Heterometallic Base Pair Programming in Designer 3D DNA Crystals
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Abstract

Metal-mediated DNA (mmDNA) is a pathway towards engineering bioinorganic and electronic
behavior into DNA devices. Many chemical and biophysical forces drive the programmable
chelation of metals between pyrimidine base pairs. Here we develop a crystallographic method
using the 3D DNA tensegrity triangle motif to capture single- and multi-metal binding modes
across granular steps at environmental pH using anomalous scattering. Leveraging this
programmable crystal, we determine 28 biomolecular structures to capture mmDNA reactions. We
find that silver(I) binds with increasing occupancy in T-T and U-U pairs at elevated pH levels and
exploit this to capture silver(I) and mercury(Il) within the same base pair and isolate the titration
points for homo- and heterometal base pair modes. We additionally determined the structure of a
C-C pair with both silver(I) and mercury(Il). Finally, we extend our paradigm to capture
cadmium(Il) in T-T pairs together with mercury(Il) at high pH. The precision self-assembly of
heterometallic DNA chemistry at the sub-nanometer scale will enable atomistic design frameworks

for more elaborate mmDNA-based nanodevices and nanotechnologies.
Main Text

The predictability of Watson-Crick base pairing has allowed for the construction of a variety of

DNA nanostructures.!”” The discovery and design of alternate base pairs, such as the 8-letter
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“Hachimoji” DNA have increased the size and complexity of DNA motif design.® In this manner,
the incorporation of metals into pyrimidine pairs through the two classical examples of
dT:Hg?":dT'% and dC:Ag":dC!"! allows for a targeted expansion of the DNA programming language
toward the introduction of bioinorganic behavior into DNA motifs that would lead to enhanced
electron conduction.!? These two transition metal ions can selectively fill the gap between two
pyrimidine nucleobases at the center N3 position of both nucleobases with a high ion specificity
and orthogonality (Figure 1).!%!7 While there have been many instances of metal-mediated DNA
(mmDNA) base pair motifs solved through x-ray crystallography!'+1%181° and NMR
spectroscopy,''!7 more datapoints are required to understand the behavior of these complexes in
order to advance the use of metal base pairs for structured DNA nanodevices, and to our
knowledge, no crystallographic examples yet exist showing both ions in the base pair
complex.!?2%2! There have been a number of exceptions to the “silver binds cytosine and mercury
binds thymine” paradigm, such as a non-B-form dT:Ag":dT base pair,'> 4-thiothymine binding
two silver(I) ions at both the N3 and O4 positions,!® and more.!>?>?5 This suggests that under
certain conditions, uracil family bases (dT, dU, and modified dU) have the ability to bind both
silver(I) and mercury(Il). In this regard, our current understanding of these metal-DNA
interactions remains incomplete. To this end, we have undertaken a systematic structural

characterization of mmDNA dynamics using designer 3D crystals.
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Figure 1. mmDNA binding center used in this study. a) The tensegrity triangle is a DNA motif
with threefold symmetry that polymerizes into macroscopic crystals through sticky-end
cohesion.?® b) The center of each triangle edge contains either a dT-dT, dC-dC or dU-dU pair,
which can selectively bind Ag* (black spheres) and/or Hg?" ions (red spheres). PDB ID: 7SM3;
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dT:Hg?*/Ag*:dT at pH 9.0 shown here, which is generalized as a pyrimidine (Y) reaction center—
Y:M/M:Y. ¢) Two metal binding sites are described, the N3, centrosymmetric site (pink circle)
and the 4-position major groove site (green circle). Here, R! = CHs, H; R?> = O, NHa. d) The site-
labeled nucleobases used in this study: dT, dC, and dU. e) Prior work® determined that methylation
of bases at the 5-position causes metals to bind exclusively to the O4 position. High pH allowed

for binding metals other than silver and mercury with dT:Au*:dT at pH 11.0 (PDB ID: 7ULS).

