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Abstract

The human antiviral enzyme APOBEC3A has mutagenic activity in many human cancers,

where it is used to fuel tumour evolution. Its single-stranded DNA and RNA C-to-U editing

activities contribute to undesirable mutagenic outcomes in cancers. Inhibitors of APOBEC3A

may therefore block mutagenesis and prevent tumour evolution and thus reduce detrimental

outcomes such as drug resistance and metastasis. Here we demonstrate that use of a carbazole

pseudo-nucleoside as a part of a covalent cross-link between distant nucleotides in DNA leads

to a faster deaminating substrate and upon changing of dC to 2'-deoxy-5-fluorozebularine to a

more potent inhibitor of APOBEC3A (Ki = 29 ± 5 nM) in comparison with a DNA hairpin and

previously described cross-linked DNAs. Truncation of the DNA sequence led to the first 4-

mer cross-linked DNA inhibitor of APOBEC3A with nanomolar potency that is also stable

against digestion by a phosphodiesterase. This provides a platform for a rational design of

competitive inhibitors of APOBEC3 with properties of small-molecule drugs.
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Introduction

The enzymes of APOBEC3 family (A3A-A3H, except E) deaminate cytosine to uracil in single

stranded DNA (ssDNA, Figure 1A) and form part of innate immune system protecting a host

from viruses and retrotransposons.[1] However, two human enzymes, A3A and A3B, promote

cancer genomic mutagenesis leading to development of drug resistance, metastasis, and poor

disease outcomes.[2] Recent studies show that A3A, as the most active deaminase, contributes

not only to A3 mutational signatures in genome but also in transcriptome of cancers[3] and

drives carcinogenesis in mice.[4] As A3A and A3B are not essential for primary metabolism, it

has been proposed that A3 inhibitors can be used to prevent or delay A3-mediated evolution of

primary tumours into metastatic or drug-resistant tumours.[5]

We have previously developed the first selective A3 inhibitors[6] based on incorporation of

cytosine-like 2'-deoxyzebularine (dZ, Figure 1B)[7] into short, linear ssDNA, achieving low

micromolar inhibition constants (Ki). Structural studies by us and others[8] revealed that flexible

ssDNA adopts a more rigid U-shaped loop upon binding to A3, projecting cytosine into the

active-site pocket (Figure 1A). In addition, A3A and, to a lesser extent, the catalytically active

C-terminal domain of A3B, A3BCTD, have been reported recently to deaminate cytosine in short

3-4 nucleotide loops of DNA hairpins more rapidly than corresponding linear single-stranded

DNA.[9] Importantly, DNA hairpins are both physiologically and pathologically relevant. Such

structures are ubiquitous in nature, especially at inverted repeats, and cause stalling of

replication, genomic instability, and predisposition to mutagenesis.[10] By using DNA hairpins

in which the target dC at the apex of the short loops was changed to dZ derivatives, the first

nanomolar inhibitors of A3A have been developed.[11] Whereas DNA hairpins carrying

zebularine inhibited A3A in nM range, for A3B, A3F[11d] or A3G, at best, only weak high M

inhibition was observed.[11b]

We sought then to leverage the advantage conferred by hairpin structures, as substrates and

inhibitors, by covalently linking the ends of the loop. By creating a cross-link 1 between

modified nucleotides in the 2 and +1 positions (Figure 1C), strong inhibition was

observed.[11b] Noting that A3A as well as A3B prefer a purine (dG or dA) in +1 position of the

DNA sequence,[3b, 3c, 5a, 12] we hypothesised that the use of a pseudo-nucleoside with a large

hydrophobic residue, especially one that is potentially more electron-rich, instead of a

canonical nucleobase, will provide a better binder to A3 enzymes. We therefore positioned a

carbazole nucleoside at position +1, as an alkyne derivative dHE1, and at position 2 cytosine

dC, as an azide derivative, 4-azidomethyl-5-methyl-dC (dCN3). A new triazole cross-link 2,
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which relative to cross-link 1, reverses positions of azide and alkyne, was created using Cu(I)-

catalysed azide-alkyne cycloaddition (CuAAC) between carbazole nucleoside dHE1 at position

+1 and dCN3 at position 2 (Figure 1D).

