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1. Introduction

Metal-mediated DNA, sometimes called M-DNA, where a metal ion
occupies the hydrogen bond, typically in mismatched base pairs, has
a long history, reaching back to the early 1950-60s [1-3]. Today,
its continued interest lies in its potential to be used as a highly sen-
sitive and specific metal sensor [4-7] as well as in the formation
of nanowires [8-10]. The pioneering work by Ono and Miyake [11]
revealed two M-DNA structures, CC mismatches mediated by Ag®,
and TT mismatches mediated by Hg?*, which are still the main M-
DNA structures studied. For T-Hg>"-T, it was found that it yields
a higher melting temperature than a canonical AT base pair [11],
and its structure obtained from NMR measurements is now considered
well understood [12-14]. In particular it was shown that two imino
protons are released when T-Hg?*-T is formed [12] and that C1’-C1’
distances are shorter than those of Watson—Crick base pairs [13,15].
Miyake et al. [16] determined that in a T-Hg?*+-T structure, Hg?>* binds
directly to N3 of thymidine in place of the imino proton and bridges
the thymidine residues. However, for C-Ag*—C a number of questions
regarding its structure still remain. For instance, there appear to be con-
flicting results suggesting either a N3-Ag*-N3 [17], N3-Ag*-02 [18],
or a N3-Ag*-N3 linkage [19]. On the other hand, DFT calculations
by Espinosa Leal et al. [20] suggests the existence of interplanar bonds
which were also observed in crystal structures of N!-hexylcytosine [19].
There are evidences of C-Ag*—C base pair formation in backbone-less
[Ag(cytidine),]* complexes [21] which were shown to form a cisoid
configuration in density-functional theory (DFT) calculations by Kliuev
et al. [22], however it is unclear how these finding would translate
to fully formed duplexes. Other DFT calculations explore the effect of
Zn** [23], which are not covered here.

Mesoscopic models, such as the Peyrard-Bishop (PB) model, uses
a set of effective potentials to describe the main interactions of the
DNA double helix, namely the hydrogen bonds and the stacking in-
teractions [24]. This type of model can be used to calculate melting
temperatures with similar accuracy as nearest-neighbour models [25].
These models depend critically on adjusted parameters, and we showed
that these parameters can be obtained from experimental melting tem-
peratures [26]. An additional bonus of obtaining the parameters in
this way is that they can be directly related to hydrogen bonds, or
base pair metal mediated bonds, and the stacking interactions. In other
words, combining the mesoscopic model with experimental melting
temperatures provides a way to evaluate these interactions. The method
has now been validated for several oligonucleotide systems, includ-
ing a recent study for all possible combinations of mismatches for
which we obtained overall good correspondence to the results from
other experimental methods such as NMR [27]. The new mismatch
parametrization now opens an opportunity to apply the method to
other systems containing mismatches in more challenging configura-
tions, notably T-Hg?*-T and C-Ag*-C. It is of particular interest to
understand if existing melting temperatures of T-Hg?*-T and C-Ag*-C
would result in increased base pair Morse potentials which is the central
hypothesis of metal-ion stabilization in these mismatches [16]. It would
be of especial interest to determine if existing melting temperatures
could advance our understanding concerning the conflicting results
related to base-pair metal mediated bonding of C-Ag*-C.

The major challenge in studying the metal mediated T-Hg?*-T
and C-Ag*-C with mesoscopic models is the relative small number
of melting temperatures that are scattered over a number of different
studies. It is unclear if the mesoscopic model would be effective in
providing a clear description of the base pair bond interactions for
such a limited set of data. Furthermore, DNA mismatches are very
sensitive to changes in buffer conditions and it is not clear if the existing
parameters can be used as reliable starting point for the optimization of
metal mediated potentials. On the other hand a successful optimization
of T-Hg?>*-T and C-Ag*—C would broaden the potential applications of
DNA mismatch existing parameters and provide a critical validation of
the method for a small melting temperature data set.
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2. Materials and methods
2.1. Notation

We used the notation CC and TT for non-canonical DNA base pairs.
The stacking interactions are represented by a (base pair 1)-(base pair
2) scheme. For example, the mismatch CC and the canonical pair AT,
corresponding to the dimer 5'-CA-3'/3/-CT-5/, is represented by CC-AT.
Note that due to symmetry considerations, as 5'-CA-3'/3'-CT-5' is the
same as 5'-TC-3//3'-AC-5/, therefore CC-AT is same as TA-CC.

