further in the text (see
Fig. 5S). As explained previously, the pattern of inter-
molecular interactions does not change much with tempera-
ture, thus the expected shape of the O9 atom should not
change much either. Based on that, it can be concluded that
due to the accumulation of various errors (such as TDS), the
300 K data suffers from some incomplete deconvolution of
electron density and thermal motion. The incomplete decon-
volution issue has also been discussed by Zhurov et al. (2011),
who analysed the anharmonic motion effects. On the other
hand, Zhurov et al. refined all non-H atoms anharmonically,
which considerably increases the number of used parameters.

For the purpose of the current

study this approach was not applied

due to the size of the molecule and
the complexity of the whole struc-
ture. The anharmonic motion of the
selected atoms is discussed in detail
further in the text.

At this point, it is worthwhile
discussing the results of the topo-
logical analysis with regard to our
previous  experimental charge
density studies of uracil-core-based
systems, namely the 6-methyl-2-
thiouracil (6m2tU) (Jarzembska,
Kaminski et al, 2013) and 1-

methylthymine(1mT,)(Jarzembska,
Goral et al., 2013). Direct compar-

ison of BCP properties indicates
that all such fragments are rather
similar (obviously except for the
C—O bond versus C—S bond in
6m2tU). Nevertheless, a compar-
ison of the charges of atoms
common for all structures can be
more informative (Table 2). It may
be noticed that in ImTc almost all
atoms tend to have roughly similar
charges to those obtained for the
studied uracil moiety, yet they are
noticeably different (taking into

Figure 6

Deformation density maps for the uracil fragment (contouring at 0.05 e A3, blue dashed lines — positive
values, red solid lines — negative values). The common atom labelling is shown only in (a).

3.4 5.1 6.8
@ method at the suggested 0.1 e level;
Kaminski et al., 2014). The largest
difference is observed for the C8

account the precision of the
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atom, due to its different local environment. Table 5
However, some other more pronounced

discrepancies are found for the N1 and C9

Parameter (atom)

Two largest anharmonic parameters (C,;, and C,;,) for C7, C8, C9 and O9 atoms.

100 K 200 K 300 K

atoms (the differences reach 0.25 e and 0.30 e, Ciups Co (C7)

respectively), despite their close similarity in Ciys Cipa (C8)
both structures. 6m2tU differs from the Cin> Cipp (C9)
Clll? Cl]Z (09)

0.0034 (1), —0.0019 (2)
0.0016 (1), —0.0011 (1)
0.0013 (1), —0.0010 (1)
0.0040 (1), —0.0024 (1)

0.0083 (5), —0.0056 (7)
0.0041 (3), —0.0029 (3)
0.0046 (3), —0.0036 (3)
0.0114 (5), —0.0092 (5)

0.0146 (13, —0.0102 (16)
0.0058 (6), —0.0051 (5)
0.0070 (6), —0.0066 (5)
0.0193 (13), —0.0174 (9)

studied fragment to a similar extent as 1mT..
In spite of the obvious differences between
the S versus O atoms (+0.80 e difference) and
their close neighbour, ie. the C6 atom, some relatively
significant discrepancies are also observed for the C8 and C9
atoms (around 0.15-0.16 e difference). The former atom is
connected to the methyl group, and thus has a different local
environment than that in the K(UMPH) structure. In the
literature one can also find charge density results for 2-thio-
uracil and cytosine published by Munshi & Row (2006), but no
direct comparison was possible because no integrated charges
had been reported.

3.3. Anharmonic motion

Finally, it is worth analysing the refined anharmonic motion
parameters for all models. The anharmonicity is most clearly

visible at high-resolution residual density maps (sinf/A >
0.8 A_l), even though the first sign of its presence was found
on the regular all-reflection map. The anharmonicity of the C7,
C8, C9 and O9 atoms becomes apparent by the presence of the
well known alternating positive-negative patterns around the
atomic positions (Mallinson et al., 1988; Scheins et al., 2010;
Herbst-Irmer et al., 2013; Jarzembska, Kaminski et al., 2014).
Interestingly, all atoms seem to vibrate in a synchronous way,
which indicates some anharmonic vibration of the whole uracil
fragment. Fig. 8 shows the comparison of models with and
without (harmonic approximation only) anharmonicity taken
into account. It is clearly seen that the anharmonic corrections
are not needed at 10 K, whereas they become increasingly
important at higher temperatures. The 300 K map for the

harmonic model seems to be a bit

‘blurry’ presumably due to the

incomplete deconvolution of the
electron density and thermal
motion features (especially visible
in the vicinity of the O9 atom,
where the anharmonic pattern
seems to be absent). Nevertheless,
in all the cases (i.e. at 100, 200 and
300 K) the anharmonic motion was
properly accounted for by refining
the third-order Gram-Charlier
parameters. After the refinement
all high-resolution residual density
features significantly diminish and

become more random. Detailed
examination of numerical values

for anharmonic parameters
(Table 5) reveals their strong
dependence on temperature. The
average increase of the anharmonic
parameters’ magnitudes when
elevating temperature from 100 to
300 K is around a factor of 4 or 5,
and in some cases (parameter C,;,
for the O9 atom) it reaches 7. The
dependence of these two selected
parameters versus squared temper-
ature of the measurement (77) is
approximately linear (Fig. 9).

