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ABSTRACT

DNA templates containing a set of base modifica-
tions in the major groove (5-substituted pyrimidines
or 7-substituted 7-deazapurines bearing H, methyl,
vinyl, ethynyl or phenyl groups) were prepared
by PCR using the corresponding base-modified
2'-deoxyribonucleoside triphosphates (ANTPs). The
modified templates were used in an in vitro tran-
scription assay using RNA polymerase from Bacil-
lus subtilis and Escherichia coli. Some modified
nucleobases bearing smaller modifications (H, Me
in 7-deazapurines) were perfectly tolerated by both
enzymes, whereas bulky modifications (Ph at any
nucleobase) and, surprisingly, uracil blocked tran-
scription. Some middle-sized modifications (vinyl or
ethynyl) were partly tolerated mostly by the E. colien-
zyme. In all cases where the transcription proceeded,
full length RNA product with correct sequence was
obtained indicating that the modifications of the tem-
plate are not mutagenic and the inhibition is probably
at the stage of initiation. The results are promising
for the development of bioorthogonal reactions for
artificial chemical switching of the transcription.

INTRODUCTION

Gene expression is regulated on several levels. The pri-
mary level is transcription that itself is regulated at various
steps. A critical step is the interaction of RNA polymerase
(RNAP) and/or transcription factors (TF) with the DNA.
This interaction depends on the affinity of the proteins for

specific DNA sequences and the ability of RNAP to form
transcription-competent complex. This can be affected by
post-replication modifications of nucleobases. Methylation
of cytosine (5-methylcytosine, SmC) in CpG islands in pro-
moter or activator TF-binding sequences typically means
switching off the particular genes due to inefficient bind-
ing of the protein (RNAP or TF) to the methylated se-
quence (1,2). More recently, other eukaryotic epigenetic
modifications of cytosine, i.e. 5-hydroxymethyl-(5ShmC), 5-
formyl-(5fC) and 5-carboxycytosine (5caC), have been dis-
covered (3-6) and studied extensively to prove that they
are not only intermediates in oxidative demethylation (7-
10) but, at least ShmC is also a stable modification (11)
and probably constitutes an independent epigenetic signal
with direct impact on transcription. Another recent study
showed even the presence of 5-hydroxymethyluracil (ShmU)
in DNA in embryonic stem cells (12) but it is yet unclear
what the biological function of this modification is. While
the impact of DNA methylation on transcription silenc-
ing is well established (13,14), the influence of ShmC, 5fC
and ScaC has yet to be studied (15), although first reports
on TF (16) or RNAP binding (17) and changes in DNA
shape (18) have emerged very recently. Modifications of the
DNA are present also in bacteria, namely SmC as well as
N®-methylation of A, and N*-methylation of C, which is
specifically bacterial (19). Their main known function in
bacteria is shielding the DNA against endogenous restric-
tion endonucleases that protect the cell against invading
DNA (20,21). Nevertheless, these epigenetic modifications
can also affect chromosome replication, DNA-mismatch
correction and transcription (22,23). While the number of
these natural modifications is quite limited, it is possible to
introduce new non-natural modifications, thereby expand-
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ing the epigenetic landscape to offer new possibilities for
regulation of gene expression. Though there were several
reports (24,25) on transcription of DNA containing artifi-
cial base-pairs in the quest for the extension of the genetic
alphabet and several reports on inhibition of transcription
by DNA damage (26-32), to the best of our knowledge, no
systematic study has ever been reported to focus on RNAP
transcription from DNA containing non-natural modifica-
tions in the major groove (analogous to natural epigenetic
modifications).

In contrast to the absence of relevant studies of tran-
scription of non-natural base-modified DNA, recognition
and cleavage of major-groove-modified DNA sequences by
type II restriction endonucleases (REs) have been studied
systematically in our lab. We found that virtually any non-
natural modification at 5-position of cytosine (33,34) or
at the 7-position of 7-deazaguanine (except for unsubsti-
tuted 7-deazaguanine,35) causes a complete block of cleav-
age, whereas some smaller modifications (ethynyl, vinyl) at
S-position of uracil (analogues of thymine) and at position
7 of 7-deazaadenine (analogues of adenine) are tolerated
and the modified DNA is correctly recognized and cleaved
at least by some REs (33,36), which suggests that perhaps
the G:C pairs are more important for the sequence specific
recognition in the major groove than A:T pairs. The fact
that the bulky groups at A or U can block the recognition
and cleavage whereas some small modifications are toler-
ated was applied in protection of genes for cloning to plas-
mid (37) and in transient protection and switching of the
DNA cutting by REs using chemically (38) or photochem-
ically (39) removable protecting groups. These promising
results prompted us to systematically investigate how ma-
jor groove modifications affect transcription by bacterial
RNAP. Thus here, we report the synthesis of a set of mod-
ified DNA templates and the effects of these modifications
on transcription by RNAP from two divergent bacterial
species. This study thus establishes a foundation for under-
standing the effects of non-natural epigenetic DNA modi-
fications on gene expression at the transcriptional level.