The main goal is to observe the changes in base pair bond and
stacking interactions, next to the mismatch due to the presence of a
metal ion. To differentiate between the presence or absence of Ag*, or
Hg?*, in solution we used the following notation: sequences without
metal were called control, represented by CC-CTRL and TT-CTRL; for
sequences with metal we used the notation C-Ag*—C and T-Hg?*-T that
is commonly used in the field.

2.2. Melting temperature data set

For C-Ag*-C we used 22 sequences containing a concentration of
1 equivalent of Ag* per mismatch CC from Refs. [11,28-38] and their
corresponding control sequences (CC-CTRL) without Agt (21 melting
temperatures). For T-Hg?*—T we used 34 sequences containing 1 equiv-
alent of Hg?* per mismatch TT from Refs. [13,16,28,29,31,32,38-44]
and 24 control sequences (TT-CTRL) without Hg?*.

The majority of melting temperatures in these sets are at a salt
concentration, [Na*], of 100 mM and total strand concentration of
2 pM. For different conditions we applied a salt correction factor,
equation (22) from Owczarzy et al. [45], and recalculated the strand
concentrations to 2 pM [46] from the reported experimental total
enthalpy and entropy variations. Supplementary tables S1 and S2 show
the melting temperatures, T,,,, that were adjusted in this way. The
remaining buffer conditions were in general very similar among the
various datasets.

2.3. Mesoscopic models

The mesoscopic Peyrard-Bishop (PB) model describes the intra-
molecular interactions of DNA through simple potentials [24]. For
example, stacking between the nearest-neighbours base pairs is de-
scribed by a harmonic potential, while the base pair bond, usually a
hydrogen bond, is represented by a Morse potential. For the ith base
pair the Morse potential is

V() = D, (/% —1)%, )

where the parameter D, tells us how strongly the a base pair are
bonded, whereas 4, is related to the potential width. For the nearest-
neighbour stacking interaction we use a modified harmonic potential
which includes a small twist angle 6 [26]

kﬁ 2 2
WGy = = (¥ = 2y:yicos0+ 37 ), 2

where the parameter k; is the coupling constant of nearest-neighbours
of type g, and the angle is fixed at § = 0.01 rad, which is introduced
to overcome well known numerical problems with the transfer-integral
technique [26].

With the two potentials of Egs. (1) and (2) we can calculate the
classical partition function from which we obtain an adimensional
index r;(P), which is proportional to the melting temperatures [26].
Additionally, we can calculate the average strand displacement (y;) for
each base pair i by calculating the expected value of y from the partition
function [26].
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2.4. Calculation of melting temperatures

The index 7;(P) is used to predict melting temperatures for any
sequence i, where P is a given set of parameters. Experimental melt-
ing temperatures and ;(P) are linearly dependent within groups of
sequences of same length N. This relation is show in the following
equation

T/(P) = ay(N) + a;(N)7;(P), €))

where aj () are the linear regression coefficients. These coefficients
have a linear dependence with N'1/2

ap(N) = bo, +b N2, k=0,1 4)
2.5. Thermal equivalence optimization

The parameter optimization is carried out by minimizing the merit
function

N
7y =Y [1-1/®)). 5)
i=1

where P; is the jth tentative set of parameters. The goal is to find
the best set of P; parameters such that the calculated temperatures,
Tl/ (P;), are closest to the experimental temperatures, T;. Considering
that the set P contains M parameters, the numerical problem consist
of finding the M-dimensional minima of Eq. (5), which is numerically
implemented with a downhill simplex algorithm [25].