Two APOBEC3 constructs were used: wild-type A3A (wtA3A) and the catalytically active

C-terminal domain of A3B (A3BCTD) where four mutations were made to enhance solubility

and stability (QM), along with truncation of a long loop common to both A3A and A3B (L3),

and replacement of loop 1 of A3B by loop 1 of A3A (AL1swap) – together summarised as

A3B-QM-L3-AL1swap, which is denoted here as A3A-mimic due to sequence and functional

features mapping more closely to A3A than to A3B.[6c, 8d, 13] Most experiments were done with

A3A-mimic as it is soluble and can be obtained in larger quantity. The results were confirmed,

using the wild-type A3A.

The new cross-link 2 substrate is deaminated much faster by A3A-mimic in comparison

with DNA hairpins and cross-link 1 described recently.[11a] The best substrate was converted

to the most potent inhibitor to date of wild-type A3A (wtA3A) with Ki of 29 ± 5 nM. Moreover,

with an eye to enhancing potential druggability of our inhibitors, we removed nucleotides

flanking the cross-link, and obtained the minimal inhibitor composed of just four nucleotides.

This inhibitor maintained nanomolar potency against A3A.

Results and Discussion

Design and synthesis of cross-link 2 substrate and inhibitors

We decided to use a carbazole nucleoside dHE1 (Figure 1D) because several carbazole

derivatives have been successfully incorporated into DNA in the past,[14] some of which were

used for modulation of thermal stability of DNA duplexes relying on noncovalent π-stacking

interactions and/or intercalation with nucleic acids or with other polyaromatic compounds.[14]

In addition, carbazole is a well-known scaffold in medicinal chemistry that is found also in

natural products.[15]

As a partner of dHE1 for cross-linking, we synthesised 5'-O-DMT-protected dCN3 carrying

azidoethyl in the 4th position of 5-methyl-dC as a 3'-O-phosphoramidite[11a, 16] but also as the

more stable 3'-O-H-phosphonate, which is also compatible with standard phosphoramidite

chemistry in an automatic DNA synthesiser.[17] A substrate having dC in position 0 of the 9-

mer sequence and inhibitors having dZ and FdZ instead of dC0 were synthesised as linear

oligonucleotides carrying dHE1 and dCN3 in positions +1 and 2, respectively. After cleavage
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from the solid support, deprotection and isolation, pure oligos were cross-linked using CuACC

which was monitored by reverse-phase HPLC. Cross-linked products had shorter retention

times, which is consistent with previous observations;[11a, 18] and identity was confirmed with

ESI-MS. Figure 1E shows the sequence abbreviations used. Full details of synthesis and

characterisation of products by NMR spectroscopy and mass spectrometry, as well as

representative structures of each cross-linked product are provided in Supporting Information.

Use of FdZ in the sequence also required several adjustments in the synthetic protocol. To

prevent hydration of the terminal alkyne[19] in dHE1 during oligo deprotection using 10%

Et2NH in acetonitrile followed by ethylenediamine/toluene,[6b] we protected the alkyne in dHE1

with triisopropylsilyl (TIPS), which is stable to DNA synthesis[19a, 19c] and during oligo

deprotection. To avoid HO-mediated degradation of FdZ during TIPS deprotection, we

included o-nitrophenol as a weak acid (pKa = 7.22)[20] to a 1 M tetra-n-butylammonium fluoride

(TBAF) solution in THF, which led to successful cleavage of TIPS and isolation of the desired

FdZ-containing oligos.

