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Kinetics of cisplatin binding to short r(GG) containing
miRNA mimics - influence of Na* versus K*, temperature
and hydrophobicity on reactivity

Alak Alshiekh,? Maria Clausén? and Sofi K.C. Elmroth?

Figure Captions

Figure 1. (A) Spectra as a function of time after addition of 1a to RNA-1-3-X in Buffer A (Cna+= 122 mM),
collected every 25 min in the time interval 0 - 225 min after mixing. (B) Representative kinetic traces
after addition of 1a to RNA-1-1 (dark green), RNA-1-1-S (light green), and RNA-1-3-X (dark blue); Cia= 15
MM, Cr=3.0 uM, T =38 oC, Ck+= 122 mM (Buffer B), together with exponential fits (black). (C)
Representative kinetic trace after addition of 1a to RNA-1-3 (light blue); Cia= 15 uM, Cr=3.0 uM, T= 28
oC, Ck+= 122 mM (Buffer B), together with exponential fits (black).

Figure 2. (A) and (B) Absorbance change as a function of time (gray), together with fits of a single-
exponential function to experimental data (solid lines), after addition of 1a to RNA-1-3-X. Measurements
were conducted with Cia=7.5-45.0 uM, Cr= 3.0 uM and T = 38 °C in buffered solution, (A) Cna+= 122
mM (Buffer A). (B) Ck+= 122 mM (Buffer B). (C) Observed pseudo-first-order rate constants (kobs) for
reaction with RNA-1-3-X, and plotted as a function of Ciain the interval 7.5 - 45.0 uM together with linear
regression lines, allowing for determination of k2,app from the slope. All measurements were conducted in
triplicates with Cr=3.0 uM. Experimental data points obtained at Cna+= 122 mM are shown as triangles,
and data points at Ck+= 122 mM as squares, with corresponding linear regression lines in blue and
purple, respectively.

Figure 3. Absorbance change as a function of temperature and time, and corresponding Eyring plot. (A)
RNA-1-1-S melting curve, the arrows indicate the temperatures used for the temperature dependence
study. (B) Absorbance change as a function of time after addition of 1a to RNA-1-1-S followed at A = 260
nm; T = 33, 38, 43, and 48 °C (blue, green, pink and red). All measurements were conducted with Cia=
45.0 uM, Cr= 3.0 uM in Buffer B. (C) Eyring plot of the reaction of 1a with RNA-1-1-S with linear
regression allowing for determination of AH*and AS-.

Figure 4. Comparison of modelled structures for side- and top views, together with a schematic
representation of the hydrogen bonding patterns with minimized distances (noted in A) around the four
central base pairs of (A) r(UGGU).r(ACCA) in RNA-1-1, and (B) r(UGGU).r(AUAUA) in RNA-1-3.
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Table 1. Summary of melting temperatures and apparent second-order rate constants obtained at 38 °C for reactions of 1a with RNA-1-1, RNA-1-
1-S, RNA-1-3-X, and RNA-1-3.

Duplex Crar = 122 mM Cx+ =122 mM Cratr = 50 mM Crat = 50 mM
and 10% EtOH
Tm kZ,app Tm kZ,app Tm kZ,app Tm kZ,app
(C) ™'s™ (°C) ™'s™ () ™'s™ () ™'s™
RNA-1-1 61.6+0.2 7.7+0.5¢ 59.5+0.3 9.240.6 54.9+0.1 2145 53.7+0.5  12.9+1.4
RNA-1-1-S 56.7+0.1 10.5£0.6" 55.0+0.2 12.6+1.1 49.8+0.1 26.1+0.2 46.7+0.8 16+2.5
RNA-1-3-X 53.1+£0.2 15.8+0.3 50.9+0.1 19.4+1.2 47.340.3 3945 46.3+0.1  243+1.5
RNA-1-3 392401  29.7+1.1 36.5+0.3 n.d. 32.5+0.2 n.d. 33.0+0.2 n.d.
RNA-1-3 39.2+0.1 6.0£0.5" 36.5+0.3 8.0+£0.6" 32.5+0.2 15.7+1.8° 33.0£0.2  10.7+0.5°

“Data from Ref# 3n, ° k2 app determined at 28 °C.
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Scheme 1. Schematic illustration of used RNA sequences and metal reagent.
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Figure 1. (A) Spectra as a function of time after addition of 1a to RNA-1-3-X in Buffer A (Cna+ =122
mM), collected every 25 min in the time interval 0 - 225 min after mixing. (B) Representative Kinetic
traces after addition of 1a to RNA-1-1 (dark green), RNA-1-1-S (light green), and RNA-1-3-X (dark
blue); Cia = 15 uM, C; = 3.0 uM, T = 38 °C, Ck. = 122 mM (Buffer B), together with exponential fits
(black). (C) Representative Kinetic trace after addition of 1a to RNA-1-3 (light blue); Ci, = 15 uM, Cr =
3.0 uM, T =28 °C, Ck. = 122 mM (Buffer B), together with exponential fits (black).
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Figure 2. (A) and (B) Absorbance change as a function of time (gray), together with fits of a single-
exponential function to experimental data (solid lines), after addition of 1a to RNA-1-3-X.
Measurements were conducted with C; =7.5-45.0 uM, Cy+=3.0 uM and T = 38 °C in buffered
solution, (A) Cna+ = 122 mM (Buffer A). (B) Ck. = 122 mM (Buffer B). (C) Observed pseudo-first-
order rate constants (Kqps) for reaction with RNA-1-3-X, and plotted as a function of Cy, in the interval
7.5 - 45.0 uM together with linear regression lines, allowing for determination of k; .,, from the slope.
All measurements were conducted in triplicates with Ct = 3.0 uM. Experimental data points obtained
at Cya+ = 122 mM are shown as triangles, and data points at Cx. = 122 mM as squares, with