Another equation considered in our discussion to evaluate the qual-
ity of the prediction is the average melting temperature deviation

N
1 /
(1) = N‘;IT,——TAP,-)I- ®)

2.6. Minimization procedure

One of the main challenges in the numerical minimization of Eq. (5)
is the unavoidable occurrence of local minima, that is, local valleys
that do not coincide with the best overall minima. To overcome this
problem, we repeat the minimization process multiple times, restarting
from different initial parameters. For each minimization round, the
initial set of parameters P,;; are randomly sampled around the 10% of
value of seed parameters P4, that is, within the interval of 0.9 P, .4 to
1.1P,..q- Only Morse potentials D and stacking potentials k were varied.
The A parameters were kept constant since we have found, in previous
studies, that their effect on melting temperatures is negligible [26].
In total, 6 parameters were varied for each type of metal mediated
mismatch: one Morse potential factor D and 5 stacking factors k. The
CTRL-TT, CTRL-CC, C-Ag*—C and T-Hg?*-T were treated separately.

CTRL optimization. For CTRL sequences, the initial seed parameters
were those from Ref. [27] (supplementary table S3). One problem that
occurred in this particular study was that some parameters that would
repeatedly tend to zero. Due to the particularities of the minimization
algorithm, once a parameter reaches zero during the minimization
it will remain so during the whole minimization process. This risks
artificially skewing the remaining parameters to suboptimal values. On
the other hand, one cannot discard the occurrence of null parameter as
DNA mismatches tend to have very small Morse potentials in most cases
as well as very small stacking potentials for some specific situations.
To ensure that null value parameters are not algorithmic artefacts,
we identified the parameters that went to zero and artificially raised
their values and repeated the whole process with a mix of non-zero
optimized and artificially raised values. If after successive major rounds
these same parameters would again tend to zero, it would then be an
indication that indeed this would be their optimal value and not an
artefact of the minimization algorithm. CTRL-TT and CTRL-CC were
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optimized separately. The CTRL minimizations were performed 1000
times for each round, with different initial parameters. This procedure
was repeated two more times, always raising null parameters to their
initial values as needed. A fourth, and last, round of minimization
was for estimating the influence of experimental uncertainty on our
new parameters. This was done by changing the experimental tem-
peratures by small random amounts such that the resulting standard
deviation corresponds to the experimental uncertainty. We used 0.6 °C
uncertainty for CTRL, which were obtained from the average reported
uncertainty for each of the published measurements. Final quality
parameters were y> = 58.56 °C? and (AT) = 1.24 °C for CTRL-CG;
7% =144.18 °C? and (4T) = 1.79 °C for CTRL-TT.

C-Agt-C and T-Hg**-T optimization. For the a preliminary round,
we joined the datasets, CTRL-TT with T-Hg?*-T, and CTRL-CC with
C-Ag*-C, and varied the metal mediated parameters while keeping the
control parameters fixed. We call this the preliminary optimization.
This has the practical effect that all melting temperatures are forced
to follow the same regression parameters Egs. (3),(4), and causes the
T-Hg>*-T and C-Ag*-C parameters to assume values that bear some
reference to the control parameters. This approach is used only to
obtain seed parameters for T-Hg?"-T and C-Ag*-C which are shown
in supplementary table S4. After this, we perform three rounds of
optimization using the T-Hg?*-T and C-Ag*-C separately from the
CTRL sets. For the last round, we proceed as for the last CTRL, assuming
a 0.6 °C to evaluate the experimental uncertainty on our new param-
eters. Each round was performed in 1000 local minimization steps,
results shown here are from the final minimization round. Final quality
parameters were y2 = 111.07 °C2? and (AT) = 1.86 °C for C-Ag*-C;
72 =94.21°C? and (AT) = 1.35 °C for T-Hg>*-T.

2.7. Availability

The metal mediated parameters calculated were included in the
latest version of our free TfReg software [25] which can be used
to verify our results. The software and the parameters are available
at http://tinyurl.com/tfregufmg, for other download options see the
supplementary information.