Potentially to further enhance substrate activity and inhibitor potency, we elongated the

cross-links to bring additional conformational freedom for the cross-link. For the synthesis of

dZ-oligos containing dHE2 and dHE3 with elongated cross-links, we introduced 3-iodo-

carbazole nucleoside into DNA that was subjected to the on-column Sonogashira reaction[21]

using 1,3-diethynylbenzene or 1,7-octadiyne, respectively (see Supporting Information for

further details).
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Figure 1. (A) Deamination of dC to dU in U-shaped linear ssDNA by A3A and A3B enzymes. C0 represents the

target cytosine; nucleobases (thymine T and adenine A) at 5' relative to C0 are shown as T−1, T−2, and so forth and

those at 3' relative to C0 as A+1, T+2, and so forth. (B) Structures of A3 inhibitors, 2'-deoxyzebularine (dZ) and 5-

fluoro-2'-deoxyzebularine (FdZ), incorporated into ssDNA (left) and their hydrated forms (right) observed in the

active site of A3A (FdZ)[11b, 11c] and A3G (dZ)[22] forming 4-(R)-hydroxy-3,4-dihydro-2'-deoxyzebularine, and its

5-fluoro analogue, and thus mimicking an intermediate of C-to-U conversion. (C) Cu(I)-catalysed azide-alkyne

cycloaddition (CuAAC) forms a 1,4-disubstituted 1,2,3-triazole cross-link 1 between nucleotides dUE and dAN3

placed in positions 2 and +1 of ssDNA, respectively. (D) Cross-link 2 formed by modified carbazole pseudo-

nucleotides (dHEn, n = 1, 2, 3) in position +1 and 4-azidoethyl-2'-deoxycytidine (dCN3) in position 2. (E) DNA

sequence used for modifications and abbreviation of linear and cross-linked oligos. For example, abbreviation

dC[CN3(2),HE1(+1)]L indicates a linear DNA sequence containing cytosine at position 0, in which dCN3 is present

in position 2 instead of T and dHE1 is in position +1 instead of dA, relative to the parent linear dATTTCATTT

sequence. Letter X at the end of the name, i.e. dC[CN3(2),HE1(+1)]X means that the oligonucleotide is cross-

linked by CuAAC. Truncated oligonucleotides, 4-mer FdZ[CN3(2),HE1(+1)]X and 3-mer

FdZ[CN3(1),HE1(+1)]X, are cross-linked oligonucleotides obtained from the linear dCN3 T FdZ dHE1 and dCN3

FdZ dHE1, respectively. Examples of chemical representation of structures are provided in Supporting Information.
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Enzymatic activity of cross-link 2 substrates

The enzyme used in our experiments is the well-characterised and very active A3A-mimic

(A3BCTD-QM-ΔL3-AL1swap) , which is derived from the C-terminal domain of A3B (A3BCTD,

see protein sequence in Supporting Information.).[6a] The same enzyme was used in the crystal

structure of its complex with linear ssDNA (except that for the X-ray structure, the active-site

Glu255 was mutated to Ala to prevent deamination of the substrate, dC-containing ssDNA).[8d]

However, loop 1 has substantial differences in length and amino-acid residues between A3A

and A3BCTD, and the A3BCTD-QM-ΔL3-AL1swap has the loop 1 of A3A. Specifically, the

presence  of His29 from A3A instead of the possibly corresponding Arg in A3BCTD, endows

this A3B construct with the substrate specificity of A3A,[6c, 11c, 13] and thus A3BCTD-QM-ΔL3-

AL1swap is denoted here as A3A-mimic.

Using the 9-mer oligonucleotide 5'-AT3CAT3 as the standard linear substrate of A3A-mimic,

we compared the deamination of cross-linked oligos using our previously described real-time

NMR assay, which reports directly on consumption of substrate and formation of product.[6] A

marked 2.3 times increase in deamination rate was detected for cross-linked oligonucleotide

dC[CN3(2),HE1(+1)]X connecting the 2 and +1 positions in the DNA sequence (Figure 2).

To our surprise, this carbazole-containing oligonucleotide was deaminated even faster (1.4

times) than a native dC-hairpin-1, (GC)2TTC(GC)2 (Figure 2), and our original cross-link 1[11a]

both of which were deaminated 1.5 times faster than a linear substrate under similar conditions.