We make use of the tensegrity triangle motif, which reliably self-assembles into 3D DNA crystals
with designed unit cell parameters and space group based on the semantomorphic programming
of DNA oligomers (Figure 1a, Figure S1, Table S1).!2%26-31 Each triangle center contains one
mmDNA base pair (Figure 1b) with two possible metal binding sites (Figure 1¢), allowing us to
test thymine, uracil, and cytosine (Figure 1d). Previously, we found that 5-methylcytosine pairs
(PDB ID: 7SDJ) bind silver(I) exclusively at the major groove N4 position, while cytosine pairs
exhibit multiple binding sites within a single base pair (Figure 1e).” The impact of the electron-
donating methyl group at the 5 position suggests that the electronic structure of the nucleobase
impacts the coordination of metal ions.**** Similar modifications to the 5 position have also
generated atypical binding schemes.?? Based on these findings, we hypothesized that solvent pH

33 would have a major effect on

values, which also impact the electronic structure of nucleobases,
metal coordination to the DNA bases. In this study, we tested these claims by screening dT-dT,
dC-dC and dU-dU motifs with silver(I), mercury(Il), and other transition metals across a wide
range of pH values. The crystal structures we solved here display observable differences in metal
identity and occupancy with pH fluctuations and showcased the significant impact of pH on

programmable mmDNA structures.

Results and Discussion

pH Titration in dT:Ag":dT and dU:Ag":dU

Our prior work determined that dT and dU are capable of binding two silver(I) ions, one at the N3
and one at the O4 site at very high occupancy at neutral pH (Figure 1e).° We tested these findings
using crystallization buffer containing Tris (tris(hydroxymethyl)aminomethane) rather than MOPS
(3-(N-morpholino)propanesulfonic acid) and found that (1) Tris buffer results in silver(I) binding
exclusively at the O4 position and (2) the pH of the crystallization conditions determined the



occupancy of the silver(I) ion, both properties not found in MOPS. As such, we believed Tris to
enable additional specificity of mmDNA base pairing and used Tris in the present study.
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Figure 2: Crystallographic pH titrations for single metal (dT:Ag":dT and dU:Ag":dU) mmDNA
base pairs in Tris buffer. a) Occupancies of Ag® in dT-dT and dU-dU crystal structures from pH
8.5 to pH 11.0. All ions are found at the O4 position in the major groove, Reaction mechanism
drawn for this transition (inset), which begins with the deprotonation of the nitrogen at the N3
position, with a pKa of ~9.0. R1 = H, CH3, for dU and dT, respectively. b-¢) Crystal structures of
these mmDNA base pairs across pH values, with transparency of Ag* (black sphere) corresponding

to normalized occupancy of the ion. pH values and PDB IDs are noted. d-e) Structures of

dT:Hg?*:dT at pH 8.0 and 11.0, respectively.

Motifs containing dT:Ag":dT (Figure S2) and dU:Ag":dU (Figure S3) were crystallized in buffers
of pH 5.0, 5.5, 6.0, 6.5, 7.0, 8.5, 9.0, 9.5, 10.0, 10.5, and 11.0 (Figure 2a, Table S2). Only the
crystals at pH 8.5 and above were large enough for diffraction analysis (>20 [m in length). Crystals
were analyzed at beamline APS 171D (Argonne National Laboratory) at 12307 eV and diffracted
to 3.7-4.8 A (PDB ID: 7LSB-7SLG, 7SLJ-7SLO). Silver was used as a phasing agent and the
positions of the silver ions were obtained with anomalous dispersion data. In every crystal
structure, the silver(I) ion was located exclusively at the O4 position in the major groove in
thymine (Figure 2b) and uracil (Figure 2¢). The lack of an N3-bound silver in any of the crystal
structures indicates a departure from prior examples of thymine-bound silver(I), which exhibited
N3 binding.!”’ The occupancies were plotted at each pH point and a titration curve was obtained
(Figure 2a). These data confirmed the pH dependence of silver(I) binding in both thymine and