corresponding linear regression lines in blue and purple, respectively.
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Figure 3. Absorbance change as a function of temperature and time, and corresponding Eyring plot.
(A) RNA-1-1-S melting curve, the arrows indicate the temperatures used for the temperature
dependence study. (B) Absorbance change as a function of time after addition of 1a to RNA-1-1-S
followed at A = 260 nm; T = 33, 38, 43, and 48 °C (blue, green, pink and red). All measurements were
conducted with C;, = 45.0 uM, Ct = 3.0 uM in Buffer B. (C) Eyring plot of the reaction of 1a with
RNA-1-1-S with linear regression allowing for determination of AH” and AS”.
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Figure 4. Comparison of modelled structures for side- and top views, together with a schematic
representation of the hydrogen bonding patterns with minimized distances (noted in A) around the four
central base pairs of (A) r(UGGU)r(ACCA) in RNA-1-1, and (B) r(UGGU)T(AUAUA) in RNA-1-3.
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Table 2. Comparison of experimentally determined rate constants and activation parameters for dSRNAs and related model systems with
reactions between Pt-based metal complexes and G-N7 containing nucleophiles, together with calculated thermodynamic parameters for
melting of the dsRNAs at Cy,e= 1.0 M.

Reaction Tm Rate constant and activation Thermodynamic parameters
(°C) parameters for platination for duplex melting at
Cra= 1.0 M°
RNA-1-3 + 1a° 39.2 k=297 1.1 M's™ AG°=18.8 kcalmol
T=38°C AH” =29 + 4 kcalmol ™ AH’= 122 kcalmol™
Cne-= 122 mM, pH 5.8 AS7=42 +7 calK 'mol” A8°=380 kcalmol™!
T,,=49.0
RNA-1-3-X + 1a“ 53.1 ksap=159+0.67 M AG°=33.6 kcalmol
T=38°C AH” = 34 + 3 kcalmol™ AH’= 178 kcalmol™
Cne-= 122 mM, pH 5.8 AS87=57+ 5 calK'mol A8°=530 kealmol™!
Tn=64.1
RNA-1-1-S + 1a“ 56.7 ksapp=10.5+0.6 M's™! AG°=24.2 kealmol
T=38°C AH =25 + 6 kcalmol™ AH= 124 kcalmol™
Cne:= 122 mM, pH 5.8 AS7=28 + 7 calK 'mol A8°=366 kcalmol™
T, =64.2
RNA-1-1 +1a“ 61.6 kpapp="7.72£0.45 M s AG°=27.8 kealmol
T=38°C AH” =29 + 4 kcalmol™ AH’= 137 kcalmol™!
Cne:= 122 mM, pH 5.8 AS7=139 + 5 calK 'mol A8°= 403 kcalmol™
T,=69.3
Pt(dach)(OH,),>" + 5'-GMP® - ki=58+02M"s" -
T=40°C AH*=16.7 £ 0.3 kcalmol!
I=0.01 M HOTY, pH 2 AS77 =-1.7+0.7 calK'mol”
Pt(en)(OH,),*" + 5'-GMP” - k;=39+0.1M's! -
T=40°C AH =15 + 0.7 kcalmol™
I=0.01 M HOTY, pH 2 AS;F =-7.6+2.6 calK'mol’

“This work; Cna+ = 122 mM (Buffer A/B), ® Data from Ref #33; ky determined at 40 °C, pH =2 and / = 0.01 M, “Calculated data by use of the
software provided by Ref #13.
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Introduction

Kinetics of cisplatin binding to short r(GG) containing
MiRNA mimics - influence of Na* versus K*,
temperature and hydrophobicity on reactivity

Alak Alshiekh,” Maria Clausén? and Sofi K.C. EImroth?

Nucleic acids are well recognized targets for platinum-based anticancer drugs, with RNA and DNA
being kinetically comparable. In the case of RNA, previous studies have shown that the reaction
between small duplex RNAs (dsRNAs) and monoaquated cisplatin (cis-Pt(NHz).CI(OH2)*, 1a) can be
followed by the metal induced hyperchromicity occurring directly after addition of 1a to e.g. microRNA
mimics. In the present study, we have used this approach to compare thermal stability and reactivity
between intracellularly- and extracellularly relevant salt concentration (Cna+ and Ck+ ca. 0.1 M), and also
as a function of increased hydrophobicity (10% v/v EtOH). In addition, reactivity was studied as a
function of temperature in the interval ca. 5 - 20 °C below the respective dsRNA melting temperatures
(Tms). Four different 13- to 20-mer dsRNAs with two different central sequence motifs were used as
targets containing either a central r(GG)r(CC)- or r(GG)r(UAU)-sequence. The reactions exhibited half-
lives in the minute- to hour range at 38 °C in the presence of excess 1a in the pM range. Further, a
linear dependence was found between Cia and the observed pseudo-first-order rate constants. The
resulting apparent second-order rate constants were significantly larger for the lower melting
r(GG) r(UAU)-containing sequences compared with that of the fully complementary ones; the higher
and lower reactivities represented by RNA-1-3 and RNA-1-1 with kzapp ca. 30 and 8 M's™! respectively at
Cnar = 122 mM. For all RNAs a common small, but significant, trend was observed with increased
reactivity in the presence of K* compared with Na*, and decreased reactivity in the presence of EtOH.
Finally, the temperature dependence of k2.pp was evaluated using the Eyring equation. The retrieved
activation parameters reveal positive values for both AH* and AS* for all dsRNAs, in the range ca. 23 -
34 kcalmol' and 22 - 57 calK'mol' respectively. These values indicate solvational effects to be
important for the rate determining step of the reaction, and thus in support of a structural change of
the dsRNA to take place in parallel with the adduct formation step.