Figure 2. Cross-linked oligonucleotide and a dC-hairpin-1, (GC)2TTC(GC)2, in comparison with the linear
substrate of A3A-mimic. Substrate concentrations are 400 µM, enzyme concentration is 100 nM in 50 mM Na-
phosphate (pH 6.0), 200 mM NaCl, 2 mM β-mercaptoethanol, 200 µM 4,4-dimethyl-4-silapentane-1-sulfonic acid
(DSS) and 10 % D2O at 25 ºC. Error bars are estimated standard deviations from triplicate measurements.
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Enzyme inhibition by cross-link 2 inhibitors

The increased rate of deamination of our carbazole-containing cross-linked oligonucleotide

prompted us to investigate the inhibitory potential of these constructs by changing dC to dZ or

FdZ at position 0. To evaluate inhibitory potential of cross-linked oligonucleotides against

linear oligonucleotides characterised earlier[6a, 6b] (dZ-linear denotes 5'-AT3dZAT3, FdZ-linear

denotes 5'-AT3FdZAT3), we monitored residual activity of A3A-mimic and wild-type A3A

(denoted wt-A3A) on the unmodified oligo (5'-T4CAT) in the presence of known

concentrations of inhibitors using the NMR assay (Figure 3).

The fastest-deaminated substrate dC[CN3(-2),HE1(+1)]X based on the carbazole-containing

cross-link exhibited the most powerful A3A inhibition studied here having dZ or FdZ

nucleotides instead of dC. Notably, the FdZ-containing oligonucleotide

FdZ[CN3(2),HE1(+1)]X showed higher inhibitory potential than dZ-containing oligo

dZ[CN3(2),HE1(+1)]X, which is in line with our previous observations[6b] that FdZ-linear

oligonucleotides are more powerful inhibitors of A3A-mimic and wt-A3A than dZ-linear

oligonucleotides (Figure 3). Significantly, the previously characterised FdZ-hairpin DNAs[11c]

were not as powerful inhibitors as cross-linked FdZ[CN3(2),HE1(+1)]X, which also correlates

with the lower deamination rate for dC-hairpin-1 in comparison with dC[CN3(-2),HE1(+1)]X

(Figure 2). This reinforces our observation[11c] that these dZ- and FdZ-containing inhibitors

are functioning as quasi-transition-state inhibitors.

Encouraged by these results and with an eye to increasing druggability potential for A3

inhibitors, we synthesised short 3-mer and 4-mer cross-linked DNAs carrying carbazole and

dZ or FdZ, but with the nucleotide tails truncated. Although the 4-mer FdZ[CN3(2),HE1(+1)]X

was a less potent inhibitor than the cross-linked 9-mer oligo, its inhibitory potential was very

close to that for the FdZ-hairpins. A further decline in inhibition of C-to-U deamination was

observed upon shortening of the DNA length to the 3-mer (1,+1 link), for which, surprisingly

given the tightness of the loop, inhibition was still slightly greater than linear ssDNA inhibitors.

The 4-mer non-cross-linked inhibitor had inhibitory potential very similar to that for the FdZ

linear inhibitor; the non-cross-linked 3-mer inhibitor showed negligible inhibition, paralleling

observations on other linear ssDNA species that at least four nucleotides are needed for

enzymatic activity.[23]
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Figure 3. Inhibition of A3A-mimic-catalysed deamination of 5'-T4CAT by dZ/FdZ-containing linear and cross-
linked oligos.

Initial rate of deamination was measured under the following experimental conditions: 400 µM of 5'-T4CAT,
4 µM of dZ/FdZ-containing oligos, 200 nM of A3A-mimic in a 50 mM sodium phosphate buffer (pH 6.0)
containing 100 mM NaCl, 2.5 mM β-mercaptoethanol, 50 µM 3-(trimethylsilyl)-2,2,3,3-tetradeuteropropionic
acid (TSP) at 25 ºC. Error bars are estimated standard deviations from triplicate measurements. FdZ-hairpin-1:
(GC)2-TTFdZ-(GC)2, FdZ-hairpin-2: AAGCT-TTFdZ-AGCTT.