uracil pairs, which was hinted in previous studies*? and showcased the ability for tunable atomistic
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control of silver(I) coordination in DNA. In each titration curve, silver(I) occupancy increased
with pH and exhibited an inflection point at pH ~9.5, which is close to the N3 pKa values of
thymine (9.86) and uracil (9.36).% As such, we suspect that the pH dependence of silver(I)
coordination could be related to the deprotonation at the N3 position, which was previously
suggested to be responsible for the binding of mercury(IT) to the N3 position.*® A prior study of
the binding of zinc(Il) to 5-hydroxyuracil showed similarly that basic pH conditions allowed for
the deprotonation of the 5-hydroxyl group and thus enabled zinc(IT) capture.’” Additionally, the
04 position in deprotonated thymine and uracil was found in prior studies to be a significant
hydrogen bond acceptor,*® which may play a role in silver(I) binding to the O4 position. As such,
discovery of the pH-dependent O4 position shows that solvent pH not only affects the positions
that can be protonated or deprotonated but also targets additional positions via resonance by
favoring the amide or imine resonance structures of thymine and uracil. A full titration curve was
not produced for mercury(Il) structures, but we observe that at pH 8.0, there is one mercury(II) ion
at the N3 position (Figure 2d), but there are two mercury(Il) ions at the O2 and O4 positions at
pH 11.0 (Figure 2e), showing possible pH dependence.



Heterobimetallic Chelation of Ag* and Hg?" in a Single Base Pair

Two-metal titrations

U:U pH titration with Hg®* and Ag”

Ag* occupancy Hg®* occupancy

T:T pH titration with Hg* and Ag*

o 2 o .
s O @

2
[

+ 2:

g occupancy Hg~" occupancy
e 2 9 g
@ B

A
g
3

e) f)
pH dUAg /Hg?*:dU pH dT:Ag'/Hg?:dT R, H o oos o
[+ = pK=10.0
85 , "3 7SM6 85 ), S\ TSMO RizhCHs 7 N "= ¢\
[’Ef b Q f“/c! ¢ (f'\(\r N—< N
/ s /o /%
[} @ dR dR
9 ?, o ® 7SM7 g ) (" - \fj 7SM1 e v \LAg‘,Hg?‘ N A9 Ho
‘)ﬁ \’ I)I\ \Y ng+ ) /Ag* _ /Ag*
(¢] Q J HO pKui= 8.5 Ri O PKyz=10.75 7 °
9.5 ¥, 7SM8 | g5 Lp . Y TSM2 PKri=9.25 pKrz= 10.75
/,Q' 'R SR /1=t = {Iy—re = {Vh—ng
‘ R o 7 M= | QR ¢ VX
10 ® . 7SM9 | gp L, o 3/ TSM3 dR ° dR/ o dR O
. fe R AR | | |
7 R ' s One metal Two metal One metal
QO
) | Hg?'/Ag" |

h)
(0 w'
o, : O\ ! 7sm 7SMO 1- @ (—-‘pnw TSMZ T pH 9.5
<—\ 7SMB 11 { C 7 5 Xy Hg2+
[ Dot e <
s Fi

24’ .
® Hg '\/

\
i ‘

b +\ /
7#\ .. lelU

Vf P I

’N?: ‘ |-C§

Figure 3: Crystallographic pH titrations for double metal (dT:Ag*/Hg?":dT and dU:Ag*/Hg?>":dU)

mmDNA base pairs in Tris buffer. a-d) Tandem chelation of is shown with dU:dU and dT:dT in

the presence of both Ag* and Hg?*. Occupancies are plotted for Hg?" (positive y values) and Ag*

(negative y values). The shape of the occupancy curve matches the anomalous scattering f'’ plot

for each structure. Theoretical f’ values for Hg?" and Ag® at 12307 eV (10.17 and 2.06,

respectively)’? are displayed as horizontal lines. The reaction phases (I-V) are labeled. e-f) Crystal

structures, PDB IDs and pH values are shown, with the transparency of each sphere (red and black

for Hg?" and Ag", respectively) normalized for occupancy. g) A reaction scheme is derived from

the crystallographic data which describes the structural changes across five phases (I-V), with 11

and IV being possible intermediates. h) Representative structures at pH 8.5, 9.5, and 11.0 are

shown with pH 9.5 (boxed) containing both Hg?* and Ag".