From an accessibility point of view, RNAs are readily
available for reaction with cisplatin in both the extra- and

The successful clinical use of cisplatin (cis-Pt(NH3),Cl,, 1) as
an antineoplastic illustrates the capacity of platinum-based
coordination compounds to interfere with malignant biological
processes.’ Here, disruption of DNA function has been well
documented as a mode of action, and with induction of both
apoptosis and necrosis as down-stream cellular responses.'® The
ability of cisplatin to interact is neither exclusive to DNA nor
an absolute requirement for induction of apoptosis,? however.
Rather, facile interaction with e.g. RNA has been shown to
occur in cellular systems and in vitro, although details in terms
of biological response still remain to be investigated.®

This journal is © The Royal Society of Chemistry 2013

intracellular environment.* In order to interfere with biological
function however, the rate of adduct formation has to compete
with biological excretion. Further, the adducts formed should
cause structural and/or functional changes of their targets that
affect the cellular machinery.® Observations supporting RNA as
a kinetically competitive target include studies by both other
groups and our own, which together give an overall picture of
RNA being at least as reactive as DNA.*% 3 3" & |n contrast to
DNA however, where binding to the d(GpG) sequence is
known to be strongly preferred, & * 7 the adduct profile
patterns in RNA exhibit a more pronounced variation with local

J. Name., 2013, 00, 1-3 | 1
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sequence.3 30 3 3 These opservations indicate that under in

vivo conditions, kinetic binding preference for a common
reactive target nucleobase varies significantly, and is better
regarded as an effect of local structure rather than sequence
alone.

The molecular RNA landscape offers a multitude of both
two- and three dimensional structures. For a common binding
site, it can thus be expected that the nature of surrounding
sequences — as well as their response to solvent conditions —
will have a strong influence on binding kinetics and resulting
adduct profile. For example, adduct formation rates in the
extracellular environment with high sodium ion (Na®)
concentration may be different from that in the intracellular
environment where potassium ions (K*) predominate. Further,
the commonly observed co-localization of RNAs with proteins
may protect from metalation by combined effects from sterics
and increased hydrophobicity. To better understand how the
RNA machinery responds to drug exposure, we have recently
initiated studies aiming at highly accurate documentation of
RNA reaction kinetics when exposed to commonly used metal-
based anticancer drugs such as cisplatin. The methodology
takes advantage of the hyperchromicity induced at A = 260 nm
following exposure of double-stranded RNA (dsRNA) to the
intracellularly  active  metabolite  of  cisplatin  (cis-
Pt(NH;),CI(OH,)*, 1a), see Scheme 1. In previous studies,® *"
we have shown that such exposure gives rise to highly
reproducible kinetic data. Further, the rate constants exhibited
first-order dependence on the concentration of 1a both at low
Na" conditions (ca. 20 mM) and at physiologically relevant
extracellular conditions (ca. 0.1 M). In the present
investigation, our intent has been to compare reactivities of an
extended series of r(GG)-containing 13 to 20-mer duplexes, see
Scheme 1, in the commonly used Na*-environment with that of
a system mimicking the intracellular conditions with ca. 0.1 M
K*concentration. The influence of increased hydrophobicity
was also investigated by addition of 10% ethanol (EtOH) to
these systems. Finally, the effect of temperature on the metal-
induced hyperchromicity was studied in the temperature range
ca. 5 — 20 °C below the melting temperature of the respective
duplexes. All duplex RNAs contained a common, central r(GG)
sequence, either with opposing complementary sequence r(CC)
or facing a one base r(UAU) loop, thus allowing for evaluation
of the influence of local complementarity on reactivity.
Knowledge regarding the inherent reactivity of these commonly
found RNA-motifs® is an important prerequisite for
identification of preferred drug target sites in complex RNA
sequence contexts, and constitutes an important mile-stone
towards development of sequence specific RNA binders. °

Experimental

Chemicals and solutions

HPLC grade quality oligonucleotides (5"-CUU CUU GGU
UCU CUU-3" and 5"-AAG AGA ACC AAG AAG-3" (RNA-
1-1), 5"-UU CUU GGU UCU CU-3" and 5-AG AGA ACC