MATERIALS AND METHODS
General remarks — synthesis of nucleotides

NMR spectra were measured on a 500 MHz (499.8 or
500 MHz for 'H, 202.3 or 202.4 MHz for 3'P, 125.7 MHz
for 13C) or a 600 MHz (600.1 MHz for 'H, 150.9 MHz
for 13C) spectrometers in D,O (referenced to dioxane as
internal standard, 8y = 3.75 ppm, 8¢ = 69.30 ppm); in
CD3;0D (referenced to solvent signal, 8y = 3.31 ppm,
8¢ = 49.00 ppm); or DMSO-d6 (referenced to solvent
signal, 8y = 2.50 ppm, 8¢ = 39.70 ppm). Chemical shifts
are given in ppm (8 scale), coupling constants (J) in Hz.
3P chemical shifts were referenced to Hi;POj; as external
reference; or to phosphate buffer signal 2.35 ppm in
the case of measurement in phosphate buffer. Complete
assignment of all NMR signals was achieved by using a
combination of H,H-COSY, H,C-HSQC and H,C-HMBC
experiments. Mass spectra and high resolution mass
spectra were measured by ESI ionization technique. The
MALDI-TOF spectra were measured on a MALDI-
TOF/TOF mass spectrometer with 1 kHz smartbeam
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IT laser. The separation of nucleoside was performed by
preparative flash chromatography on reverse phase (C18
RediSep column on a CombiFlash Teledyne ISCO system).
Semi-preparative separation of nucleoside triphosphate
was performed by HPLC on a column packed with 10 pm
C18 reversed phase (Phenomenex, Luna C18 (2)). Synthe-
sis and characterization data for 5-vinyl-2’-deoxyuridine
5'-O-triphosphate (dUYTP,34), 5-ethynyl-2'-deoxyuridine
5'-O-triphosphate (dU*TP,33), 5-phenyl-2’-deoxyuridine
5'-O-triphosphate (dUPPTP,33), 5-vinyl-2'-deoxycitidine
5'-O-triphosphate (dCYTP,34), 5-ethynyl-2'-deoxycitidine
5'-O-triphosphate (dCETP,33), 5-phenyl-2'-deoxycitidine
5'-O-triphosphate ~ (dCP"TP,33),  7-methyl-2'-deoxy-
7-deazaguanosine  5-O-triphosphate  (dGM¢TP,35),
7-vinyl-2'-deoxy-7-deazaguanosine 5’-O-triphosphate
(dGYTP,35), 7-ethynyl-2’-deoxy-7-deazaguanosine
5'-O-triphosphate  (dGFTP,35),  7-phenyl-2’-deoxy-7-
deazaguanosine 5'-O-triphosphate (dG""TP,35), 7-vinyl-
2'-deoxy-7-deazaadenosine 5'-O-triphosphate (dAYTP,34),
7-ethynyl-2'-deoxy-7-deazaadenosine  5'-O-triphosphate
(dAF'TP,36) and 7-phenyl-2’-deoxy-7-deazaadenosine
5'-O-triphosphate (dAPPTP,36), were reported previously.

Synthesis and characterization of 7-Methyl-2'-deoxy-7-
deazaadenosine

7-lodo-2’'-deoxy-7-deazaadenosine (200 mg, 0.53 mmol)
and ammonium sulfate (0.053 mmol, 7 mg) were co-
evaporated with hexamethyldisilazane at 40°C (5.3 mmol,
1.2 ml). Argon purged solution of Pd(PPh3)4 (0.02 mmol,
30 mg) in 4 ml of anhydrous THF was rapidly added to the
residue, followed by the addition of AlMe; (2 M solution
in hexanes, 6.3 mmol, 3.2 ml). The reaction mixture was re-
fluxed at 80°C for 2 h. After cooling down to room tem-
perature, the reaction mixture was slowly poured to satu-
rated ice-cold solution of NaH,;PO,. Resulting suspension
was evaporated in vacuo, re-suspended in methanol, co-
evaporated with silica gel and purified by high performance
reverse phase flash chromatography (0—100% MeOH in
water) using C18 RediSep column on a CombiFlash Tele-
dyne ISCO system. Product was isolated as a white solid
(75 mg, 55%). Spectral data are in accordance with those
reported in literature (40).

Synthesis and characterization of 7-Methyl-2'-deoxy-7-
deazaadenosine-5'-O-triphosphate sodium salt

