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Jirí̌ Fukal, Yoshiyuki Tanaka, Debraj Gangopadhyay, and Petr Bour ̌

Cite This: Anal. Chem. 2026, 98, 26575−26582 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: A highly specific chiroptical response of ribonucleoside diastereomers
upon metallic crosslinking was demonstrated by Raman optical activity (ROA)
spectroscopy. Three ROA diagnostic bands, assigned to prominent in-plane
nucleobase ring deformations, undergo a concerted sign inversion upon mercury
crosslinking. Virtually the same ROA sign switch was also observed upon a
stereochemical modification (N1-glycosidic bond inversion) of a metal-free
ribonucleoside. The prominent ROA sign switch thereby exemplified congruous
chiroptical responses, owing to metal crosslinking and distinct ribonucleoside
stereochemical modification. It is the first ROA detection of a metal-mediated base
pair in mercury-crosslinked ribonucleosides evidenced by the ESI-MS and NMR
measurements.

■ INTRODUCTION
Chiral systems respond differently to left- and right-circularly
polarized light1 and are typically studied by circular dichroism
(CD) and optical rotation (OR) spectroscopies2 as optical
enantiomers (stereoisomers) generate antipodal (sign-inver-
sion or mirror-imaged) spectra. To study diastereomers such as
ribonucleosides investigated in the present study, the Raman
optical activity (ROA) spectroscopy3−5 is more appropriate
because the vibrational assignment of Raman/ROA spectral
bands facilitates identification of chiral center(s) in the
molecule of interest. The ROA spectra we present here can
indeed sense the individual diastereomers of the fundamental
nucleic acid building blocks, upon crosslinking by mercury.

Nucleic acids and DNA polymers in general are well-suited
as templates for making nanostructures with tailored optical
properties.6−8 Nucleic acids crosslinked by metal ions serving
as coordination centers expand the nucleic acids’ application
range.9−11 Metal-crosslinked base pairs such as T−HgII−
T12−14 and C−AgI−C15 readily self-assemble, and other
chemically modified nucleobases enable a wide range of
metal−nucleic acid architectures.16−18 Self-assembly, program-
mable polymer sequence, and tunable metal binding make it
easy to transform these organometallic scaffolds to nanoscale
molecular switches,19,20 nanowires,21−23 magnets,24−26 recti-
fiers,27 memory elements,28 and sensing devices.9,29−32

The unique physicochemical properties of metalated nucleic
acids underpin their application potential. Specific coordina-
tion of metals such as CuII, HgII, AgI, and AuIII/I encountered
in crystals1 4 , 3 3−3 8 was confirmed in solution by
NMR,13,17,39−41 Raman,39,42,43 surface-enhanced Raman
(SERS)44,45 and infrared (IR)43 spectroscopy. Positive reaction
entropy due to the formation of a metal-mediated base pair46,47

via metal dehydration48,49 exemplified “a solvent-shielded
metallic chain inside organic polymer”33,50�a perfect analogue
of a macroscopic metallic wire assembly that includes metal
cations.

Canonical DNA has been eyed as a potential nanoelectronic
material for decades51 but the measured conductance proper-
ties varied widely, from insulating to superconducting.27,52−56

Metal doping is anticipated to enhance conductance57 and
structural stability58 of DNA, owing to unique (relativistic)
properties of heavy metals. Recent reports on extended
metallic arrays such as Ag−DNA chain33 and Ag−DNA one-
dimensional frameworks34 exemplify that.

Chiral response to metalation12,59,60 and effects due to
inserting chiral metallic centers61 make the organometallic
polymers suitable as optoelectronic devices62−65 and sensors.66

In the present study, we introduce a chiroptical switch with a
unique enantiospecific response, owing to mercury-crosslinked
nucleic acid building blocks.