2| J. Name., 2012, 00, 1-3

AAG AA-3" (RNA-1-1-S), 5"-CUU CUU GGU UCU CUU-3
and 5"-AAG AGA AUA UAA GAA G-3" (RNA-1-3), and 5'-
CUU CUU CUU G GU UCU CUU CU-3" and 5-AG AAG
AGA AUAU AAG AAG AAG-3° (RNA-1-3-X)) were
purchased from IBA GmbH (IBA Nucleic Acids Synthesis,
Gottingen, Germany). Cisplatin (cis-Pt(NH3),Cl,), 1) and
dimethylformamide (DMF) were obtained from Sigma-Aldrich.
Sodium dihydrogen phosphate monohydrate (NaH,PO, « H,O),
disodium hydrogen phosphate dihydrate (Na,HPO, « 2 H,0),
sodium perchlorate monohydrate (NaClO, « H,0), potassium
nitate (KNO3) and silver nitrate (AgNO3) were obtained from
Merck. Potassium dihydrogen phosphate (KH,PO,) and
dipotassium hydrogen phosphate trihydrate (K,HPO,4 * 3 H,0)
were obtained from Sigma. Ethanol, 95%, was obtained from
Solveco. Phosphate buffers were prepared according to
literature procedures.*® A 200 mM NaH,PO,/Na,HPO, buffer at
pH 5.8 (NaP;) was prepared by mixing 23 ml of 200 mM
NaH,PO, with 2 ml of 200 MM Na,HPO,, after which pH was
double-checked using a combination electrode. A potassium
buffer at pH 5.8 (KP;) was prepared analogously by mixing 23
ml of KH,PO, with 2 ml of K,HPO,. For preparation of 5x
stock solution of the working buffers, the previously prepared
200 mM NaP; or KP; buffers were diluted to 100 mM NaP;/KP;,
using equal volumes of 1.0 M NaClO, or KNOj3 solutions,
respectively. Hence, the working buffers contain Cy,. = 122
mM and [POg)i: = 20 mM (Buffer A) or Cy, = 122 mM and
[PO4)tot = 20 mM (Buffer B). A reduced sodium-salt containing
buffer (Buffer C; Cna+ = 50 mM, [PO4lit = 46 mM) was
prepared by dilution of the 200 mM NaP; buffer stock with
water. The buffer with 10% ethanol (v/v) (Buffer D; Cyat = 50
MM, [PO,]t = 46 MM, 10% EtOH) was prepared by dilution of
the 200 mM NaP; buffer stock with water. RNA, water and
buffer stock were mixed, and the samples were annealed. After
the annealing, a volume corresponding to 10% (v/v) of ethanol
was added, prior to the Kinetic run.

Preparation of mono-aquated cisplatin (1a)

A stock solution of 1 was prepared by addition of 3.5 mg of 1
to 1.17 ml DMF. The solution was vortexed (1400 rpm) over
night at room temperature to allow for dissolution. A solution
of AgNO; was prepared by dissolving 2.9 mg AgNO; in 1.74
ml DMF. Dissolution was obtained after vortexing (2200 rpm)
during 5 min at room temperature. Aquated cisplatin (cis-
[Pt(NH3),CI(OH,)]", 1a) was prepared according to published
procedures by addition of 0.98 mole equivalents of AgNOj; in
DMF to a solution of 1 in DMF which resulted in precipitation
of AgClI(s) and formation of cis- and [Pt(NH3),CI(DMF)]", the
latter which upon dissolution in H,O is rapidly converted to
mono-aquated cisplatin  (cis-[Pt(NH3),CI(OH,)]*, 1a). The
mixture was incubated at 37 °C during shaking (170 rpm) for
24 h in the dark. Precipitated AgCI(s) was removed by two
consecutive centrifugations (duration: 3 and 2.5 h). The
supernatant was transferred to new Eppendorf tubes after each
centrifugation step. Stock solutions of la were stored in a
desiccator together with silica gel, and were kept in the dark at
room temperature.

This journal is © The Royal Society of Chemistry 2012
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Thermal melting studies

Thermal melting studies were performed on a Varian Cary
4000 spectrophotometer, equipped with a thermal control unit.
Hybridized duplex RNAs of RNA-1-1, RNA-1-1-S, RNA-1-3
and RNA-1-3-X were obtained by combination of equal
concentrations of (a)- and (b) strands (typically C, = C, =
Casrna 1.5 pM, i.e. Cr = 3.0 uM) in buffered solution (Buffers
A, B, C and D). The mixture was first heated to 90 °C and then
allowed to hybridize by slow cooling (0.5 °C/min) to 20 °C.
The samples were held at 20 °C for 5 min, and the melting
curve was then collected during heating (0.50 °C/min) to 90 °C.
The thermal melting points (T,,) were evaluated by the first
derivative method, using the Cary WinUV software. Data
points were collected every 0.20 °C, and the equidistant data
was used for the Savitzky-Golay calculations.> Theoretical
estimates of T,-values at Cy,+ = 1.0 M were made using the
DINAMelt Web Server.*

Kinetic studies

Prior to initiation of kinetic experiments, the complementary
oligonucleotides were annealed by heating to 90 °C, followed
by hybridization by slow cooling (0.5 °C/min) to 20 °C as
described above. The duplexes were then heated to 38 °C (0.5
°C/min), and were incubated at this temperature for 5 min, after
which la was added, giving final concentrations of C,, = 7.5,
15.0, 22.5, 30.0 and 45.0 pM. The kinetics of the reaction
between 1a and the RNA duplexes were followed by measuring
the change in absorbance at 2 = 260 nm for up to ca. 19 h.
Experiments were repeated in triplicates for each platinum
concentration employed when nothing else stated. The effect of
decreasing polarity of the solvent on kinetics was studied with
Ci, =15 uM and C; = 3.0 uM in a Buffers C and D, i.e. with
and without 10% (v/v) ethanol, the latter added after the
annealing step. Kinetics were performed as described earlier,
with C;, = 15 pM. The temperature dependences of the
platination reaction were studied in Buffer A. RNA duplexes
were annealed as described earlier, and were then heated from
20 °C (0.5 °C/min) to the studied temperatures, after which la
was added; C, = 15 puM and C; = 3.0 uM. The kinetics were
studied at four different temperatures, 5.0 °C apart, all below
the melting temperature (T,,) of the respective duplexes. The
range was from 33.0 °C to 48.0 °C for both RNA-1-1-S and
RNA-1-3-X, from 23.0 °C to 38.0 °C for RNA-1-3 and from
33.0 °C t0 58.0 °C for RNA-1-1.