7-Methyl-2'-deoxy-7-deazaadenosine (30 mg, 0.11 mmol)
was suspended in trimethyl phosphate (300 pl) in an ar-
gon purged vial and the suspension was cooled to 0°C.
Then, POCI; (13 pl, 0.14 mmol) was added. The reaction
mixture was stirred at 0°C for 1 h and then ice cold solu-
tion of (NHBu3),H,P,07 (311 mg, 0.567 mmol) and trib-
utyl amine (110 w1, 0.476 mmol) in anhydrous DMF (1 ml)
was added. The reaction mixture was stirred at 0°C for an-
other hour. Then, aqueous solution of TEAB (2 M, 2 ml,
4 mmol) was added and the mixture was evaporated un-
der reduced pressure. The residue was co-evaporated several
times with water. The product was purified by chromatog-
raphy on DEAE Sephadex column (0—1.2 M aq. TEAB)
and then by HPLC (C-18 column, 0.1 M TEAB in water
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to 0.1 M TEAB in 50 % aq. MeOH)), it was co-evaporated
several times with water and converted to a sodium salt
form (Dowex 50 in Na* cycle). Desired sodium salt of the
triphosphate dAM®TP (5 mg, 8 %) was obtained as a white
lyophilizate (water). '"H NMR (500.0 MHz, D>O, refgioxanc
= 3.75 ppm): 2.28 (s, 3H, CH3-5); 2.37 (ddd, 1H, Jgem =
14.0, Jon 11 = 6.1, Jop 3 = 3.3, H-2'b); 2.55 (ddd, 1H, Jeem
= 14.0, Jya1 = 7.9, Jyay = 5.9, H-2'a); 4.09-4.20 (m, 3H,
H-4,5"); 4.68 (dt, 1H, Jy» = 5.9, 3.3, Jy 4 = 3.3, H-3);
6.49 (dd, 1H, Jy» = 7.9, 6.1, H-1); 7.21 (s, 1H, H-6);
8.01 (s, 1H, H-2). 3C NMR (125.7 MHz, D50, refsioxane =
69.30 ppm): 13.45 (CH3-5); 41.25 (CH,-2); 68.16 (d, Jcp =
5.6, CH,-5); 73.80 (CH-3'); 85.26 (CH-1"); 87.81 (d, Jcp
= 9.0, CH-4'); 104.94 (C-4a); 115.62 (C-5); 122.66 (CH-
6); 150.12 (CH-2); 150.94 (C-7a); 157.40 (C-4). 3'P{'H}
NMR (202.3 MHz, D,0): —22.68 (t, J = 19.5, Pg); —11.15
(d, 7 =19.5,P,); —=9.22 (d, J = 19.5, P,)). MS (ESI) m/z
(%): 343 (45) [M-H,P,04-H], 423 (100) [M-HPO;-H], 445
(45) [M-HPO3-2H+Nal], 525 (5) [M-2H+Na], 547 (13) [M-
3H+2Na], 569 (4) [M-4H+3Na]. HRMS-ESI [M-H]" cal-
culated for C1,H 35012 N4P3: 503.01395, found: 503.01307.

General remarks — biochemistry

Synthetic oligonucleotides (all primers, TempPvee> /10,

TempF¥EA and Temp™'") were purchased from Generi
Biotech. 339-mer template was prepared by PCR with
forward and reverse primers from plasmid pRLG7558
(41) containing the Pveg promoter (SI, Section 1.3.).
FAM-labeled DNA ladder, used in Gel Shift assay with
promoter fragments, was prepared by mixing of F100 nt
and F50 nt, the two short 5'-6-FAM labeled PCR products.
Their amplification protocol is described in Supplementary
Information Section 3. Vent(exo-) DNA polymerase as
well as double-stranded 100 bp DNA Ladder (500 pg/ml)
were purchased from New England Biolabs. Enzyme
KOD XL DNA polymerase was purchased from Novagen
and DyNAzymell DNA polymerase from Finnzymes
(part of Thermo Fisher Scientific). Natural nucleoside
triphosphates (dATP, dTTP, dCTP, dGTP) as well as
2'-deoxyuridine 5'-O-triphosphate (dUTP) were obtained
from Thermo Scientific. 5-Methyl-2'-deoxycitidine 5'-O-
triphosphate (dCM*TP) was purchased from New England
Biolabs;  2’-deoxy-7-deazapurine  5'-O-triphosphates
(dA’°TP and dG'PTP) from Jena Biosciences.

The PCR products were purified with QIAquick PCR
Purification Kit (Qiagene), spin columns in a microcen-
trifuge. In the case of DNA containing dUTP, E.Z.N.A.
Gel Extraction Kit (Omega Bio-tek) was used for the fi-
nal purification. All purification processes were done un-
der RNAse free conditions. All solutions were prepared in
MilliQ water. Other chemicals were of analytical grade.

UV spectra (concentration of PCR products) were mea-
sured on NanoDrop1000 (Thermo Scientific).

Agarose gel electrophoresis

PCR products containing 6X DNA loading dye (60 mM
EDTA, 10 mM Tris-HCI (pH 7.6), 60 % glycerol, 0.03 %
bromphenole blue, 0.03 % xylene cyanol FF, Thermo Sci-
entific) were subjected to horizontal electrophoresis (Owl

EasyCastB, Thermo Scientific) and analyzed on either 1.3
% or 2 % agarose gels (containing 0.5x TBE buffer, pH 8).
The gels were run at 118 V for ca. 90-120 min.

PCR products were visualized either with GelRed (Bi-
otium, 10 000X in H,O) or by fluorescence imaging of
6-FAM-labeled (6-carboxyfluorescein at 5'-end) oligonu-
cleotides using an electronic dual wave transilluminator
equipped with GBox iChemi-XRQ Bio imaging system
(Syngene, Life Technologies) or Typhoon™ FLA 9500 (GE
Healthcare Life Sciences), respectively.