■ MATERIALS AND METHODS

Preparation and Spectral Analyses of Crosslinked
Ribonucleosides
1-α-D-ribofuranosyluracil (αU) and 1-β-D-ribofuranosyluracil (βU)
nucleosides and mercury(II) acetate [HgII(OAc)2] (Figure S1) were

Received: April 22, 2026
Revised: July 21, 2026
Accepted: August 10, 2026
Published: August 31, 2026

Articlepubs.acs.org/ac

© 2026 American Chemical Society
26575

https://doi.org/10.1021/acs.analchem.6c02740
Anal. Chem. 2026, 98, 26575−26582

D
ow

nloaded from
 pubs.​acs.​org/​ancham

/​article-pdf/​98/​36/​26575/​67978296/​acs.​analchem
.​6c02740.​pdf by IN

ST O
R

G
AN

IC
 C

H
EM

ISTR
Y AN

D
 BIO

C
H

EM
 user on 23 O

ctober 2026

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vladimi%CC%81r+Sychrovsky%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Milos%CC%8C+Bude%CC%8Cs%CC%8Ci%CC%81nsky%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ivan+Rosenberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kve%CC%8Ctoslava+Kertisova%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ivana+Ko%CC%81s%CC%8Ciova%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jir%CC%8Ci%CC%81+Fukal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jir%CC%8Ci%CC%81+Fukal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yoshiyuki+Tanaka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Debraj+Gangopadhyay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Petr+Bour%CC%8C"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.6c02740&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02740?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02740?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02740?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02740?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6c02740/suppl_file/ac6c02740_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02740?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancham/98/36?ref=pdf
https://pubs.acs.org/toc/ancham/98/36?ref=pdf
https://pubs.acs.org/toc/ancham/98/36?ref=pdf
https://pubs.acs.org/toc/ancham/98/36?ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.analchem.6c02740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf


purchased from commercial suppliers. Note that chiro-specific
detection of the αU and βU diastereomers with ROA was due to
the C1′ center (Figure S1).

Raman and ROA spectra for 0.225 (αU), 0.247 (βU), and 1.059 M
HgII(OAc)2 stock solutions prepared in Milli-Q water were collected
with the Zebr ROA spectrometer covering 50 to 4500 cm−1; the laser
power was 150−200 mW, and ROA spectra were accumulated for
∼24 h. Crosslinked nucleosides were obtained by mixing appropriate
aliquots to achieve a 1:1 nucleoside-to-metal ratio. The response to an
increasing mercury concentration was investigated for βU (0.074 M)
at Hg:βU ratios of 1:5.6, 1:2.8, 1:1.9, and 1:1.4.

The 1H and 13C NMR spectra were recorded on a Bruker
AVANCE-600 spectrometer (1H at 600.13 MHz, 13C at 150.9 MHz)
in D2O or DMSO-d6 solution. The 2D-1H, 1H−COSY, 2D-1H, 13C-
HSQC and 2D-1H, 13C-HMBC spectra were used for the structural
assignment of proton and carbon signals. The 15N chemical shifts
were obtained from 2D-15N, 1H-HMBC spectra recorded on the same
instrument. 199Hg NMR spectrum of the βU−199HgII−βU complex
was recorded using 15N3-labeled βU (4.7 mg) in DMSO-d6 (0.5 mL)
on a JEOL ECZR-500 spectrometer at 89.42 MHz. Mercury-
crosslinked nucleosides were prepared by adding HgII(OAc)2 to
uridine solution in D2O or DMSO-d6 at the desired molar ratio,
typically with a slight excess of mercury acetate.

High-resolution ESI-MS spectra were measured using LTQ
Orbitrap XL (Thermo Fisher Scientific) for the βU−HgII−βU complex
in DMSO-d6 applied by direct injection in positive mode and 80%
MeOH mobile phase.

Density functional theory (DFT) calculations were performed
using the B3LYP functional67−70 with the CPCM model for water
solvent,71,72 “very tight” SCF criteria, and an ultrafine (199 974-point)
integration grid, as implemented in Gaussian 09 (revision E.01).73

Geometry optimizations and Raman/ROA spectra were computed
with the 6−311+G(2d,p) basis74 for light atoms, and the Stuttgart
RSC ECP basis75 for Hg. NMR chemical shifts were calculated using
the IGLO-III basis76 within the GIAO approach77−81 while
referencing to the metal-free nucleoside. Assignment of Raman
bands was aided by GaussView 6.016 and our software.