Enthalpies and entropies of activation were determined by a
fit of the Eyring equation to the natural logarithm of the
apparent second-order rate constants divided by the absolute
temperature (kKyaop/T) @s a function of 1/T, Eq. (1), where AH?

o () =mi+ - (0) () o

This journal is © The Royal Society of Chemistry 2012
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and AS” denote the activation enthalpy and —entropy, respec-
tively, R the gas constant, kg the Bolzmann constant, and h
refers to Planck’s constant.

Structure modelling

Three dimensional (3D) structures of both duplex types, i.e.
with central full complementarity and bulge respectively, were
modelled using the RNA Denovo protocol at the online server
ROSIE, Rosetta Online Server That Includes Everyone,14 using
RNA-1-1 and RNA-1-3 as representative duplexes. The
updated (2012) force field was used, 1000 structures were
generated using 10000 Monte Carlo cycles, and bulges were
allowed for. Bond lengths and angles were not varied. The
calculations were checked for convergence by plotting the
Rosetta all-atom score vs rmsd to best scoring model (Figures
S1A and S1B, for RNA-1-1 and RNA-1-3, respectively). The
top ranked cluster center models were used and the structures
were visualised using PyMOL.*®

Results

Sequence design and melting temperature

In this work, thermodynamic and kinetic studies have been
conducted with the aim to investigate the influence of target
size and solvent conditions on the reactivity of the highly
nucleophilic r(GG) sequence towards the active metabolite of
cisplatin (1a). Two closely related RNA duplexes were chosen
to allow for facile comparison, also with previously reported
data; either with the centrally located r(GG) opposing r(CC)
(RNA-1-1 and RNA-1-1-S), or the centrally located r(GG)
opposing r(UAU) (RNA-1-3 and RNA-1-3-X). These RNAs
share thermodynamic properties with many short-size non-
coding RNAs, despite their somewhat truncated size 13 — 20
mer duplexes.®® 8f

Melting temperatures (T,,S) were obtained by analysis of the
absorbance change as a function of increasing temperature after
annealing. Four different solvent conditions were employed
with i) extracellularly relevant Na*-concentration (Cyar = 122
mM, Buffer A), ii) intracellularly relevant K*-concentration
(Ck+ = 122 mM, Buffer B), and iii) in a medium containing
10% EtOH and Cyo+ = 50 mM (Buffer D) with a compative
study with Cya+ = 50 mM but no EtOH (Buffer C). The data is
summarized in Table 1 (spectra and melting curves in Figures
S2A and S2B) As shown in the table, the melting temperatures
of the studied 13- to 20-mer RNA duplexes range from ca. 36
to 62 °C at Cnayks = 122 mM, and exhibit the same order of
Tms in the presence of both Na™ and K*. Introduction of the
central mismatches has a pronounced effect on duplex stability.
More precisely, the centrally destabilized 13- and 20-mers
RNA-1-3 and -1-3-X (T, ca. 39 and 53 °C with Cyg = 122
mM, respectively) have T,s that are ca. 10 — 30 °C lower
compared with the fully complementary 13- and 15-mers RNA-
1-1-S and -1-1 (T,, ca. 57 and 62 °C with Cya: = 122 mM,
respectively). Also, a common tendency of decreased stability

J. Name., 2012, 00, 1-3 | 3
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by ca. 2 — 3 °C is observed after replacement of Na* for K* in
the medium. For example, the T,, decreases from ca. 39 to 36
°C for the least stable duplex RNA-1-3, and from ca. 62 °C to
59 °C for the most stable duplex RNA-1-1. Further, reduction
of the salt concentration to Cya: = 50 mM results in significant
destabilization of these duplexes by ca. 6 — 7 °C (4T, = -6.7, -
6.9, -5.8, -6.7 °C for RNA-1-1, -1-1-S, -1-3-X, and -1-3,
respectively), with maintained order of T.,s. In contrast,
introduction of EtOH has a small non-systematic effect on T,,s.
For example, the largest decrease of T,, is obtained for RNA-1-
1-S (4T, = -3.1 °C), whereas a non-significant increase is
observed for RNA-1-3 (4T, = 0.5 °C) when data at Cy,s = 50
mM is compared. Taken together, we conclude that reduction
of salt concentration from Cy,. = 122 to 50 mM leads to
significant reduction of T,s for all duplex RNAs. In contrast,
the influence on T,, caused by a change from Na* to K* is rather
small (2-3 °C) but with a common trend towards
destabilization, whereas introduction of EtOH causes only a
marginal effect, however also with a tendency towards
destabilization.

Metal induced hyperchromicity and half-lives

Platination of duplex nucleic acid structures with cisplatin and
related compounds typically results in structural distortion, and
with a decrease of T, as a result.®* For RNA duplexes
investigated close to their respective T.s, this metal induced
lowering of T,,, and concomitant hyperchromicity of the system
around A = 260 nm, has recently been shown by us to be useful
for monitoring reactivity by UV/vis spectroscopy.®™ A typical
example of spectral changes occurring as a function of time
after addition of 1a to RNA-1-3-X is shown in Figure 1A. As
illustrated here, the hyperchromicity is accompanied by the
expected bathochromic shift,!” here of ca. 2 nm; from ca. 258
nm to 260. Examples of the change in absorbance as a function
of time following addition of excess la to duplex RNAs are
shown in Figures 1B (RNA-1-1, RNA-1-1-S and RNA-1-3-X,
all at 38 °C) and 1C (RNA-1-3 at 28 °C). As can be seen here,
the absorbance changes at 4 = 260 nm (4A,s) are all well
described by single-exponential functions. Further, the largest
AA-value is observed for RNA-1-3-X, followed by RNA-1-1
and then RNA-1-1-S. These AA,s correspond to a
hyperchromicity of ca. 16 — 20% for each dsRNA, and thus
indicative of substantial melting and/or degree of dissociation
of the duplex following addition of la. Finally, the obtained
kinetic traces reveal significantly different reactivity for each of
these sequences with half-lives (ty,) in the hour-range. For
example, RNA-1-1-S reacts with t;, ca. 42 min at 38 °C
whereas RNA-1-1 has ty, ca. 56 min under the same reaction
conditions with Cy, = 15 uM, compare Figure 1B. The order
of reactivity correlates with T.,s, and shows increasing
reactivity as a function of decreasing T, with kj ., according
to: RNA-1-1 < RNA-1-1-S < RNA-1-3-X < RNA-1-3, see
Table 1 and below for more detailed discussion.