PCR using base-modified ANTPs

Forty PCR cycles were run in PCR cycler, preheated to
80°C, under the following conditions: preheating for 3 min
at 94°C, denaturation for 1 min at 94°C, annealing for 1 min
at 70°C, extension either for 2 min at 72°C (in the case of all
UX, AE, APh and CMe, CF) or 1 min at 72°C (in the case of
all GX, and AH, AMe¢ AV and CY, CP"), followed by final
extension step of 5 min at 72°C. PCR products were ana-
lyzed on a 1.3 % agarose gel in 0.5x TBE buffer. The PCR
reaction mixture (10 wl) was prepared by mixing of either
KOD XL DNA Polymerase (2.5 U/pl, either 0.4 pl for all
GX, UY, UF, AH AMe AE APh and CPP; or 0.5 wl for UPH;
or 0.8 wl for AY and CV); or Vent(exo-) DNA polymerase (2
U/ul, 0.8 pl for CM¢ and C¥); or DyNAzyme I1 DNA poly-
merase (2 U/pl, 0.5 wl for U); natural dNTPs (4 mM, 0.5
wl), functionalized dNTPs (4 mM, 1 wl), primers (20 uM,
1 pl, Prim"R and 20 uM, 1 wl, PrimREY) and template
Temp®¥e¢ (20 ng/ul, 1 wl) in appropriate enzyme reaction
buffer (1 wl) supplied by the manufacturer. In the case of U,
UE, AY, AE, CMe and CF also additives had to be inserted
to the PCR reaction mixture (DMSO (100 %, 0.5 wl), for-
mamide (5 %, 0.5 pl), betaine (0.75 M, 0.5 pl) and TMAC
(50 mM, 0.5 pl)) to obtain full-length PCR products. For
more details, see Supplementary Information.

Sequencing of base-modified PCR products

The correct sequence of all prepared PCR products were
confirmed by LIGHTRUN™ Sequencing service (GATC
Biotech AG, Germany) using standard Sanger sequencing.

The PCR products, including positive controls, were pre-
pared and purified as described above. Moreover, five mod-
ified DNAs (UY, AH, AMe¢ APh CPh) were additionally re-
solved on 2% agarose gel, cut out and purified from the
gel with E.Z.N.A. Gel Extraction Kit (Omega Bio-tek). All
PCR products were then diluted to the concentration of 40—
50 ng/pl and sequenced using both primers Prim"OR and
PrimREV,

PCR of base-modified ANTPs-promoter fragment

Thirty PCR cycles were run in PCR cycler, preheated to
80°C, under the following conditions: preheating for 3 min
at 94°C, denaturation for 1 min at 94°C, annealing for 1 min
at 58°C, extension for 1 min at 72°C followed by final ex-
tension step of 5 min at 72°C. PCR products were analyzed
on a 2% agarose gel in 0.5x TBE buffer. The PCR reaction
mixture (10 nl) was prepared by mixing of either Vent(exo-)
DNA Polymerase (for AH, AMe, APh and CMe¢ 2 U/ul, 0.5



wl) or DyNazyme II DNA Polymerase (for U, 2 U/ul, 0.5
wl), natural ANTPs (4 mM, 0.5 pl), functionalized dNTPs
(4 mM, 1 pl), primers (10 uM, 1 pl, PrimfOR-GS_.FAM and
10 wM, 1 pl, PrimREV-GS_.FAM) and template Temp+e30/10
(1 wM, 0.5 pl) in appropriate enzyme reaction buffer (1 pl)
supplied by the manufacturer. For more details, see Supple-
mentary Information.

In vitro transcription assays

Enzymes. B. subtilis RNAP (BsuRNAP) core with His'’-
tag on rpoC (RLG 7024 strain) was purified as described
previously (42). The transcription factor ¢ was overpro-
duced from the pCD2 plasmid and purified as described
(43). Escherichia coli RNAP (EcoRNAP) holoenzyme (with
o’%) was purchased from New England Biolabs. The BsuR-
NAP core was reconstituted with a saturating amount of ¢
for 10 min at 37°C.

Multiple round transcriptions. Multiple round transcrip-
tion assays were performed essentially as described (44), un-
less stated otherwise. The BsuRINAP experiments were car-
ried out in 10 wl with 5 ng template, 100 mM Tris pH 8,
125 mM MgCl,, 50 mM DTT, 50 mM NaCl, 30 nM RNAP
holoenzyme and NTPs (200 uM ATP, 1000 wM GTP, 200
pM CTP, 10 uM UTP plus 3.7 kBq [a-**P]JUTP). The
EcoRNAP experiments were carried out under the same
conditions except for the salt (90 mM KCI). RNAP was
used diluted in 50 mM Tris—HCI pH 8.0, 0.1 M NaCl, 50
% glycerol. The samples were preheated for 10 min at 37°C.
The reaction was allowed to proceed for 10 min at 37°C.
Subsequently, the reaction was stopped by the addition of
10 pl of formamide stop solution (95% formamide, 20 mM
EDTA, pH 8.0). The samples were loaded onto 7% poly-
acrylamide gels. The gels were dried and exposed to Fuji
MS phosphor storage screens and scanned with a Molecu-
lar Imager FX (BIORAD) and analyzed with Quantity One
program (BIORAD).

Single round transcriptions. The experiments were per-
formed essentially as described in Rabatinova et al. (45).
Briefly, we selected K+, U, CM¢, CPP AE GV as the tem-
plates, used ECORNAP and kept the enzyme, template, NTP
concentrations and buffer composition the same as for mul-
tiple round transcriptions. Heparin was used as the com-
petitor at a final concentration of 12.5 wg/ml. In parallel, we
performed competitor test experiments (reactions were ini-
tiated with RNAP after heparin had been added to the reac-
tion), and in all cases heparin was able to abolish transcrip-
tion. The experiments were stopped at 0.5, 1, 2,4, 8 and 16
min, respectively. Polyacrylamide sequencing gel (9%) was
pre-run for 45 min at 1500 V. Then, the samples were loaded
onto the gel and resolved for 1 h at 1800 V. The gel was
dried and analyzed as described in “Multiple round tran-
scriptions”.

