Structure and dynamics of triazole-linked DN A - biocompatibility explained
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The surge in molecular biology, genetic engineer-
ing and nanotechnology produces a strong demand for
longer oligonucleotides, larger DNA and RNA constructs,
and synthetic genes. However the synthesis of oligonu-
cleotides with more than 100 bases by the phospho-
ramidite approach becomes increasingly inefficient in
terms of yield and purity. This size barrier has re-
cently been overcome by chemical ligation of several
oligonucleotides using click chemistry,[!! whereby a tri-
azole link is introduced in place of the natural phosphate
backbone (Fig. 1). This is done using the CuAAC re-
action,/?3! an extremely efficient new version of Huis-
gen’s 1,3-dipolar cycloaddition reaction.[* Click chem-
istry has been used extensively in the nucleic acids field
in recent years in a diverse range of applications.[> 1!
The artificial linkage that is produced by click ligation
is read through correctly and efficiently by DNA poly-
merases and is functional in vivo.['%! Moreover it sup-
ports catalytic activity at the ribozyme active site.'!]
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Fig. 1: Duplex sequence of the Triazole-modified DNA (13merTAL).
The Triazole linkage is marked by a red arc, its chemical structure
and ligation to the adjacent nucleotides are shown enlarged. The
sequence was chosen to enable comparison to the unmodified struc-
ture, which has already been solved.[12]
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Therefore it is puzzling that thermodynamic desta-
bilisation of the modified duplex is found by ultravi-
olet melting studies. Duplex instability normally oc-
curs after incorporation of an incorrect nucleotide dur-
ing replication. It triggers proofreading by the poly-
merase which excises several nucleotides from the daugh-
ter strand, after which replication resumes. At first sight
one would not expect biocompatibility of the triazole
linker. Here we resolve the apparent contradiction, and
in doing so present the first NMR solution structure and
base pair dynamics of a DNA duplex (13merTAL) where
one strand contains a triazole linkage between two central
T residues (cf. Fig. 1). Comparison with the unmodified
duplex (13merRef, Dallmann et al.l'?l) shows how struc-
tural and dynamic perturbations are distributed, and
thus explains the biochemical results.

All NMR resonances could be assigned as with 13mer-
Ref, with the exception of the severely overlapped
H5’/H5” resonances. Integration and conversion of un-
ambiguous, nontrivial NOESY crosspeaks yielded 351
distance restraints, which were used as primary exper-
imental restraints to generate a locally well-defined B-
DNA structure. Following this, a total of 39 'Joy
residual dipolar coupling (RDC) restraints (measured at
natural abundance with a standard deviation of 0.6 Hz)
were included into the refinement utilizing a single float-
ing alignment tensor. The 10 best-energy, violation-free
structures out of 100 calculated were used for further
analysis. Their root-mean-squares-deviations (RMSD)
are a measure of the precision of the calculation. In
the following we discuss the corresponding average struc-
tures for 13merTAL and 13merRefl'? which are overlaid
in Fig. 2. While the RMSD within either family of struc-
tures is very low (0.37 A for 13merTAL and 0.30 A for
13merRef), the RMSD between the two average struc-
tures is significantly higher (1.24 A). This indicates struc-
tural changes upon the introduction of the triazole link-
age, which are visible in Fig. 2.

To quantify the structural changes, helical param-
eters were calculated for each of the 10 best-energy
structures with the program 3DNA.I'3l Overall they
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fall well within the ranges for standard B-DNA. This
is backed up by 3'P chemical shifts which do not
change significantly (cf. Fig. S5). Perturbations
are observed throughout the helix, but mainly for the
triazole-linked and adjacent pairs (for details see sec-
tion 6 of SI). The most pronounced changes are in base
pair step parameters “rise” (A8-C9 by +0.86 A), “shift”
(AT-A8 +1.41A, A8-C9 -0.95A), and “slide” (A6-AT -
0.67A, A7-A8 -0.58 A, A8-C9 -0.60 A), and in base pair
parameter “propeller twist” (A7:T20 +20.5°, A8:T19
+22.5° and C9:G18 +15.0°). All of these indicate
less optimal stacking interactions in the central region.