■ RESULTS

Primary Detection of the Metallic Crosslink
The mercury-crosslinked uridine pair was first measured by
E S I - M S . T h e c a l c u l a t e d m o n o i s o t o p i c m a s s o f
C18H22HgN4O12 [M + Na]+ (βU−202HgII−βU) was
711.08327 Da. This matched the measured mass of
711.08390 Da, with a scatter due to the naturally present
mercury isotopes (Figure 1). The 708.08148 Da peak
corresponds to the 199Hg isotope and relevant βU−199HgII−βU
complex was NMR-detected as described below.

We used 15N3-labeled βU to detect a mercury-crosslinked
uridine dimer by NMR, following the T−HgII−T base pair
identification by Dairaku et al.40 Splitting of the 199Hg
resonance (Figure 2A) confirmed the formation of βU−
HgII−βU complex, and the triplet at −1772 ppm with 1J(199Hg,
15N3) = 1026.8 Hz evidenced the (βU)N3−HgII−N3(βU)
linkage (Figure 2D).

Metal-induced 15N and 13C chemical shifts indicative of an
identical HgII coordination for αU (Figure 2B, C) and βU
(Figure 2D, E) in both DMSO and D2O are consistent with
other NMR studies of similar complexes.13,82 The downfield
N3 shift (∼30 ppm) and progressive attenuation of the
induced shifts through adjacent carbonyl carbons (∼3 ppm)
and ring carbons (<1 ppm) are in agreement with calculated
data (Figure S4). Ribose shifts below 1 ppm confirmed that the
nucleobase served as the metal-binding site. The visible
similarity of the metal-induced chemical shifts confirmed
analogous crosslinking for αU and βU isomers (Figure 2).

Raman Detection of the Crosslinked Ribonucleosides Is
Isomer-Insensitive
Raman-band assignment (Table 1, Figure 3) was guided by
DFT analysis and published data for metal-free uridine
crystals.83 Prominent spectral features between 1680 and
1625 cm−1 correspond to the C�O and C5�C6 stretching
vibrations. Upon metalation, these bands shifted from 1678/
1680 cm−1 (αU/βU) to 1639/1582 cm−1 (αU + Hg) and 1642/
1579 cm−1 (βU + Hg), reflecting symmetric and antisymmetric
C�O stretching of the U-ring carbonyls. Additional shifts of
the C5�C6/C�O bands from 1625/1630 to 1669/1675
cm−1 confirmed a perturbation of the π-system by metal
coordination.

Bands between 1473 and 998 cm−1 were assigned to the U-
ring stretching and N3−Hg-related wagging/scissoring modes.
Metalation induced noticeable shifts from −18 to +54 cm−1,
with new bands at 1290 and 1090 cm−1 due to coupled C6−
H6/N3−Hg vibrations. The prominent 1233 cm−1 band
exhibited a small upshift (+5 cm−1), while the ∼1000 cm−1

band (asymmetric U-ring stretching and C1′−C2′ stretching)
shifted by +54 cm−1, which is consistent with the N3−Hg
wagging.

Raman bands in the 867−420 cm−1 region reflected
deformations of the nucleobase and ribose, scissoring of the
exoring groups and N3−Hg stretching vibrations. The 783
cm−1 band, assigned to the symmetric U-ring breathing, shifted
by +12 cm−1 upon adding Hg. This corresponds to symmetric
vibrational coupling within the N3−HgII−N3 linkage, and

Figure 1. Electrospray-ionization mass spectrum (ESI-MS) of
C18H22HgN4O12 [M + Na]+. A spectrum of C18H22HgN4O12 [M +
H]+ is shown in Figure S3.
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agrees with the study by Mansy and Tobias.84 In uridine
crystals, this U-ring breathing band ranged from 779 to 789
cm−1.83 New spectral features around 700 cm−1 indicated N3−
Hg stretching coupled with U-ring twisting. The broad 867
cm−1 band (DFT calculation indicated two bands, Table S1)
appears to have split upon metalation, yielding a new, stronger
band at 893 cm−1.