To quantitatively characterise our strongest cross-linked inhibitors, the inhibition constants

were calculated by several methods assuming a competitive mode of inhibition[6a] based on

experiments in which the concentration of the individual inhibitor was varied, and the residual

deamination initial rate of a linear substrate was measured for A3A-mimic and wt-A3A (Table

1). Further characterisation of our best inhibitor FdZ[CN3(2),HE1(+1)]X was conducted by

observing its inhibition of the deamination of dC-hairpin-1, (GC)2TTC(GC)2, which is a more

rapidly deaminated substrate than linear ssDNA by A3A-mimic (Figure 2) and also by wild-

type A3A.[11c] The kinetic data, measured over time until exhaustion of the substrate, were

analysed by global regression using Lambert’s W function, which provides superior estimates

of observed Km and Vmax than non-linear regression analysis of initial rate data or more

conventional Lineweaver-Burk/Dixon plots.[24]

Under the given experimental conditions, dC-hairpin-1 is a better substrate for A3A-mimic

and wtA3A than the linear oligo 5'-AT3CAT3 because their Km[11c] are in the low µM range

while kcat are very similar. The specificity constant defined by kcat/Km reinforces that the A3A-

mimic and wt-A3A are, respectively, ~25 and 42 times more efficient at deaminating the dC-

hairpin than the linear 5'-AT3CAT3. In the presence of a low concentration of inhibitor, Vmax

was unchanged (Table 1), which indicates that FdZ- and dZ-oligos are competitive inhibitors
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of A3A-mimic, consistent with the binding of FdZ and dZ in the active site of A3 enzymes

observed in crystal structures.[11b, 11c, 22]

Table 1. The inhibition constants (Ki, M) for dZ/FdZ-containing oligo inhibitors of A3A-mimic and wt-A3A
obtained by various calculation methods.

Enzyme A3A-mimic a wt-A3A b

Oligo name Lineweaver-Burk

plot for the

substrate/Dixon

plot for the inhibitor

Non-linear

regression analysis

for both substrate

and inhibitor

Lambert’s W

function

dZ-linear[11a] 7.5 ± 1.7 7.0 ± 1.3 -d)

FdZ-linear[11a] 2.1 ± 0.8 4.4 ± 0.7 2.4 ± 0.9

dZ[UE(2),AN3(+1)]X[11a] 0.66 ± 0.14 0.69 ± 0.14 0.36 ± 0.12

FdZ-hairpin-1[11b, 11c] 0.28 ± 0.05 0.35 ± 0.06 0.117 ± 0.015

FdZ[CN3(2),HE1(+1)]X 0.075 ± 0.015 0.100 ± 0.016

(0.0068 ± 0.0014)c)

0.029 ± 0.005

4-mer
FdZ[CN3(2),HE1(+1)]X

0.25 ± 0.05 0.28 ± 0.05 0.18 ± 0.13e)

dZ[CN3(1),HE2(+1)]X -d)  -d) No inhibitionf)

dZ[CN3(2),HE2(+1)]X -d)  -d) 1.6 ± 0.3

dZ[CN3(1),HE3(+1)]X -d)  -d) No inhibition

dZ[CN3(2),HE3(+1)]X -d)  -d) 0.64 ± 0.11

a) dZ/FdZ-linear inhibitors were evaluated against 5'-AT3CAT3 using 50 nM of A3A-mimic; all other

inhibitors were evaluated against 5'-T4CAT using 200 nM of A3A-mimic using the same experimental

conditions as reported in Figure 3 (Table S10 in SI).

b) 50 mM Na+/K+ phosphate buffer, pH 7.4 supplemented with 100 mM NaCl, 1 mM TCEP, 100 µM DSS

and 10 % D2O; A3A concentration: 140 nM; substrate concentration (dC-hairpin-2, T(GC)2TTC(GC)2T,):