Fig. 2: Overlay of the average structures of 13merTAL (red) and

13merRef (green). The triazole linkage does not affect the overall
conformation of the DNA duplex.
The T19-T20 base stacking step is compared in the close-up. The
backbone of 13merTAL snakes down and up to accommodate its ex-
tra length. Thus base stacking between the two T:A base pairs and
their neighbors is achieved. This requires the 5’-carbon of 13mer-
TAL to point down, shifted by 3.2 A relative to its position in 13mer-
Ref. The triazole ring nitrogen N4A of 13merTAL and a phosphate
oxygen of 13merRef are only 1.3 A apart, suggesting that the triazole
is a plausible phosphodiester H-bonding surrogate.

Thermodynamic destabilization of the duplex, when
the triazole link is introduced, is found by ultraviolet
melting studies. Both 13merRef and 13merTAL duplexes
give sharp cooperative melting transitions at 62.9 °C and
55.3°C, respectively, for 3uM duplex concentration (see
section 2 of SI). But the decrease of melting point is only
a global measure of how the modification affects base
pairing and base stacking. A more detailed view was al-
ready provided, above, in terms of structural changes for
every base pair. Similarly the energetic changes can be
assigned to specific base pairs, as will be discussed next.

Rates of water exchange reflect the structural rear-
rangements in the vicinity of the triazole. A first indica-
tor of increased exchange is the fast decay with increasing
mixing time of the diagonal T19 and T20 imino proton
signals, as observed in the NOESY-spectrum of 13mer-
TAL (cf. alsol™). We determined base pair lifetimes

(Top) and inverse apparent dissociation constants 1/Kp,
using the relationship
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The imino proton exchange time 7., is measured as a
function of the inverse catalyst concentration (1/[B]).
From a linear fit (see Fig. S14 and S15 in section 7
of SI )" we obtain extrapolated lifetimes and inverse
apparent dissociation constants. These are compared in
Fig. 3 for 13merRef and 13merTAL. Terminal base pair
lifetimes could not be measured due to “base pair fraying”
which is commonly observed at the helical termini.l*>-16]
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Fig. 3: Left part: Basepair lifetimes T,, compared for 13merRef (green
bars) and 13merTAL (red bars). They were determined by measur-
ing the Ty relaxation rates of imino proton signals, as a function
of the concentration of TRIS base which catalyzes exchange with
water.[12] The right part shows how the triazole linker affects the
Gibbs energy Ay;ssG for dissociating a base pair. The distribution
is obtained from the apparent dissociation constants Kp.

Lifetimes for the inner base pairs in 13merRef become
strongly reduced in 13merTAL, contrary to the outer
pairs. The introduction of the triazole backbone reduces
Top for the directly connected pair A08:T19 (A07:T20) to
8.8% (12.5%) of the value for the unperturbed duplex.
The activation energy for opening is therefore decreased,
by -6.0 (-5.5) kJ/mol in this case. The decrease is -2
kJ/mol for the adjacent pair A06:T21 and -1 kJ/mol for
G18:C09, G10:C17 (cf. Fig. S15 in section 7 of SI). The
entire center is affected dynamically by a single triazole
backbone substitution (cf. Fig. 3).

Apparent dissociation constants are proportional to
the Gibbs energy Ay;ssG for dissociating the base pair.
Therefore, the ratios K5AL /K 1 describe how the ther-
modynamic destabilisation by the triazole is distributed
among the base pairs. In Fig. 3 we show the correspond-
ing changes AAy;ssG as gray bars. The destabilisation
is seen to be spread over the three central A:T pairs and
G18:C09.