3. Results and discussion

The optimization rounds were carried out independently for
T-Hg?*-T and C-Ag*-C, and their respective controls. In total, four
rounds with 1000 different initial conditions were carried out as
described in the methods section. Quality parameters for final (AT)
was 1.86 °C for C-Ag*-C and 1.35 for T-Hg**-T which are of the
same magnitude as found in previous calculations using this method
in different situations, see for instance [47,48].

In Fig. 1 we show the optimized Morse potentials. For TT-CTRL
the Morse potential is somewhat lower than the its seed value, in the
lower range of TT mismatches that were obtained previously [27]. The
CC-CTRL Morse potential is also situated at the smaller values of CC,
albeit marginally larger than the TT potential. However, both potentials
are very small when compared to canonical base pairs AT and CG,
therefore it is not possible to say that CC is more stable than TT from
these results. With the addition of Hg?*, the Morse potential increases
strongly, indicating a substantial base-pair metal mediated bonding,
see Fig. 1. This is much higher than any known TT configuration [27]
(shaded area) and roughly 4/5 of that of a CG Morse potential (70
meV) [26], which leaves very little doubt that T—Hg2+—T is stabilized
by a Hg** mediated bond. To understand this results, let us briefly
discuss the T-Hg>*-T structure. Three configurations were suggested
for T-Hg?*-T: N3-Hg?*-N3, 02-Hg?*-N3 and N3-Hg?*-04 [49]. The
N3-Hg?*-N3 has the oxygen atoms in opposition to each other, yet
apart far enough such that the repulsive force between them may not be
so strong, which could explain the large value of the Morse potential,
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Fig. 1. Average Morse potential depths D calculated for T-Hg>*-T (blue bullet)
C-Ag*-C (blue box) and their respective controls (red bullet and box). Error bars are
the calculated standard deviation of the last minimization round. The seed values for
mismatches, TT" and CC’ (horizontally displaced for clarity), are shown as grey bullet
and box, respectively. Dashed arrows indicate the changes due to the addition of cations
and are only intended as guide for the eye. The shaded area shows the interval of
minimum and maximum Morse potentials for all types of TT and CC mismatches from
Ref. [27].

Fig. 1. However, the 02-Hg?*-N3 and the N3-Hg?*-04 structures are
possible as well. While our model is not able to identify the structure,
it clearly points to the one that is likely to be the most strongly bonded.
The addition of Ag* increases the CC Morse potential as well, Fig. 1.
While this increase is much less than for T-Hg>*-T, it is nevertheless
substantial, roughly 2/3 of that of an AT Morse potential (34 meV),
which suggest a single link similar to the N3-Ag*-N3 link proposed
by [17,19]. Such weaker Morse potential is likely due to the proximity
of the repulsive amino groups facing each other at C-Ag*—C, resulting
in large propeller twist angles [17]. Other types of links that were sug-
gested, such as N3-Ag+-02 linkage [18] would have an extra hydrogen
bond which seems unlikely given the moderate Morse potential that
was found.

From the Morse potential results, there is little doubt that T-Hg?*-T
is stabilized by a metal-mediated planar base pair bond, while C-Ag*-C
is less so. But what then explains the large increase in melting temper-
ature when Ag* is added? The first sequences shown in supplementary
table S1 provide a clue to what might be happening, these are 6
sequences of same length with a central CC and where only the nearest-
neighbours change. For ACA/TCT central trimer, there is an increase
of 10 °C while for CCG/GCC it is only 2 °C. This large difference
indicates that nearest-neighbour interactions have an important role
to play in the stability. The nearest-neighbour interaction is modelled
here by elastic constants k, Eq. (2), which in general are associated
to stacking interaction. Our results for the stacking constants k are
shown in Fig. 2 for both T-Hg?*-T and C-Ag*-C. By far, the high-
est stacking interaction is for CC-AT nearest neighbours, exactly the
type present in ACA/TCT. Interestingly, the other nearest neighbours
AT-CC of the ACA/TCT trimer has a very weak interaction. CC-CC,
that is, for two consecutive CC mismatches the stacking interaction
is almost non-existent, which means that here the increased stability
is entirely driven by in-planar base pair bonds. Inter-planar Hydrogen
bonds have been predicted from DFT calculations for backbone-free
C-Ag*-C tetramers [20] and observed in crystal structures for N!-
hexylcytosine [19], therefore one would have expected some degree
of nearest-neighbour interaction in this case. Fig. 3 shows an average
displacement profile containing a double CC mismatch. This type of
profile, which is calculated as described in Ref. [25], considers the
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Fig. 3. Average displacement profile containing a double CC mismatch (shaded area),
for the sequence from Ref. [50]. Red bullets are for CTRL parameters, and blue boxes
for C-Ag*-C.