500 µM. Km for dC-hairpin-2 against A3A is 33 ± 4 µM, kcat is 0.13 s-1, kcat/Km is 4.5 s-1 mM-1.

c) Analysis of A3A-mimic-catalysed deamination of dC-hairpin-1 over time using Lambert’s W function

(Figure S4 and Table S11 in SI). Conditions are 400 – 700 µM of dC-hairpin-2, 20 nM of A3A-mimic

in a 50 mM Na+/K+ phosphate buffer (pH 6.0) containing 100 mM NaF, 1 mM TCEP, 10% D2O and 100

µM 3-(trimethylsilyl)-2,2,3,3-tetradeuteropropionic acid (TSP) at 25 ºC. Km for dC-hairpin-1 against

A3A-mimic is 6.6 ± 0.7 µM, kcat is 0.296 ± 0.015 s-1, kcat/Km is 44 s-1 mM-1.

d) not performed.
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e) Buffer from b) contained additional additives: 0.5mM EDTA, .4 mM ZnCl2, 0.1% IGEPAL and 200

µg/mL rHSA (recombinant Human Serum Albumin). In this conditions Km for dC-hairpin-2 against A3A

is 12 ± 5 µM.

f) No inhibition at 5 µM concentration of dZ-containing oligonucleotide.

All calculation methods revealed that cross-linked and hairpin dZ/FdZ oligos were more

powerful inhibitors of A3A-mimic and wt-A3A than linear oligos. The Ki values calculated for

the carbazole-containing FdZ[CN3(2),HE1(+1)]X were lowest among inhibitors of both

enzymes. The Ki of 29 ± 5 nM for FdZ[CN3(2),HE1(+1)]X against wt-A3A obtained using

Lambert’s W function analysis is around 80 times lower than that for the linear FdZ-oligo (2.4

± 0.9 Μ).[6b]

Extension of the linker in the cross-link 2 by using dHE2 and dHE3 nucleotides in

dZ[CN3(2),HE2(+1)]X and dZ[CN3(2),HE3(+1)]X led to the loss of inhibitory potential with

only the dZ-oligonucleotide based on dHE3 registering a Ki of 640 nM against wt-A3A, a value

worse than those for hairpin inhibitors and for the cross-linked 1 oligonucleotide (Table 1).

This demonstrates that the linker length, on the formerly alkyne arm was optimal in

oligonucleotides with dHE1. Indeed, molecular modelling (Figure 4) performed for the 4-mer

dC[CN3(2),HE1(+1)]X in complex with A3A-E72A showed that the linker created with dHE1

did not disturb key interactions of the dC0 and T1 A3A recognition motif with the protein as

observed in the crystal structures of A3A with the linear ssDNA and hairpin DNA (inhibitor

and substrate binding to wt-A3A and A3A-E72A.[8b, 8d, 11c] In addition, His29 (yellow)

hydrogen bonds to a phosphate oxygen linking nucleotides at positions 1 and 0 and weakly to

the carbonyl of modified cytosine dCN3 at position 2. His29 is calculated to weakly base-stack

with carbazole with a 5.6 Å distance between rings, which are not co-planar. Arg28 makes no

contacts with cross-linked 2 oligonucleotide. However, an alternate conformer (not

crystallographically observed in A3A and A3A-mimic crystal structures) would place Arg28

in a position to make hydrogen bonds to the phosphate linking nucleotides at 2 and 1. These

features contrast with recent crystal structures of A3A with DNA hairpins, in which His29

plays a key role in interacting with DNA including base-stacking with the purine in +1 position

while Arg28 forms a cation-π interaction with T2.[11c]
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Figure 4. A) MM-MD-optimised A3A-E72A (green) in complex with cross-linked 4-mer dC[CN3(2),HE1(+1)]X
(blue). Key residues of A3A-E72A that interact with hairpin substrates and inhibitors are highlighted in yellow.
B) Chemical structure of 4-mer dC[CN3(2),HE1(+1)]X used for modelling in A).