Metal induced kinetics
Reactivity at biologically relevant salt concentrations

4| J. Name., 2012, 00, 1-3

Small size duplex RNAs are crucial components of both intra-
and extra cellular environments.* *® Thus, with a reactivity
similar to that of DNA, scavenging of platinum based drugs is
likely to occur in both environments. In order to gain further
insights into reactivity in these two environments, reaction
conditions mimicking the extracellular (Cy,.+ ca. 0.1 M) and
intracellular conditions (Ck. ca. 0.1 M) were next employed®®
and compared.

The concentration dependence was determined using excess
concentration of la, and treatment of the data according to
pseudo-first-order conditions. The studies were conducted at 38
°C for RNA-1-1, RNA-1-1-S and RNA-1-3-X, and at 28 °C
RNA-1-3, thus allowing for these RNAs to be present in
predominantly  duplex state (compare Figure S1B).
Representative kinetic traces at varying C,, are shown for the
reaction of RNA-1-3-X in K*-buffer (Buffer B) in Figures 2A
and 2B (complete dataset in Figure S3) together with fits of
single-exponential functions. As illustrated here, the time-
dependences are well described assuming pseudo-first-order
kinetics with apparent half-lives in the 20 min — 1 h range, and
resulting pseudo-first-order rate constants in the range ca. (3 —
10) x10™ s at the highest platinum concentration employed
(Cia = 45 uM), compare Table S1. Further, the pseudo-first-
order rate constants exhibit linear dependence on the
concentration of 1la, thus allowing for determination of the
apparent second-order rate constant for the reaction (K app)
directly from the slope of a plot of ks vs C1,, compare Figure
2C. The obtained values of k; ,,, are summarized in Table 1. As
illustrated by the example with RNA-1-3-X in Figure 2C, the
reactivity in the K*-environment was significantly above that in
the Na'-environment, despite the rather small change of T,s
between these two buffers, vide supra. In summary, a common
reactivity trend was observed with increasing reactivity
following a decrease of T, when the latter was caused by the
change from Na*-buffer to K*-buffer. For example, the second-
order rate constant obtained for the high melting 15-mer RNA-
1-1 increased from ca. 7.7 to 9.2 M's? following a change
from Na*- (T, = ca. 61 °C) to K*-buffer (T, ca 59.5 °C).
Similarly, for the low melting 20-mer RNA-1-3-X the second-
order rate constant increased from ca. 16 to 19 M™s™ following
the same change from Na*-buffer (T, = 53 °C) to K*-buffer (T,
= 51 °C). In contrast, reactivity was found to be uncorrelated
with overall dsRNA size, with the intermediate size 15-mers
RNA-1-1 and RNA-1-3 exhibiting both highest and lowest
extremes with respect to Tp,s and Ky app.

Influence of hydrophobic solvents on reactivity; 10% EtOH

RNA in vivo is often found associated with proteins.?’ By such
aggregation, the solvent accessibility of the RNA surface is
significantly reduced, for example by creation of local
environments with hydrophobic character. To further improve
our understanding of how the creation of such environments
affect RNA reactivity, a study was next performed in the
presence of 10% EtOH (Buffer C). The fraction of EtOH
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employed was chosen in agreement with earlier model system
studies illustrating the influence of increased hydrophobicity on
structure and reactivity.? To allow for good Kinetic
discrimination between experiments, a salt concentration of
Cna+ = 50 mM was chosen, and two different temperatures were
employed, either 38 °C or 28 °C, the latter used for monitoring
of the low-melting RNA-1-3. Observed pseudo-first-order and
apparent second-order rate constants are summarized in Table
S2 and were obtained by the relationship Kjap = Kobd/Cia
(discussed further below). Both the decrease of salt
concentration and introduction of EtOH was found to influence
reactivity. In the former case, a common ca. 2- to 3-fold
increase in reactivity was observed following a decrease from
Cna+= 122 to 50 mM, compare Table 1. The effect of EtOH
was the opposite however, leading to a ca. 30 - 40% reduction
of the reactivity for all duplexes studied. This observation thus
suggests that the increased reactivity that can be expected to
result from e.g. local reduction of ionic strength in subcellular
compartments is likely compensated for by increased
hydrophobicity.

Temperature dependence

The presently employed method for monitoring duplex RNA
reactivity relies on the ability of the formed metal adduct(s) to
induce RNA hyperchromicity. Further, the amplitude and
sensitivity of the method depends on the fraction of converted
duplex RNA. The latter is a process that — in analogy with
melting of native duplex DNAs — exhibits strong temperature
dependence, and particularly so in the region around and below
the melting point. So far, we have been able to show that our
methodology can be used to monitor reactivity for temperatures
just below the T, where the proportion of duplex material
dominates, see Figure 3A (complete dataset in Figure S4). To
better understand the effect of temperature on the reactivity, a
systematic temperature dependence study was therefore next
performed. The reactions were studied in the temperature range
where duplex RNA predominates, but the equilibrium between
duplex- and single-stranded RNA is sensitive towards small
temperature variations, i.e. in the range down to ca. 20 °C
below T.. As illustrated by the example with RNA-1-1-S in
Figure 3, a significant temperature dependence of the reaction
rate was found in this temperature region. Typically, the
reduction in reactivity was found to be 4—to 7- fold following a
10 °C decrease of temperature (Table S3).