0.0 SAS .
0.0 1.7 3.4 5.1 6.8 0.0 1.7

(©
Figure 7

Laplacian maps for the uracil fragment (logarithmic contours; blue dashed lines — positive values, red
solid lines — negative values). The common atom labelling is shown only in (a).

3.4 5.1 6.8

(@

Harmonic atomic displacement
parameters of the whole moiety
were analysed so as to better
understand the more pronounced
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10K

100K

o))

Figure 8

High-resolution (0.8 < sin6/A < 1.2 A™") residual density isosurfaces for the uracil fragment. Left panels
(a, b, d, f) — harmonic models, right panels (c, e, g) — models with anharmonicity introduced for the C7, C8,
C9 and O9 atoms. Residual density values were computed with reflections fulfilling the I > 3o(I)
condition; blue surfaces — positive values, red surfaces — negative values; isocontours: (a) 0.20 e A™>, (b, d)
015¢ A, (c)011e A3, (e) 0.12 e A3, (f) 0.13 ¢ A~ and (g) 0.10 ¢ A~ (different isocontours are used

to better illustrate the effects in each case).
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Figure 9

Dependence of the two largest anharmonic parameters (C,y; and C,y,)
for the C7, C8, C9 and O9 atoms on squared temperature (C,;; — solid
symbols, C;;, — open symbols).

(9]

anharmonicity for only some part
of the wuracil ring. These are
presented in Table 6 as atomic
root-square displacements along
the principal axes (Waser, 1955;
Busing & Levy, 1958; Sands, 1982).
The largest value for each atom
corresponds to the direction
approximately perpendicular to
the uracil ring. Whereas all values
roughly linearly increase with the
temperature, the largest values are
observed for the atoms under-
going the anharmonic motion at
elevated temperatures (i.e. from
100 K up). However, at 10 K both
sets of values are quite compar-
able. The above analysis can also
be represented by an increase in
the displacement ellipsoids
(Fig. 10) with temperature.
Providing the atomic approxima-
tion to the probability density
function is valid, the more
restrained part of the ring, which is
bound to the potassium ion
through the O8 oxygen (the
potassium cation is located off the
uracil plane), and additionally
involved in the relatively strong
N2—H10.---0O2 hydrogen bond
(Table 4), limits thermal vibrations
of the corresponding atoms and
makes them less dependent on
temperature. Consequently, in that
case the atoms’ potential well can
be satisfactorily represented by
the harmonic model. In turn, the
other part of the uracil ring (C7,
C8 atoms and their neighbours) is
bound to potassium through the
09 atom (potassium cation is located in-plane with respect to
the uracil ring), and by the relatively weak (according to the
Espinosa—Lecomte approximation around seven times
weaker) and distant intramolecular C9—H9---O1 contact
(Table 4). A lack of significant electrostatic forces and any
additional stronger secondary interactions in that fragment
(comparable to classical hydrogen bonds) leads to the
‘freedom’ of the increased atoms, thus allowing higher vibra-
tional states to be populated, where the harmonic approx-
imation is clearly not fulfilled. It should also be noted that the
latter moiety constitutes the most weakly interacting part of
the K(UMPH) molecule with its crystal surrounding.

The asymmetry of the uracil fragment neighbourhood is
illustrated well in Fig. 11. In the picture the fragment Hirshfeld
surface of uracil is surrounded by the surfaces of the potas-
sium cations, as well as the phosphate and ribofuranose
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moieties, all coloured on the basis Table 6
of the respective -electrostatic
potential (ESP). The ESP shows
that the left-hand side of the uracil

ring (as oriented in Fig. 11) exhibits

atoms.