Bands between 568 and 420 cm−1 were assigned to in-plane
U-ring deformations, exogroup scissoring, and N3−Hg
stretching. The ∼560 cm−1 band due to U-ring stretching in
the C2−C5 direction remained largely unchanged. A +50 cm−1

upshift of the ∼555 cm−1 band indicated asymmetric N3−
HgII−N3 stretching. The 542/532 cm−1 band (of αU/βU) due
to the U-ring stretching in the N1−C4 direction shifted up to a
tiny bit, and included the N3−Hg stretching/wagging. The
∼420 cm−1 band (carbonyl scissoring) shifted up by ca. +30
cm−1 due to the symmetric N3−Hg stretching.

Overall, the data document the metal-crosslink formation
consistently with the NMR data. The Raman spectra alone,
however, could not distinguish between αU and βU crosslinked
forms, thus prompting further investigation by a more
appropriate ROA spectroscopy.
Isomer-Specific Detection of Metal Crosslinked
Nucleosides by ROA

Most of chiroptical ROA bands (Figure 3) have not changed
upon Hg crosslinking, and only several exhibited shifts
consistent with the corresponding Raman bands. For example,
the 1400, 1230, and 870 cm−1 bands (stretching of the N1-
glycosidic bond and adjacent atomistic motions) were strongly
isomer-dependent, and thus enable isomer identification/
detection. Only three ROA bands exhibited a distinct sign
inversion (“switch”) upon metalation, thus providing an
unambiguous diagnostic signature of the crosslink formation.

The ROA patterns of metal-free αU and βU nucleosides
mostly feature opposite signs between 520 and 600 cm−1

(Figure 4A). In αU, upon addition of mercury, the 542 and 558
cm−1 bands switched sign from “+ −” to “− +” (Figure 4B),
and the opposite was the case in βU (Figure 4C). The
corresponding vibrations involve prominent in-plane deforma-
tions of U-ring in the N1−C4 or C2−C5 direction plus N3−
Hg stretching (Table 1). A stepwise ROA sign inversion

Figure 2. 199Hg NMR spectrum demonstrating the indirect spin−spin coupling 1J(199Hg, 15N3) 1026.8 Hz for βU in DMSO-d6 upon adding
mercury (A), and metal-induced 13C/15N NMR shifts (colored red/blue) in αU in DMSO-d6 (B) and D2O (C), and βU in DMSO-d6 (D) and D2O
(E).

Table 1. Assignments of Raman Bands (cm−1) for αU, βU
and Hg-Crosslinked Nucleosidesa

αU βU
αU

+Hg
βU

+Hg Assignment

1678b 1680b 1639 1642 ν(C�O) (s), ν(C5�C6)
1678b 1680b 1582 1579 m: ν(C�O) (as), ν(C5�C6), d: ν(C�

O) (as)
1625 1630 1669 1675 m: ν(C5�C6), ν(C�O), d: ν(C5�

C6), ν(C2�O)
1476 1473 1458 1455 ν(U-Ring) (as), wg(H1′)
1404 1398 1393 1388 ν(N3−C2/C4) (s), ν(C5−C4/C6) (s),

ν(C2−N1/N3 (as), ν(N3−Hg)
n.d. n.d. 1292 1290 ν(N1−C2/C6) (as), ν(N3−C2/C4)

(as), wg(C6−H6), wg(N3−Hg)
1233 1233 1241 1238 ν(N1−C2/C6) (as), ν(N3−C2/C4 (as),

wg(C5−H5), wg(N3−Hg)
1123 1134 1120 1125 ν(N1−C2) (s), ν(N3−C4) (s), sc(C5/

C6−H), ν(N1−C1′), ν(N3−Hg)
n.d. n.d. 1092 1089 ν(N1−C2, N3−C4) (s), sc(C5/C6−H),

ν(C2′-O), ν(N3−Hg)
1001 998 1055 1052 ν(N1−C2, C4−C5) (as), ν(C1′-C2′),

wg(N3−Hg)
864 867 867,

896
867,

896
U-Ring breathing, R-ring out-of-plane,

ν(C1′-N1), ν(N3−Hg)
783 783 795 795 Centre-symmetric in-plane U-ring

breathing, ν(N3−Hg) (s)
720 720 729 735 R-ring deform, ν(C1′−N1), ν(N1−C2)
n.d. n.d. 701 698 U-ring in-plane twisting, ν(N3−Hg)
561 564 561 568 U-ring in-plane stretching along C2−C5

direction, ν(N3−Hg) (s), R-ring
breathing

558 555 605 605 U-ring in-plane stretching along C2−C5
direction, ν(N3−Hg) (as)