Sequencing of in vitro transcription products. The DNA
templates (K+, U, UE, CY, AH, AMe, GH) were transcribed
as described in “Multiple round transcriptions”. The vol-
ume of reactions was 5-fold scaled up compared to [a->>P]
UTP-labeled multiple round transcriptions. Concentrations
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of the components stayed the same. BsuRNAP was used as
the enzyme for all the templates; in addition, ECORNAP
was used also for K+, U and UE. RNA was purified and
DNased by RNeasy© micro kit (Qiagen). The RNA was
reverse transcribed (SuperScript® III, Invitrogen; random
hexanucleotide primers from Metabion). Then, PCR was
performed with Expand High Fidelity PCR System (Roche)
and primers 1661 — 5 GCTTGGGTCCCACCTGACCC
3 and 1662 — 5 GAAAGGCCCAGTCTTTCGAC 3
(Metabion). Initial denaturation started at 94°C for 5 min,
followed by 1x:[94°C — 155, 56°C —30's, 72°C — 90 s]. Then,
4x:[94°C— 155, 52°C—- 305, 72°C —90 s]. Finally, 23x: [94°C
—15s,48°C - 30s, 72°C - 90 s]. Final elongation was car-
ried out at 72°C for 7 min. RNA samples after DNasing but
without reverse transcription were used as negative controls.
The PCR products were resolved on 1.5% agarose gel. The
DNA was cut out and purified from the gel with QIAquick®
Gel extraction kit, Qiagen. The DNA was then sequenced
with primers 1661 and 1662.

Gel Shift assays

Reconstitution of ECoORNAP and respective fluorescently
labeled templates was carried out with 0.25 pmol of the
template and 0.023-5.625 pmol EcoRNAP (a dilution se-
ries at 3-fold increments) at 30°C, 15 min in 5 pl. DNA
template with no modification was used as positive control
(K+). As a negative control (K-, Figure 3B), template with
mutated —10 and —35 promoter sequences (Sigma Aldrich)
was used. The samples were immediately loaded and re-
solved on native gradient gels 4-16% (Novex) with ice cold
buffer at 150 V for 2 h. The gels were scanned with a Molec-
ular Imager FX (BIORAD) and evaluated by Quantity One
program (BIORAD).

RESULTS
Synthesis of modified ANTPs

In order to prepare modified DNA templates by PCR (for
reviews on enzymatic synthesis of base-modified DNA, see
refs. 46-48), we needed a complete set of modified dNTPs
bearing substituents of increasing bulkiness (H, methyl,
vinyl, ethynyl or phenyl group) at position 5 of pyrimidine
or at position 7 of 7-deazapurine nucleotides (Scheme 1).
The synthesis of most of them has been reported previously
(33-36). The only new derivative was 7-methyl-7-deaza-
dATP (dAMTP) which was prepared by triphosphorylation
(49,50) of known 7-methyl-7-deaza-2'-deoxyadenosine. At
first we tested polymerase incorporation of the newly syn-
thesised dAM®TP in a simple primer extension experiment
(PEX) with different polymerases. KOD XL DNA poly-
merase was the best enzyme which readily and selectively
incorporated 7-methyl-7-deazaadenine nucleotide (Supple-
mentary Figure S10) giving the 31-mer full-length product.
Apart from PAGE analysis with proper negative control ex-
periment, the formation of methyl-modified oligonucleotide
(ON) was also confirmed by MALDI analysis of 31-meric
product containing 4 modified AM® bases (see Supplemen-
tary Information).
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Scheme 1. Structures of modified dNXTPs used in the study.

Choice of the transcription system

To initiate transcription, RNAP first binds to the promoter
DNA to form the closed complex in which the two DNA
strands are not yet separated. Subsequently, RNAP iso-
merizes and forms the open complex, where the transcrip-
tion bubble is established (—11 to +2, where +1 is the tran-
scription start site). Upon binding the initiating nucleo-
side triphosphates (NTPs), the first covalent bond is formed
and after the addition of ~10-15 nucleotides (nt) RNAP
breaks its contacts with the promoter and proceeds to elon-
gation. During the promoter escape stage, short abortive
transcripts can be released without RNAP leaving the pro-
moter (51).

For transcription in vitro, RNAP, template DNA with
a promoter sequence to initiate transcription, substrates
(NTPs) and appropriate buffer milieu are required. As for
our transcription system, we selected two bacterial RNAPs
from model organisms Escherichia coli and Bacillus sub-
tilis. These two species are phylogenetically distant (52),
and they are extensively studied representatives of Gram-
negative and -positive bacteria, respectively. RNAP in both
species consists of the core subunits (a;B’° ) (53). In ad-
dition, B. subtilis RNAP contains two small subunits, 8 and
€ (54). The RNAP core is capable of transcription elonga-
tion but not initiation (55). To initiate, a o factor is required,
depending on the promoter. As our model promoter we se-
lected Pveg, a strong constitutive promoter that is well char-
acterized, recognized by both RNAPs and requires RNAP

in complex with the primary o factor (¢'° in E. coli and o
in B. subtilis, respectively) to initiate transcription (56,57).
The veg gene codes for a protein that was implicated in
biofilm formation (58).