It is widely accepted that the N3 position of uracil and thymine binds to mercury(II) ions.*!0:18.33.40

This, combined with the tunability of silver(I) at the O4 position shown above, suggests the
existence of an mmDNA base pair containing both silver (I) and mercury(Il). We crystallized
tensegrity triangles containing T-T (Figure S4) and U-U pairs (Figure S5) in a solution with both
silver(I) and mercury(Il) ions at pH levels of 8.5, 9.0, 9.5, 10.0, 10.5, and 11.0 (Figure 3).
Structures were solved using anomalous dispersion at the measured mercury Linedge (12307 eV)
with resolutions of 3.3-4.8 A. The heavy atoms were identified based on refined f’ anomalous
scattering factor values of each anomalous group and compared to the theoretical values at 12300
eV which are easily discernible at 2.06 for silver and 10.17 for mercury (Table S3-4).*! Electron
density maps at this resolution are capable of distinguishing two distinct heavy atom sites (Figure
S8) and "’ anomalous scattering refinement clearly differentiates these sites from any spurious
waters and magnesium ions due to 137-fold higher anomalous signal.*! We found that the N3
position binds to mercury(Il) at pH 8.5-10.5 with little occupancy change, indicating the relative
insensitivity of that site over that pH range (f’ values and occupancies shown in Figure 3a-d;

structures shown in Figure 3e-f).

However, at pH 11.0 for both thymine and uracil, we observed that the N3 position binds to
silver(I) rather than mercury(Il) based on f’ values of that site. This could be related to the
observation that the N3 position on thymine does not readily bind mercury(Il) at pH 11.0 (Figure
2e). The "’ value (3.29) of thymine’s N3 silver(I) was slightly higher than expected (2.06),
indicating the possibility of mercury(Il) bound to a few units in the same crystal (Table S3),
compared to uracil’s N3 f'" which was close to the expected value of 2.06 (Table S4). Because we
previously found that uracil binds more silver(I) ions at the same pH value, we suspect that the
threshold for silver(I) binding in uracil to be at a slightly lower pH than in thymine at the N3
position as well. In sum, the data showed that we have modified the behavior of thymine and uracil
to bind silver(I) at both sites, similar to 4-thiothymine from a previous work.'¢ These results were
unexpected as dT:Ag":dT and dU:Ag":dU (without mercury(Il)) at pH 11.0 contain silver(l)
exclusively at the O4 position. Given that the difference between these crystals was the addition
of mercury(Il), we believe that mercury(Il) plays a role in increasing the silver binding propensity

at the N3 position through the complete N3 deprotonation,*? and/or altering the electronic



properties of the N3 position by weakly binding at the O2 site (Figure 2e, Figure S9). In
dC:Ag":dC, it has been hypothesized that silver(I) acts in the place of a proton to bind to the imine
N3 position of cytosine.* Similarly, mercury(Il) may stabilize the imine resonance structure of a
deprotonated thymine and uracil by binding at the O2 site to enable the coordination of silver(]).
As such, we propose a potential reaction scheme (Figure 3g) in which different pH conditions
favor either the imine or amide structures which enable different metals to bind which captures the

three representative structures (Figure 3h) in this pH range.