542 532 547 539 U-ring in-plane stretching along N1−C4
direction, ν(C4�O, C5−H) (sc), R-
ring deformation along C2′−C4′, ν +
wg(N3−Hg)

427 420 459 459 ν(C�O) (sc), ν(N3−Hg) (s)
aA full dataset may be found in Table S1. bBroad band including two
bands indicated by DFT calculations (Table S1). αU, 1-α-D-
ribofuranosyluracil. βU, 1-β-D-ribofuranosyluracil. m, metal-free
nucleoside. d, metal-crosslinked nucleosides. R, ribose. ν, stretching
vibration. s, symmetric vibration. as, antisymmetric vibration. sc,
scissoring vibration. wg, wagging vibration. n.d., not detected.
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induced upon gradual addition of mercury (Figure 4D, Table
S2) confirmed the chiroptical response to metal crosslinking.

An additional ROA signal inversion was encountered for the
symmetric U-ring breathing mode, which shifted from 783 to
795 cm−1 upon Hg-crosslinking. Again, αU exhibited a “−”

ROA pattern at 783 cm−1, while βU showed antipodal “+”
pattern (Figure 5A). Upon adding Hg, the ROA signal of αU
switched to a “+” pattern at 795 cm−1 (Figure 5B), and
conversely, the ROA signal of βU switched to a “−” pattern
(Figure 5C). Sign inversion of the ROA band in βU progressed

Figure 3. ROA (IR−IL) and Raman (IR+IL) spectra of metal-free and Hg-crosslinked αU and βU nucleosides. Raman spectra are normalized relative
to the U-ring breathing band (783 respective 795 cm−1). Raman spectra (as measured) and ROA spectra scaled by measured Raman intensities are
shown in Figure S5.

Figure 4. ROA (IR−IL) and Raman (IR+IL) bands in the spectral-switch region. (A, F) Metal-free. (B, G) Hg-crosslinked αU. (C, H) Hg-
crosslinked βU. (D, I) βU upon gradual mercury adding. (E, J) DFT-calculated bands for βU nucleoside and βU−HgII−OAc and βU−HgII− βU
complexes. Raman spectra are normalized relative to the U-ring breathing band (783 respective 795 cm−1).
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stepwise with increasing Hg concentration (Figure 5D, Table
S2).

Chiroptical response of the three ROA diagnostic bands to
N-glycosidic bond inversion was more pronounced than their
response to metalation. Nevertheless, the effect due to distinct
chiral inversion at the C1′ center was “reversed” upon binding
of virtually achiral metal center, indicating thus unique
capability of the heavy metal.

■ DISCUSSION

Summary of Spectral Findings

The spectroscopic analyses establish that formation of the
(U)N3−HgII−N3(U) crosslink leads to a distinct, isomer-
dependent inversion (“switch”) of the vibrational ROA bands
associated with the prominent in-plane deformations of the
uracil ring. In contrast, the conventional Raman bands are
isomer-insensitive. An excess of mercury could affect Raman
(Figures S6 and S7, Table S3) but not ROA spectra (Figure
S8). The ROA switch, manifested as a concerted sign reversal
of the three fingerprint bands, thus constitutes a reliable,
isomer-specific spectroscopic hallmark of a metal-crosslinked
nucleosides.
Theoretical Analysis of ROA Switch

The DFT-optimized geometries (Figure S2) revealed a
substantial twisting of the Hg-linked βU nucleobases (∼90°),
exceeding the ∼30° twist observed in the T−HgII−T crystal
structure (PDB ID 4L24).14 Such an orthogonal twist of the U
rings generates a nearly perpendicular orientation of the
transition electric dipoles contributing to the polarizabilities
involved in the in-plane vibrations (ROA switch). Indeed,
calculation of the ROA spectra using the electric−dipole−
electric−dipole polarizability term only85 indicated this
component as dominant (Figure S9).