Synthesis of base-modified templates

PCR was the obvious method of choice for the synthesis
of the base-modified DNA templates for the transcription
studies. We designed a 339-mer template (Temp”¥°¢) con-
taining the promoter sequence that was cloned into the p770
plasmid (41). Transcription from the promoter would end at
an intrinsic terminator, yielding ~145 long transcripts.

At first we tested the PCR method on the synthesis of a
non-modified Temp®'°¢ which was prepared in 40 cycles us-
ing natural dNTPs and forward and reverse primers from
plasmid containing Pveg constitutive promoter fragment
using KOD XL DNA Polymerase (Supplementary Infor-
mation). Base-modified DNA templates, with the use of se-
lected 2'-deoxyribonucleoside triphosphates (ANXTPs), vide
supra Scheme 1, were then prepared analogously. From sev-
eral tested commercially available DNA polymerases, the
best results were obtained with KOD XL DNA polymerase
which readily incorporated almost all modified dNXTPs
giving the corresponding full-length PCR products. In the
case of dCM*TP and dC*TP, the KOD XL polymerase was
not efficient and, therefore, Vent(exo-) DNA polymerase
had to be used for the amplification. In the case of dUTP,
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Figure 1. Agarose gel analysis of 339-mer PCR products, promoter re-
gion of the template in italics, with modified dN*TPs: (A) dCXTPs, (B)
dUXTPs, (C) dAXTPs and (D) dGXTPs; Lines 1 (L): ladder (mix of ds-
DNA with specific number of base pairs); Lines 2 (N+): positive control-
four natural dNTPs; Lines 3 — 7 (NX): dANXTPs, X = H, Me, V, E, Ph, plus
three natural ANTPs; 1.3% agarose gel stained with GelRed (A—C) or with
the use of 6-FAM labeled primers (D).

the most efficient enzyme was DyNAzyme II DNA poly-
merase. In all cases, full-length PCR products were detected
(Figure 1A-D) and the correct sequences were also con-
firmed by sequencing. Modified U¥, AM¢ and C* DNAs
were smoothly amplified with yields comparable to positive
controls. Much better amplification proceeded in the case
of AH and CM¢ where the yields were even higher than pos-
itive controls. Slightly worse yields were obtained for AF,
APh CPhUPh UV and all GXs where also prolongation of
time of extension from 1 to 2 min was helpful to form PCR
products in sufficient yields. In the case of AY, CY and U,
the amplification was the most problematic and the volume
of reactions had to be scaled up by ~1.5-fold, and also, for
U, the prolongation of time of extension to 2 min was re-
quired to obtain the modified DNA template in sufficient
amount for the transcription experiments.

All these PCR products were visualized by agarose gel
electrophoreses with the use of GelRed as intercalating
agent (Figure 1A-D), except PCR products containing
modified dGXTPs. Since 7-deazaguanosine moieties are
known to quench fluorescence of intercalators (59), we
used 5'-6-FAM labeled primers with fluorescence detection
to analyze dGXTPs PCR products (Figure 1D). The elec-
trophoretic mobility of the PCR products containing CP",
UPP, AY and GY was somewhat slower compared to the pos-
itive control and other modified DNAs (Figure 1A and B
lanes 6 and Figure 1C and D lanes 5) which may have been
caused by increased size or some interactions of the modi-
fications with agarose. However, also in these cases the se-
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87nt

5- GAGGCCCTTTCGTCTTCAAGAATTCTATT
TGACAAAAATGGGCTCGTGTTGTACAATA
AATGTGTCTAAGCTTGGGTCCCACCTGAC -3’

1 2 3 45 6 7 8 9 10 1112

-4 A

L + T- U

100 nt-
50 nt - s

L + A- C- AH AMe APh CMe

Figure 2. Agarose gel analysis of 87-mer PCR products used in Gel-Shift
assay, promoter region of the template in italics, with modified dNXTPs:
N = A, C, U; Lines 1, 9 (L): ladder (mix of dsDNA with specific number
of base pairs); Lines 2, 10 (+): positive control-four natural dNTPs; Lines
3,4, 11 (N-): one ANTP missing; Lines 5-8, 12 (NX): dANXTPs, X = H, Me,
Ph, plus three natural dNTPs; 2% agarose gel with the use of 5'-6-FAM
labeled primers.

quencing clearly showed the correct length and sequence of
these amplification products. For more details of the PCR
experiments and further gel electrophoresis images contain-
ing negative controls, see Supplementary Information.

Synthesis of short base-modified templates (EMSA)

In order to study the influence of the base-modification on
the binding of the RNAP to the DNA template, we designed
short a 87-mer template (Temp®'¢&>%/1%) containing the pro-
moter region. Five selected representative modified nucleo-
side triphosphates, JAHTP, dAM*TP, dAP"TP, dCM*TP and
dUTP, were then used for the PCR synthesis of the modi-
fied Temp®'e2%/10 templates by PCR. Amplification of the
87-mer proceeded smoothly in 30 cycles for all five tested
dNXTPs. Vent(exo-) proved to be the best polymerase for
dAHTP, dAMeTP, dAP"TP and dCMeTP substrates, whereas
dU-modified PCR product was efficiently amplified by Dy-
NAzyme II DNA polymerase (Figure 2). Furthermore, to
avoid working with radioactivity, 5'-6-FAM labeled primers
were used for the agarose gel analysis of all base-modified
87-mer PCR products. For more details, see Supplementary
Information.