Heavy atom identity also varied based on the pH at the O4 position in the major groove in both
thymine and uracil. With thymine, the O4 position changes from mercury(II) at pH 8.5 and 9.0 to
silver(I) at pH 9.5 and above. In uracil, the same change occurs with mercury (II) at pH 8.5 and
silver(I) at pH 9.0 and above. Additionally, we suspect a contribution from mercury(Il) to the O4
position of thymine at pH 9.5 as the "’ values were much higher than expected. This phenomenon
was not observed in uracil, showcasing the electronic effect of the methyl group at the 5-position
in thymine. These findings indicate that local pH conditions enable the specific chelation of two
different metal ions in the thymine and uracil base pairs. As such, we show fine control over three
distinct modes of thymine and uracil coordination with silver(I) and mercury(Il): [Hg>"/Hg>'],

[Hg?*/Ag'], and [Ag*/Ag™].



Tandem Chelation in Cytosine Base Pairs
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Figure 4: Crystallographic pH titrations for double metal dC:Ag"/Hg?>":dC mmDNA base pairs.
a-b) dC:dC in the presence of Ag* and Hg?" with occupancies and " values plotted. The reaction
phases (I-III) are labeled. ¢) Crystal structures, PDB IDs and pH values are shown, with the
transparency of each sphere (red and black for Hg?" and Ag", respectively) normalized for
occupancy. d) Reaction scheme derived from the crystallographic data which describes the
structural changes at pH 5.0 and 9.0 with representative structures shown. e) In contrast to the
structures in Tris buffer (c-d), dC:dC chelates both metals in tandem in MOPS buffer at pH 7.0
(PDB ID: 8DX1).

We tested the pH-dependence of dC:Ag*/Hg?":dC in MOPS and Tris and found no change from
pH 6.0-8.0 in MOPS and clear evidence of pH-dependence in Tris (Figure 4). In Tris, we were
able to exchange the metal bound at the N4 site with varying pH (occupancy and " values in

Figure 4a-b, Table S5, structures in Figure 4c, and proposed reaction scheme in Figure 4d).



From pH 5.0-6.0, silver(I) binds with high occupancy; at pH 6.5 and above, mercury(Il) binds with
increasing occupancy. The pair dC:dC crystallized with mercury(Il) does not contain any metals
at pH 5.5 and 6.0 and does not crystallize in higher pH (Figure S6), which could indicate
mercury(Il) and silver(l) interacting in these structures to stabilize the observed mercury(Il). In
MOPS buffer, we found cytosine bases to be amenable to tandem chelation of silver(I) and
mercury(Il) (Figure 4e). Silver(I) binds at the N3 position (occ: 1.00, f'=2.73) and mercury(II)
binds at the N4 position (occ: 0.58, f'=10.37) (Figure S10). This is the first example of two
cytosine bases binding mercury(Il) at any site and opens the door to the diversification of mmDNA

binding modes across pH and buffer conditions more widely.
Alkaline pH-assisted Incorporation of Non-standard Metals

Since silver(I) can be found only at the O4 position at pH 11.0 without the presence of mercury(Il)
in solution (Figure 5a), while the addition of mercury(Il) to the motif yielded the appearance of a
second silver(I) at the N3 position (Figure 5b), we conclude that in crystals grown with both
metals at high pH, mercury(Il) can work as a “cofactor” to drive additional metal coordination in
mmDNA. To explore the dual effects of alkaline pH and the presence of mercury(Il), we tested
additional combinations of metals with mercury(II) as a cofactor at pH 11.0 in dT:dT. We screened
transition metals at pH 11.0 using the same conditions as dT:Ag*/Hg?":dT above. Gold(I) in the
presence of mercury(Il) (Figure Sc) yielded an identical structure to gold(I) alone in a previous
study,’ indicating that mercury(I) does not participate in gold(I) incorporation (Figure 5d). We
further found that dT:Hg?"/Hg?":dT contains mercury(II) at both the O2 and O4 positions, not N3
(Figure 5e). Finally, we succeeded at incorporating cadmium(II) using mercury(Il) as a cofactor
at pH 11.0 (Figure 5f, Figure S7). dT:Hg?"/Cd**:dT at pH 11.0 behaves in a similar manner as
dT:Ag"/Hg?":dT at pH 9.0-10.0, with mercury(II) in the N3 position (occ: 0.43, f'= 10.35) and
cadmium(II) in the major groove O4 position (occ: 0.81, '=2.35). Like silver(I), cadmium(II) has
a vastly different £’ value (2.25) at 12307 eV compared to mercury(I),** which allows us to