The observed ROA-signal switching may thus arise from a
coupling of group polarizabilities within the Hg-crosslinked

moieties. Nevertheless, the DFT simulations for βU, βU−HgII−
OAc (heterocomplex), and βU−HgII−βU (homodimer)
(Figure 4E) demonstrated that the ROA switching pattern
originates directly from Hg coordination at the nucleobase
where it perturbs the local electronic environment and, hence,
the optical response of the in-plane U ring vibrations, leading
to the ROA sign flip (Figure 4E).

The DFT calculations elucidated the effect in detail. Upon
metalation, the 548 cm−1 band exhibited a + 50 cm−1 upshift to
outside the ROA switching region (Figure 4J), and the sign
inversion of the 532 and 563 cm−1 bands (Figure 4E) matched
the experimental data (Figure 4C). The ROA pattern
computed for the βU−HgII−OAc heterocomplex (Figure 4E)
indicates that the ROA-switching pattern is driven purely by
coordination of mercury to the nucleobase.

■ CONCLUSIONS
Raman optical activity spectroscopy of the uridine diaster-
eomers revealed a distinct isomer-specific chiroptical response
due to mercury crosslinking. The metallic linkage, confirmed
independently by the ESI-MS and NMR measurements,
brought about an inversion (sign flip or “switch”) of the
prominent ROA signature bands due to the uracil ring
deformations. This constitutes an isomer-specific chiroptical
marker of metal-mediated base pair formation.

Virtually the same ROA signature, as exemplified upon metal
uptake, was observed due to the N1-glycosidic bond inversion
in the metal-free nucleoside. The ROA spectroscopy thereby
exemplified chiroptical responses of uridine due to the metal
linkage and stereochemical configuration change of prominent
center, such as the anomeric C1′ carbon in the ribonucleoside.

This newly identified chiroptical signature extends the
analytical scope of ROA spectroscopy to metalloorganic
scaffolds and paves the way for advanced chiroptical sensing.

Figure 5. ROA (IR−IL) and Raman (IR+IL) bands for ring breathing in the spectral-switch region. (A, E) metal-free nucleosides. (B, F) Hg-
crosslinked αU. (C, G) Hg-crosslinked βU. (D, H) βU upon gradual mercury adding. Raman spectra normalized relative to U-ring breathing.
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Milos ̌ Budeší̌nský − Institute of Organic Chemistry and
Biochemistry, Czech Academy of Sciences, Praha 16000,
Czech Republic; Email: milos.budesinsky@uochb.cas.cz

Ivan Rosenberg − Institute of Organic Chemistry and
Biochemistry, Czech Academy of Sciences, Praha 16000,
Czech Republic; orcid.org/0000-0003-0921-9597;
Email: ivan.rosenberg@uochb.cas.cz

Authors
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(49) Šebera, J.; Burda, J.; Straka, M.; Ono, A.; Kojima, C.; Tanaka,
Y.; Sychrovsky,́ V. Formation of a Thymine-HgII-Thymine Metal-
Mediated DNA Base Pair: Proposal and Theoretical Calculation of
the Reaction Pathway. Chem.�Eur. J. 2013, 19 (30), 9884−9894.

(50) Javornik, U.; Pérez-Romero, A.; López-Chamorro, C.; Smith, R.
M.; Dobado, J. A.; Palacios, O.; Bera, M. K.; Nyman, M.; Plavec, J.;
Galindo, M. A. Unveiling the solution structure of a DNA duplex with
continuous silver-modified Watson-Crick base pairs. Nat. Commun.
2024, 15 (1), 7763.

(51) Genereux, J. C.; Barton, J. K. Mechanisms for DNA Charge
Transport. Chem. Rev. 2010, 110 (3), 1642−1662.

(52) Braun, E.; Eichen, Y.; Sivan, U.; Ben-Yoseph, G. DNA-
templated assembly and electrode attachment of a conducting silver
wire. Nature 1998, 391 (6669), 775−778.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.6c02740
Anal. Chem. 2026, 98, 26575−26582