To further characterize the temperature dependence, the
apparent second-order rate constants were subjected to analysis
by the Eyring equation (Eq. 1). With the type of reaction
studied here, i.e. a pre-equilibrium followed by a rate
determining step (discussed further below) the obtained
apparent activation parameters AH";,, and AS™,,, correspond to
the sum of contributions from these two steps,?? and thus likely
reflect the process of combined i) association and coordination
of 1a to the RNA and ii) duplex dissociation. An inspection of
the data summarized in Table 2 reveals positive values of both
AH7pp (ca. 23 — 34 kcal mol™) and AS™,, (ca. 22 — 57 cal K*
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mol™), with the upper limits represented by the data for the 20-
mer RNA-1-3-X and lower ones for the 15-mer RNA-1-1-S.
These data suggest that the increase of AH%,,, caused by
increased global duplex stability of the RNA-1-3-X is partially
compensated for by an increase also in AS™,. It should be
noted that this is a phenomenon typically observed for melting
of duplex nucleic acids alone, where an increase of duplex size
is intimately associated with increased release of surface bound
both solvent- and counter-ions during melting.%

Structure modelling

In contrast to DNA, the task of obtaining experimentally
determined solid state structures for RNA is still challenging,?
and data of relevance for our here investigated systems seem
still to be lacking. To gain insights into tentative structures of
the currently used RNA targets, structural modelling was
therefore conducted using RNA-1-1 and RNA-1-3 as
representative sequences. For the complementary RNA-1-1, the
structure converged towards a symmetric helical structure, and
with parameters in close agreement with expectations based on
standard A-RNA formation, see Figure 4. In contrast,
introduction of the central bulge r(UGGU) r(AUAUA) in RNA-
1-3 results in a bend and kink of the structure. More precisely,
the central A mismatch is able to compete with neighboring U-
bases for base-pairing with the opposing Gs (Figure 4B, right).
This base-pairing ambivalence leads to substantial distortion of
both H-bonding and stacking interactions in the central region
of the duplex compared with the A-type arrangement found for
RNA-1-1 (Figure 4A, right).

Discussion

Mechanism and activation parameters

A large portion of the intravenously injected cisplatin interacts
directly with components of the blood system.?® Further, a
major part of distributed cisplatin is excreted within the first
hours of administration.?® Nevertheless, the small portion that
reaches its target cell is transported over the cellular membrane,
most likely as a combination of passive and active transport.®
27 Inside the cell, the low chloride ion concentration allows for
hydrolysis of the parent compound to take place, and formation
of charged and more reactive metabolites, e.g. cis-
[Pt(NH3),CI(OH,)]* (1a) is thermodynamically favoured.l® %
2% As a charged species, la is attracted to the polyanionic
surfaces of nucleic acids, where it likely acts as a temporary
counterion prior to the rate-determining formation of the
covalent adduct.?™® 28 For small size RNAs, it seems likely that
formation of the adduct takes place during substantial
reorganisation of duplex structures during partial or complete
melting of the dsRNA.®™ A tentative simplistic reaction
mechanism for our here investigated systems is outlined in
Eqns (2) - (4), and the corresponding rate-law is given in Eqns
(5a) and (5b).
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la+dsRNA""M* 2 1la " dsRNA+ M Kg (2)
la ~"dsRNA — la— dsRNA k ?3)
la — dsRNA — la — ssRNA(a) + ssSRNA(b) rapid (4)

Kobs = Kaapp[1a] [dsRNA~M™]
where Kpapp = k Kass/[M*]

(5a)
(5b)

The mechanism implies that the salt dependent variation of
Koapp arises from displacement of the equilibrium in Eq. (2)
where one surface bound monovalent cation, e.g. Na‘, is
replaced by surface bound 1a, compare also Eq. (5b). Under
these assumptions, the product kK, for each dsRNA can be
obtained by the relation kKgss = Kz app [M™]. In agreement with
this prediction, constant values of kK, are indeed obtained for
each dsRNA with values ranging from ca. 1 for RNA-1-1 to
3.62 for RNA-1-3 (compare Table S4). By assuming an
approximate value of K, ca. 1,2° leads to an estimation of the
conversion of surface bound 1a to covalent adduct of about 1 —
2 s, and a corresponding t;, for the surface bound 1a of ca. 0.3
—0.7s.