Resistance of cross-linked 2 inhibitors to nucleases

Nuclease-stability of modified oligos was evaluated using snake venom phosphodiesterase

(phosphodiesterase I, Sigma) and compared with degradation of the unmodified sequence 5'-

T4CAT. Under the conditions used in this experiment, 5'-T4CAT and the linear 4-mer dZ oligo

were completely degraded within 60 min, whereas the cross-linked 4-mer inhibitor

FdZ[CN3(2),HE1(+1)]X showed significantly enhanced stability towards enzymatic digestion.

These data demonstrate an additional benefit of the introduction of a covalent cross-link into

DNA-based inhibitors of A3BCTD: that is, cross-linked oligos will have extended life-times in

biological media in comparison with linear oligos.
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Figure 5. Evaluation of nuclease stability of 4-mer cross-linked oligo.

Percentage of intact oligos determined after enzymatic digestion at 37 °C using snake venom
phosphodiesterase (phosphodiesterase I, 0.016 units /L, from Sigma) in 120 min. Experiments were repeated at
least twice with 6% error for each point (see Supplementary Information for details).

Inhibition of A3BCTD

None of the cross-linked and hairpin dZ/FdZ-containing oligos presented in this work

showed any substantial inhibition of A3BCTD-DM, an enzyme with two mutations distant from

the active site, which agrees with a recent report for 5-Me-2'-deoxyzebularine- (5Me-dZ-)

containing hairpins.[11d] Such a drastic difference between inhibition of these closely related

A3 enzymes points to structural variations around the active site, especially the to-date

structurally-uncharacterised substrate-recognition loop 1 as noted earlier.[6c] This loop provides

scope for design of A3B-specific inhibitors.

Conclusions

This work demonstrates that cross-link 2 created by CuACC between a carbazole pseudo-

nucleoside dHE1 placed in position +1 with 4-azidoethylcytosine dCN3 in position 2 provides

not only a faster deaminating DNA substrate but also more potent inhibitors than any others

described so far against A3A-mimic and wt-A3A. The inhibitory potential against wt-A3A

under these conditions was improved at least 80 times for FdZ[CN3(2),HE1(+1)]X in

comparison with FdZ-linear and four times better than FdZ-hairpin-1. This demonstrates that

potency of inhibitors can be further improved through introduction of modifications into DNA

close to the dZ an dFdZ enhancing interactions with the proteins. The Ki values for the 4-mer

cross-linked oligo were worse than those for the best 9-mer cross-link 2 but still in the nM

range (180 nM vs 29 nM, respectively). This means that some, but not all, interactions with the

enzyme are lost. The ability of the 4-mer to inhibit A3A-mimic contrasts with recent results
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where a loss of inhibitory potential was observed when the DNA was shortened and when it

was circularised.[11a, 11d] Moreover, the cross-linked 4-mer oligonucleotide showed enhanced

stability towards enzymatic digestion by phosphodiesterase I, which indicates that this inhibitor

should have extended lifetime in biological media and thus exhibit its inhibitory effect for a

longer period of time. As such, the ability of the 4-mer cross-linked dZ/FdZ-oligonucleotides

to inhibit A3A represents an alternative pathway to creation of small-molecule-like A3A

inhibitors targeting the active site of the enzyme. None of the small molecules tested so far

against A3A[25] reaches the inhibitory potential of dZ/FdZ-DNA-based inhibitors, hairpins with

short loops or cross-linked DNA.

The nanomolar inhibitory potential exhibited by our cross-linked oligos shows that properly

pre-shaped, cross-linked DNA containing a hydrophobic pseudo-nucleoside in position +1

leads to more potent inhibitors of A3A than linear and hairpin inhibitors and that the better

substrate becomes the better inhibitor, which supports our original hypothesis. These findings

pave the way for a design of smallish-molecule inhibitors of A3A and to use them as tools to

inhibit A3A in cells and in animal models.
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Graphical Abstract:

Inhibitory potential of cross-linked oligonucleotide against DNA mutator enzyme

APOBEC3A was improved by incorporation of carbazole pseudonucleoside reaching Ki of 29

nM.
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