26581

D
ow

nloaded from
 pubs.​acs.​org/​ancham

/​article-pdf/​98/​36/​26575/​67978296/​acs.​analchem
.​6c02740.​pdf by IN

ST O
R

G
AN

IC
 C

H
EM

ISTR
Y AN

D
 BIO

C
H

EM
 user on 23 O

ctober 2026

https://doi.org/10.1038/nchem.290
https://doi.org/10.1038/nchem.512
https://doi.org/10.1038/nchem.512
https://doi.org/10.1246/cl.160985
https://doi.org/10.1246/cl.160985
https://doi.org/10.1038/s41467-019-12440-x
https://doi.org/10.1038/s41467-019-12440-x
https://doi.org/10.1038/ncomms9870
https://doi.org/10.1246/cl.2011.318
https://doi.org/10.1246/cl.2011.318
https://doi.org/10.1002/anie.201102980
https://doi.org/10.1002/anie.201102980
https://doi.org/10.1002/anie.201102980
https://doi.org/10.1002/anie.201910029
https://doi.org/10.1002/anie.201910029
https://doi.org/10.1126/science.1080587
https://doi.org/10.1126/science.1080587
https://doi.org/10.1002/anie.200806056
https://doi.org/10.1002/anie.200806056
https://doi.org/10.1002/anie.200906359
https://doi.org/10.1002/anie.200906359
https://doi.org/10.1002/anie.201809559
https://doi.org/10.1002/anie.201809559
https://doi.org/10.1002/anie.201809559
https://doi.org/10.1002/smll.202411518
https://doi.org/10.1002/anie.200454172
https://doi.org/10.1002/anie.200454172
https://doi.org/10.1039/c0cc00895h
https://doi.org/10.1021/acs.analchem.3c05571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c05571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c05571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D4RA07922A
https://doi.org/10.1039/D4RA07922A
https://doi.org/10.1039/D4RA07922A
https://doi.org/10.1038/nchem.2808
https://doi.org/10.1038/nchem.2808
https://doi.org/10.1002/anie.202204798
https://doi.org/10.1002/anie.202204798
https://doi.org/10.1021/bi00716a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00716a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00716a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja011822e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja011822e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkg350
https://doi.org/10.1093/nar/gkg350
https://doi.org/10.1002/cbic.202500565
https://doi.org/10.1002/cbic.202500565
https://doi.org/10.1002/cbic.202500565
https://doi.org/10.1093/nar/gks208
https://doi.org/10.1093/nar/gks208
https://doi.org/10.1039/C5CC02423D
https://doi.org/10.1039/C5CC02423D
https://doi.org/10.1002/chem.201603048
https://doi.org/10.1002/chem.201603048
https://doi.org/10.1002/chem.201603048
https://doi.org/10.1016/S0006-3061(00)80098-8
https://doi.org/10.1016/S0006-3061(00)80098-8
https://doi.org/10.1016/S0006-3061(00)80098-8
https://doi.org/10.1016/S0006-3061(00)80098-8
https://doi.org/10.1016/S0022-2860(01)00588-9
https://doi.org/10.1016/S0022-2860(01)00588-9
https://doi.org/10.1016/S0022-2860(01)00588-9
https://doi.org/10.1021/jp025817o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp025817o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b01426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b01426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201001171
https://doi.org/10.1002/chem.201001171
https://doi.org/10.1016/j.tca.2011.03.018
https://doi.org/10.1016/j.tca.2011.03.018
https://doi.org/10.1016/j.tca.2011.03.018
https://doi.org/10.1093/nar/gkt1344
https://doi.org/10.1093/nar/gkt1344
https://doi.org/10.1093/nar/gkt1344
https://doi.org/10.1002/chem.201300460
https://doi.org/10.1002/chem.201300460
https://doi.org/10.1002/chem.201300460
https://doi.org/10.1038/s41467-024-51876-8
https://doi.org/10.1038/s41467-024-51876-8
https://doi.org/10.1021/cr900228f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900228f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/35826
https://doi.org/10.1038/35826
https://doi.org/10.1038/35826
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.6c02740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(53) Porath, D.; Bezryadin, A.; de Vries, S.; Dekker, C. Direct
measurement of electrical transport through DNA molecules. Nature
2000, 403 (6770), 635−638.

(54) Kasumov, A. Y.; Kociak, M.; Guéron, S.; Reulet, B.; Volkov, V.
T.; Klinov, D. V.; Bouchiat, H. Proximity-induced superconductivity
in DNA. Science 2001, 291 (5502), 280−282.
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