Sequence and structural influence on reactivity

In DNA, guanine-N7 (G-N7) is a well documented preferential
interaction site for cisplatin. The precise location is sequence
dependent however; typically with d(GpG) and d(ApG) as the
two dominating adduct sites in extended DNA.2° The
underlying reason for this selectivity has been ascribed to a
combination of kinetic and thermodynamic effects, where
factors such as hydrogen bonding networks in the close vicinity
of the adduct, combined with favourable dynamics of the
duplex, dictates reactivity.” For the structurally diverse family
of RNAs, the issue regarding sequence dependent reactivity has
not — to the best of our knowledge — been systematically
studied. The structural models provided in the present
investigation give however a first insight into how subtle
variations of sequence and solvent conditions may modulate the
reactivity of the r(GpG)-site. As illustrated in Figure 4,
introduction of the bulge in RNA-1-3 causes the RNA to both
bend and widen when compared to RNA-1-1. Further, the
schematic illustrations of H-bonding patterns in the central
region of these duplexes (Figure 4, right) show that this
distortion likely involves a structure in which the central r(A)-
base competes with one of the two proximal GU-wobble bases
for hydrogen bonding, thus giving a rationale for the
pronounced decrease of T,, and high reactivity for this type of
structure, compared with the corresponding RNA duplex
lacking a central r(A). It seems possible that these structural
differences influence reactivity, for example by their different
ability to temporarily host bulk cations in the vicininty of the
taget site. More precisely, the more pronounced
electronegativity and smaller radius of Na* (0.93 and 95 pm,
respectively) compared to K* (0.82 and 133 pm) likely
contributes to both more tightly bound cations and rigid
structure compared to in the presence of K*. Both these effects
will make surface access for 1a to G-N7 more difficult in the
presence of Na*, since the mobility of both solvent water
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molecules and cations is reduced,®* and can thus explain the
here observed lower reactivity in Na'-containing buffer. It
should be noted that the study by Nordenskiold et al.®! also
showed that the residence locations for these two cations differ;
Na* has a preference for phosphate oxygen interactions whereas
K* has a more pronounced residency time at the nucleobases.
This is an effect that in our system should counteract the
influence from solvent exchange on the surface discussed
above. We therefore conclude that the rate of solvent exchange
more strongly influences reactivity in our presently investigated
systems than does actual location of these counterions.

Temperature dependence and activation parameters

The reaction mechanisms for substitution reactions involving
cisplatin and its corresponding aquated complexes typically
proceed via an associative interchange mechanism (1,).}" 32 %
For this mechanism the reaction rate depends on the
concentration of both the metal complex and the approaching
nucleophile. Further, analysis of the temperature dependence
result in activation enthalpies (4H”) that are dominated by the
energy required for formation of the penta-coordinated
transition state, i.e. with leaving- and entering ligands
coordinated, and with a negative activation entropy (4S”) that
reflects the concomitant loss of entropy in the system. For
example, Summa and van Eldik®® have documented reactions of
Pt(dach)(OH,),?* and Pt(en)(OH,),** with 5’-GMP resulting in
activation parameter of AH” ca. 14 — 17 kcalmol™ and AS” ca. -
2 — -7 kcalK*mol™. In the present study we now present
temperature dependent data that allows for a comparison
between these small model systems and reactions taking place
on extended dsRNA. As shown in Table 2, the AH”™ -values
obtained are ca. 23 — 34 kcalmol™, i.e. significantly larger
compared with the model system studies mentioned above
using 5-GMP as a nucleophile.®® Further, the AS” -values
obtained are all positive, here in the range 22 — 57 kcalK *mol™.
With the type of mechanism outlined in Eqns. (2) — (4) it is
obvious that the activation parameters reflect the combined
contributions from i) the pre-equilibrium (Eq. 2) and ii) the
formation of the covalent adduct (Eq. 3).% Since the rapid pre-
equilibrium likely has a very small activation barrier,2® % we
propose that the larger portion of AH” arises from the energy
required for adduct formation and related local disruption of
duplex structure (Eq. 3). More specifically, we suggest that the
larger AH”-values obtained for the dsRNA reactions are
associated with the additional energy needed for breaking of
both stacking- and H-bonding interactions in the vicinity of the
binding site during formation of the penta-coordinated
transition state. We thus propose that this initial interaction
creates a centrally destabilized dsRNA that, at temperatures
close to the T, of the unplatinated dsRNA, in a subsequent
rapid step dissociates into single-stranded RNAs (Eq. (4)), i.e.
in analogy with previous suggestions made for DNA.Y" The
positive AS™-values are in support of such reaction mechanism
since these imply that the reaction occurs during net loss of
hydration and/or counterions from the RNA surface. It should
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be noted that the activation energies are significantly smaller in
magnitude in comparison to global melting of dsRNAs,
(compare Table 3) thus further supporting of the idea of partial
melting of the dsRNA as the initial process accompanying
adduct formation.

Conclusions

In the present study, we have compared the reactivity of four
closely related dsRNAs towards the active metabolite of
cisplatin (cis-[Pt(NH3),CI(OH,)]", 1a). For these 13-20 mer
dsRNAs, all with a centrally located r(GG) site, similar
reactivity orders were obtained in presence of both extra- and
intracellularly relevant cation concentrations (K* and Na’,
respectively) as well as under more hydrophobic conditions
(10% v/v EtOH). A common trend of central destabiliziation,
and related reduction of T,,, rather than overall size, was found
to promote reactivity. A comparison of apparent second-order
rate constants (k;.pp) reveals the reactivity to be slightly higher
in K*-containing buffer compared to that obtained with Na*,
thus indicative of the intracellular environment being favoured
compared to the extracellular one for reactions of la with
dsRNAs. The presence of EtOH in the buffer resulted in a
reduction of k; ., With ca. 30 — 40% for all dsRNAs studied, i.e.
suggesting that association of dsRNAs in hydrophobic
comparments in vivo decreases their reactivity substantially.
Apparent activiation paraments were obtained by studies of the
reactivity as a function of temperature in the range ca. 5 — 20
°C below the T,, of all dsRNAs. The extracted parameters were
similar for all systems with positive both AH” and AS™. The
positive AS™-values are indicative of the rate-determinig step
occurring in parallel with partial loss of hydration and/or
cations, for example during partial melting of the dsRNA
structure in the vicinity of the common central binding site
r(GG). These observations thus support the idea of local
melting behaviour and dynamics to be a major determinant for
adduct formation rates in dsRNAs.
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