Transcription on modified DNA

Having all the base-modified DNA templates in hand, we
performed multiple round transcriptions with RNAPs from
E. coli (EcoRNAP) and B. subtilis (BsuRNAP), respectively
(Figure 3). The two enzymes (ECORNAP and BsuRNAP)
showed similar trends with respect to their ability to tran-
scribe the various templates. While the trends were similar,
transcription with ECoORNAP resulted in higher yields of
transcripts than transcription with BsuRNAP (Figure 4).
The presence of the bulkiest phenyl modification resulted
in virtually complete inhibition of transcription with the ex-
ception of CP!. Ethynyl and vinyl groups showed similar in-
hibition with ECORNAP and BsuRNAP, but the degree of
inhibition depended on the identity of the base. The most
pronounced inhibition was achieved when these modifica-
tions were positioned on 7-deazaguanine; less pronounced
effects were observed for A and C. Interestingly, U® dis-
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played a higher activity than UY and U. Most interestingly,
U almost abolished transcription with both RNAPs.

In the gels, we did not observe any prominent shorter
transcripts than the full length RNA (145 nt) which indi-
cated that the transcription of the studied modified tem-
plates was not blocked during elongation. Nevertheless, sin-
gle round transcriptions performed as a function of time
could be more sensitive to detect paused or blocked RNAPs
(26). Therefore, we performed these experiments with the
control (K+) and selected modified templates (U, CM¢, CP?,
AE, GY). Transcription on the wt (K+) template was the
strongest, correlating with the multiple round results (Fig-
ure SA and B). Importantly, transcription on the modi-
fied templates including the one with the bulkiest modi-
fication (CP") did not lead to transiently paused RNAPs.
Likewise, the elongation rate did not seem to be negatively
affected. This suggested that (i) the modifications affected
transcription mainly at the initiation stage, and, therefore,
(i1) if positioned only within the promoter, some of the
in vitro tested modifications may not be targeted by the
transcription-coupled nucleotide repair system in vivo that
acts on stalled RNAPs during transcription as reported pre-
viously (27, 31). To assess whether transcription from the
modified templates could have perhaps caused misincorpo-
rations of NTPs into the RNA, we sequenced reverse tran-
scribed RNA generated from K+, U, UE, CY, AH, AMe GH
In neither case we observed any deviation from the wt (K+)
sequence, including U and UF as these substitute the Ts and,
therefore, do not change the coding.
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Table 1. K4 values for selected templates and ECORNAP

Template Kd [nM]* +SD
K+ 30.6 3.0
AH 35.5 2.9
AMe 54.3 4.4
AFh 35.8 5.0
CMe 102.8 13.5
U 617.5° 57.5%
K- >1125.0f n.d.

*Kg4 represents the mean value calculated from at least three independent
experiments.

TThese Kys are the means from two experiments and the error shows the
range. n. d., not determined.

Binding of RNAP to modified DNA templates

Based on the results of transcription, we asked how the
modifications affected formation of complexes between
RNAP and selected modified templates. We performed elec-
trophoretic mobility shift assays (EMSA) with selected tem-
plates (K+, K— [mutated Pveg without base modifications;
Figure 3B], AH, AMe¢, APh CMe and U) and EcoRNAP to de-
termine the respective Kgs (Table 1). The non-modified tem-
plate (K+) and AH displayed similar Kgs, and the K4 of AM¢
was only slightly higher, which is in accord with the ability of
RNAP to transcribe these templates efficiently. Unexpect-
edly, AP (which completely inhibits transcription) showed
similarly low value of K4 as AH indicating that it also binds
to the template with high affinity (see Discussion vide infra).

Both CM¢ and U displayed much lower affinities for
RNAP, consistent with their adverse effect on transcription.
The Pveg promoter fragment with mutations in the consen-
sus hexamers and bearing no artificial base modifications
(K—) displayed the lowest affinity for RNAP — in fact, the
binding was so weak that the K4 was out of range of the
tested RNAP concentrations (Table 1).

DISCUSSION

We have synthesized and evaluated a complete set of tem-
plates containing non-natural nucleobase derivatives modi-
fied in the major groove by substituents of increasing bulk-
iness (H, Me, vinyl, ethynyl, phenyl) at the position 5 of
pyrimidines or at the position 7 of 7-deazapurines. The non-
natural modifications were designed for testing the struc-
tural requirements of RNAP in complex with the main
sigma factor to recognize the promoter sequence and to
read through the modified template during transcription.
The goal was to find some (presumably smaller) modifica-
tions which would be fully tolerated by the RNAP and al-
low transcription, and some (presumably bulkier) modifi-
cations which would completely block transcription. Apart
from deeper understanding of the sequence-specific recog-
nition of DNA by these proteins, these findings might pave
the way to the development of biorthogonal reactions for
switching (ON and/or OFF) the transcription.

The corresponding base-modified dNTPs were good sub-
strates for DNA polymerases and were efficiently used for
PCR synthesis of the modified templates. In these templates,
both strands were fully modified with the exception of the
primer parts which were non-modified. For example, when
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using modified dAXTP, all adenines in both strands (except
for primers) were replaced by the AX nucleobase. This in-
herently means, that if the full length transcript is generated,
RNAP has recognized the sequence and the RNAP was able
to transcribe through the modified template.