unequivocally confirm the presence of cadmium in this structure.
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Alkaline pH Effects on Metal and Hetero-Metal Pairs
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Figure 5: Alkaline pH and hetero-metal effects on metal-mediated DNA base pairing in Tris
buffer. a-f) mmDNA base pairs with single metals compared to results with additional metals. Of
note, Hg>* with Ag” results in two bound Ag™ ions (7SM5); and Hg?* with Cd** result in a novel
cadmium(Il) base pair (7UJZ); while Au® is unaffected by HgCl. (7UKO0). g) View of
dT:Hg?*/Cd*":dT at pH 11.0. h) Composite overlay of various pH 11.0 structures indicates

considerable isomorphism between T-T base pair motifs.

Cadmium(IT) is thought to have similar coordination behavior as mercury(Il),* but we do not
observe this characteristic in our DNA complex. Instead, cadmium(II) behaves in a similar manner
as silver(I) and gold(I) in our system. As such, we hypothesize that it may be possible to replace
the N3 mercury(Il) with cadmium(Il) at pH values above 11.0. We further tested our method on
gold(IIT) and found that it may be possible to incorporate gold(III) at the N3 position (Figure S12,
Table S6), but results are not conclusive enough for us to assign the N3 ion as gold(IIl) and not
mercury(Il). Overall, we determined that alkaline pH assists in the formation of two novel

mmDNA base pairs and should be studied in further detail for additional metal incorporation. The
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definite impact of mercury(Il) requires additional screening to further expand the semantomorphic

alphabet of possible mmDNA base pairs.
Conclusions

Using the tensegrity triangle motif as a scaffold to drive B-form crystallization allowed us to
develop a method of taking crystallographic snapshots for the structure determination of mmDNA
base pairs. Motifs containing dT:Ag":dT and dU:Ag":dU show strong pH dependence, titrating
from a crystallographic occupancy of 0.0 to 1.0 for a pH range of 8.0-10.0. Using this pH-
dependent binding site, we further determined the structures of mmDNA homothymine and
homouracil base pairs with silver(I) at the O4 position and mercury(Il) at the N3 position and
analyzed their behavior across pH values of 8.5-11.0, discovering three pH-dependent binding
modes with tandem chelation of mercury(Il) and silver(I). We additionally tested this method on
cytosine and identified the pH-dependent incorporation of mercury(Il) into homocytosine base

pairs as well as a heterometal base pair with both silver(I) and mercury(II).

In this way, structural 3D DNA nanotechnology and x-ray crystallography allowed us to produce
very comprehensive observations of the behavior of T-T, U-U, and C-C bases in the presence of
transition metal ions. We believe that enhanced understanding of mmDNA base pairing will
contribute to the design and self-assembly of DNA architectures based on the unique electronic
properties and reactivity of these base pairs as well as introduce new methods for more complete
analysis of different modes of DNA base pairing. The existence of heterometal base pairs and their
highly specific environmental requirements provides an exciting foothold for tunable topological
nanowires.!>* As such, future physical studies of mmDNA should include heterometal base pairs,
which greatly diversify the DNA chemical design language. Furthermore, considerable attention
has been given to the electronic properties of silver(I) base pairs at neutral pH.?**} The ability of
unmodified DNA bases to capture ions of gold and cadmium will necessitate the expanded study
of DNA nanoelectronics. It is also clear that further studies on metal coordination that exploit
alkaline pH and mercury(Il) as a cofactor will further diversify mmDNA toward heterometallic
wires and devices. We anticipate future mmDNA motifs to make use of these results for pH
sensitive nanodevices,** catalytic oligonucleotides,*>° reaction centers,'? sensing platforms,*

and molecular computing.!
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