The biocompatibility of the triazole linkage!'®! can fi-
nally be explained. The two 13mer DNA duplexes ex-
amined in this study have different chemical structure
solely in the backbone region between residues T19 and
T20. The substitution introduces local changes in helical
parameters but leaves the overall B-form intact. In par-
ticular, the bases on either side of the triazole linkage are
able to form normal Watson-Crick base pairs. Therefore
the base orientation required for correct recognition by
DNA polymerase is preserved. But for wider biological
function the site-specific interactions should also be re-
tained. The triazole linker must mimic the local as well
as global conformation of nucleic acids. Our NMR study
indicates that the N4A atom of the triazole ring of 13mer-
TAL lies close to one of the branched oxygen atoms at
the 5’-side of T20 in 13merRef (see Fig. 2). The triazole
template strand can thus mimic the hydrogen bond ac-
ceptor positions of the phosphate group in complex with
DNA polymerase.!'”]

Why does the thermodynamic destabilisation by the
triazole linkage not prevent biocompatibility? The likely
reason is that it is not concentrated on the triazole re-
gion alone, but is spread over 4 or 5 normal Watson-Crick
base pairs. For all of the affected base pairs the opening
rates are increased. These thermodynamic effects render
the bases more flexible, compared to the native phos-
phate backbone. The increased linker length combined
with a decrease in rigidity causes the 5’-carbon of T20 of
13merTAL to be shifted by 3.2 A relative to its position
in 13merRef (Fig. 2). Increased flexibility may be bene-
ficial due to a more favorable entropy term for complex
formation. For example DNA polymerases, which can
process up to 1000 bases per second,['®19 are limited
by the base pair opening rates. This is consistent with
the observation that PCR amplification of GC-rich DNA
can only be achieved by addition of NaOH or betaine,
which help to disrupt the stable secondary and tertiary
structures.[2021] Note however, that increased flexibility
could also reduce stabilizing site-specific interactions, for
example the inter-strand H-bonding or minor-groove nar-
rowing that is observed in A-tract DNA.[?2:23 Here the
changes in the local environment due to the triazole link-
age will certainly have an effect on DNA bending and
rigidity, and thus DNA recognition.

The thermodynamics of the triazole linkage was ex-
plored in additional UV melting experiments. The in-
crease in absorbance when a duplex melts (hyperchromic-
ity) is a direct measure of base stacking. The base oppo-
site T19 is chosen to be either matched (T19:A08 as in
13merTAL) or mismatched (T.C, T.G and T.T); corre-
sponding results are collected in Table S1. A mismatch
lowers the melting point by -10.9°C on average in this
case. To place this in context, a similar loss of stability
(-11.6°C, Table S2) is observed for mismatched Ref du-

plexes. Particularly informative is the average decrease in
hyperchromicity which is caused by a mismatch: -18.8 %
for 13merTAL but only -7.5% for 13merRef. Clearly
the combination of triazole linkage and mismatched base
causes a severe loss of base stacking, much more than in
the native mismatch duplex. We can now build a picture
of replication at the site of the triazole linkage. When
the correct nucleotide is selected a Watson-Crick base
pair will form within the DNA helix and this will be ac-
cepted by the DNA polymerase. In contrast, on the rare
occasion that a mismatched nucleotide is incorporated,
the resulting major duplex instability and local melting
will quickly lead to removal of the rogue nucleotide by
the proofreading activity of the enzyme.

In conclusion, we have shown that a DNA duplex con-
taining an isolated triazole linkage is structurally similar
to normal DNA, and its relative instability is distributed
over 4 or 5 base pairs. In contrast, mismatches around
the triazole linkage cause major structural and thermo-
dynamic perturbations. Thus, the biophysical results in
this paper explain why only correct nucleotides are in-
corporated around the modified backbone during repli-
cation.

Experimental Section

All NMR measurements were carried out at 298K on a
BRUKER AvVANCE 600 at 3mM duplex concentration. Struc-
ture calculations were performed with XpPLOR-NIH v2.20.
Duplex melting was monitored by optical absorption at
260 nm at total duplex concentration of 3.0 uM. Coordinate
and input files are deposited at the protein databank with
PDB ID codes 2kuz (13merRef) and 218i (13merTAL). Full
experimental details are presented in the Supporting Infor-
mation.
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