combined effects of Morse potentials and stacking, providing qualita-
tive information regarding the regions where the base pairs are more
likely to denature first. Typically, larger displacements means that the
base pairs in question are less stable and will open before others. In the
case of Fig. 3, the displacement profiles for C~-Ag*—C (blue boxes) are
much smaller, indicating increased base-pair stability as compared to
the CTRL-CC (red bullets).

For T-Hg>*-T, the stacking interaction parameters shown in Fig. 2,
only one strongly increased stacking for GC-TT was found, much higher
than those previously seen for TT mismatches (shaded area) [27]. AT-
TT is moderately increased in comparison to CTRL, while TA-TT is
very small, even though its CTRL counterpart is relatively large. In
Fig. 4a we show the average opening profiles for a sequence containing
a double TT mismatch, flanked by AT-TT on both sides (note that AT-TT
is equivalent to TT-TA). The CTRL displays very large displacements in
the mismatch region (shaded area) while the addition of Hg?* causes a
complete stabilization (very small displacements). By replacing AT-TT
with TA-TT, as shown in Fig. 4b, we observe only a slight disturbance in
the opening profiles due to the much smaller stacking, but not enough
to cause major destabilization. Clearly, the T-Hg>*—T Morse potential
is strong enough to compensate for the low TA-TT stacking.

The robustness of results presented here are encouraging and should
enable us to apply the method to other configurations, such as for
C-Hg?*-T mediated base pairs. A limited amount of melting temper-
atures are already available, see for instance Funai et al. [30], but
not in sufficiently diverse sequence variations and lengths. Here, the
smallest set was for C-Ag*-C with 22 sequences, which is in the lower
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Fig. 4. Average displacement profile containing a double TT mismatch (shaded area) for the sequence from Ref. [16], panel (a). In panel (b) AT-TT was replaced with TA-TT.

Red bullets are for CTRL parameters, and blue boxes for T-Hg?*-T.

limit of the method. Another aspect of interest is cation concentration,
here we used the available temperatures measured at one equivalent
cation per mismatch, and of course zero for the controls. It would
be desirable to repeat this for a larger range of concentrations which
should give us a more detailed insight of the stabilization process
induced by the cations. We hope that our results may stimulate further
melting temperature measurements of metal mediated base pairs.

4. Conclusion

We analysed published melting temperatures for metal mediated
base pairs T-Hg?*-T and C-Ag*-C. For T-Hg?*-T we found a large
Morse potential of the order of a CG base pair, while for C-Ag*—C this
was much smaller, roughly 2/3 of a AT base pair. For C-Ag*-C, the
weaker Morse potential favours the N3-Ag*t-N3 link proposed by [17].
For a double CC mismatch the stacking interaction was found to be
very weak in the presence of Ag*, but still the Morse potential was
strong enough to provide some stability when compared to the absence
of Ag*. Very low stacking was also found for TA-TT nearest-neighbours,
however due to the large T-Hg?*-T Morse potential this does not affect
the duplex stability.

Our results are generally in good agreement with the existing knowl-
edge of T-Hg?"-T and C-Ag*-C mediated base pairs. Therefore, we
believe that it should be possible to extend the method to other types
of metal-mediated base pairs, for instance C-Hg?*-T, when a sufficient
amount of melting temperatures become available.
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