Root-mean-square displacement factors (given in A) along the principal axes for uracil fragment non-H

Values are sorted from the largest to the smallest. Anharmonically modelled atoms on the left-hand side and the
harmonically modelled atoms on the right-hand side.

more complementary electrostatic Atom 10K 100 K 200 K 300 K Atom 10K 100 K 200 K 300 K
interactions with its neighbours 7 0.097  0.156 0216 0261 c6 0081 0114 0.151 0.185
(red/blue regions — e.g. potassium 0.073 0.095 0.126 0.133 0.063 0.077 0.111 0.137
and oxygen interactions, the N2 — 0.064 0.083 0.109 0.156 0.060 0.085 0.100 0.125
C8 0.121 0.192 0.270 0.329 N1 0.095 0.134 0.180 0.222

H10- - -O2 hydrogen bond) than the 0070 0.8l 0.104 0.128 0071 0.093 0.123 0.153
other part of this moiety. Indeed, 0.068 0.094 0.123 0.152 0.062 0.085 0.110 0.135
the right-hand side of the uracil C9 0.103 0.157 0.218 0.265 N2 0.078 0.112 0.149 0.184
. . 0.065 0.080 0.103 0.127 0.063 0.082 0.118 0.130
moiety is clearly not so strongly 0.068 0.087 0.113 0.140 0.068 0.089 0.107 0.145
bound by electrostatic interactions, 09 0.126 0.200 0.280 0.345 08 0.101 0.141 0.190 0.237
thus, as presumed, can undergo 0.088 0.117 0.155 0.192 0.081 0.107 0.142 0.174
0.065 0.082 0.109 0.136 0.063 0.082 0.108 0.131

anharmonic motion in a more

pronounced way. In view of the

above, it is particularly interesting

that despite the presence of the K. --O9 interaction, O9 still
undergoes significant anharmonic motion. Thus, the N—
H---O hydrogen bond seems to be crucial for the stability/
rigidity of the left part of the ring, as well as the out-of-plane
interaction of the uracil O8 oxygen with the potassium ion.
Otherwise, the uracil ring fragment is not involved in any
significant interactions of any nature perpendicular to its
plane, which could effectively restrain atomic motion along
that direction (see also the supporting information).

10K

Q-

N1
Cé
N2

09

(a

(0
Figure 10

Anisotropic atomic displacement parameters represented as displacement ellipsoids (70% probability

level) for the uracil ring at different temperatures for the final models.

100K
tial
charged fragments are located next
to another to optimize the total
attractive energy and minimize the
repulsive forces. Additionally, four
,;@ types of hydrogen bond interac-
T tions can be found in the structure,
as well as numerous weaker
interatomic contacts. In contrast to
the related structures deposited in
) )
% 200K %o K

4. Summary

Four high-resolution X-ray diffraction data sets at different
temperatures, 10, 100, 200 and 300 K (the latter collected up to
the outstanding resolution of 1.21 A" as for room-tempera-
ture measurement), were successfully collected. The studied
uridine-5’-monophosphate potassium salt, K(UMPH), crys-
tallizes in the P2,2,2, space group and forms high-quality
single crystals. The ionic K(UMPH) crystal structure is natu-
rally stabilized by predominant

electrostatic forces. As shown by

the generated electrostatic poten-

map, the complementary

the CSD, K(UMPH) does not
create a layered architecture but a
rather compact and more uniform
structure in all dimensions, which
validates the observed crystal
quality.

At the multipolar refinement
stage two models for the potassium
ion were tested — spherical and
aspherical. Periodic DFT compu-
tations supported the decision to us
the spherical model in the exam-
ined case. As potassium is charged
and coordinated in a relatively
uniform way by seven oxygen
atoms, such an outcome seems
sensible. Topological analysis of the

(b

@
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potassium 2 phosphate 0

ribofuranose 1

phosphate 1

ribofuranose 2

potassium 1

Figure 11

Fragment Hirshfeld surfaces around the uracil moiety coloured with the
electrostatic potential computed on the basis of the multipole model
(10 K data set; blue colour - positive values, red — negative; all values are
in e A™"). Respective molecular fragments are labelled and shown as
bright turquoise thick lines overlaid on the surfaces. Selected bond paths
are shown in green. For the uracil moiety the N and O atoms are
represented as blue and red circles, respectively. In a black circle in the
upper right corner the full uracil surface is presented to show the part
covered by phosphate 1 in the full picture.

electron density distribution revealed its interesting features
and indicated its dependence on temperature. Multipole
models for higher-temperature data sets (200 K and 300 K)
are of visibly lower quality, and exhibit some problems when
compared with the models obtained from the 10 K and 100 K
data sets. This is most probably due to the incomplete
deconvolution of thermal motion from the static electron
density distribution. At 100 K and at higher temperatures we
observed the well known alternated patterns in the residual
density maps for some uracil ring atoms. Such features
constitute usually a sign of anharmonic motion, and, indeed,
were well accounted for with the Gram-Charlier parameters.
Firm evidence for anharmonic motion was provided by the
10 K data set showing no residual density features of this kind.
The elevated anharmonic motion observed in a fragment of
the uracil ring, when compared with the remaining part of the
molecule, could have resulted from its relatively weak inter-
actions with the crystal surroundings. Otherwise, the charge
density distribution of the uracil ring in K(UMPH) resembles
that obtained for related literature examples.
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