The systematic transcription study of all the modified
templates revealed several important findings. As expected,
some modifications were tolerated and the modified tem-
plates gave efficient transcription, whereas some modified
templates did not give any transcription. The absence of
prominent bands shorter than the full length transcript
suggested that the modifications acted already at the tran-
scription initiation stage. Interestingly, several shorter tran-
scripts generated from K+ appeared near the bottom of the
gel (Figure 5A). These were likely products of abortive tran-
scription (AP). This was consistent with the relatively long
time it took RNAP on K+ to reach the plateau: RNAP
struggled to severe its contacts with the promoter. These
bands disappeared in transcriptions with modified DNA,
suggesting that RNAP was not limited in promoter escape
on these templates. Despite using two phylogenetically dis-
tant polymerases (ECORNAP and BsuRNAP), both dis-
played similar trends with respect to their abilities to tran-
scribe the modified templates (Figure 4). This is consis-
tent with the structural-functional conservation of RNAPs
across prokaryotes. The architecture of the active site is con-
served also in eukaryotes (61,62). Nevertheless, ECORNAP
was generally more efficient, reflecting its ability to form
more stable complexes with the DNA than BsuRNAP (63).
Importantly, the modifications appeared to have no muta-
genic effect with respect to misincorporation of NTPs as
proved by sequencing of several transcription products.

The effect of U and C modifications

It was previously reported that dihydrouracil was efficiently
bypassed by E.coli RNAP when positioned within the
transcribed region (26). However, transcription of the dU-
containing template was severely hindered. A likely reason
is the importance of Ts within the —10 hexamer (consensus
S'-T.12A41T.10A9A T 7-3") of the non-transcribed strand
of DNA that interacts with sigma region 2. Crystal struc-
tures show a lock-and-key fit, where the A_;; and T_; are
flipped out of the base stack, with their bases buried in
pockets on the protein surface (64). Only an A base can fit
in the A_;; pocket, and the T base is specifically recognized
in the T_7 pocket. The intervening bases of T_1pA_9A _g re-
main stacked, directed away from the protein surface. The
methyl group of T_7 is oriented toward the A_¢A_g phos-
phate group (65-67) and sterically blocks thermal move-
ments of the phosphate group toward the —7 base. This
space remains unoccupied in the dU-containing DNA (see
the modeled structure in Figure 6). This likely causes dis-
turbance of the recognition between the modified DNA and
RNAP and contributes to the decreased transcription from
the template.

Compared to the dU-template, the addition of ethynyl
at dU was able to partially restore the transcription activ-
ity of RNAP. The presence of ethynyl group at dU® proba-
bly mimics the methyl group of the natural T base. On the
other hand, the presence of a vinyl group or bulky phenyl
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group at dU completely blocked the transcription. Inter-
estingly, the presence of CM¢ (the only naturally occurring
base from the studied modifications) was partially toler-
ated by ECORNAP, whereas with BsuRNAP the transcrip-
tion was blocked. Surprisingly, vinyl derivative CY was tol-
erated by both enzymes, whereas the ethynyl and phenyl
derivatives CF and CP" inhibited the E. coli transcription
and CF fully blocked BsuRNAP. Previously, it was shown
that 5-propynyl cytosine (CP) blocked transcription when
positioned within the transcribed region (28). In contrast,
CPh, while significantly decreasing the full-length transcrip-
tion, did not result in a ladder of shorter transcripts indi-
cating blocked RNAP at each modification (Figure 5A).
A possible explanation could be the 20-fold higher com-
petitor concentration used in the C? experiment: heparin
destabilizes RNAP-DNA complexes and may contribute
to premature termination. In our case, we did not use a
higher heparin concentration as it interfered with RNAP-
promoter DNA complex formation and resulted in no tran-
scription. Nevertheless, some other modifications, such as
8-oxoguanine, were reported to cause stalling of mam-
malian RNA polymerase II during elongation (29) and af-
fected promoter clearance with ECORNAP when positioned
within the early transcribed region (28). Yet another mod-
ification, 5-iodocytosine, negatively affected transcription
from the E. coli trp promoter (30).

The effect of A and G modifications

Modifications of A resulted generally in less pronounced
effects than modifications of Gs. Both 7-deazaA (AH) and
7-deazaG (GM) were fully tolerated indicating that the N7
nitrogen is not crucial for the sequence recognition by
RNAP. Also 7-methyl-7-deazapurines (AM® and GM*) gave
significant transcription, especially with the ECORNAP. AY,
AF and AP" gave some residual transcription with the E.
coli (but not B. subtilis) enzyme, whereas the bulkier G-
modifications blocked both enzymes.

Kgs determined for selected A-modified templates corre-
lated with transcription activity except for AP, which, sur-
prisingly, formed complexes with ECORNAP with low K.
A11Ph from the —10 hexamer in the non-template DNA
should be able to bind into a pocket on the protein surface.
Even stabilizing stacking interactions between the phenyl
moiety and Y430 could be envisioned. Nevertheless, the
phenyl group would protrude into the space that is normally
occupied by the phosphodiester linkage connecting impor-
tant nucleotides N_j; and N_;3 of the non-template strand
(see the modeled structure in Figure 7). These nucleotides
are the first ones that base-pair at the upstream end of the
transcription bubble. This suggests that while AP" does not
decrease the ability of the template to interact with RNAP,
steps such as melting the DNA and/or formation of the
transcription competent complex are likely affected.

Guanine is important within the —35 element (consen-
sus T.35T34G.33A3C31A30), and this was reflected in al-
most complete inhibition of transcription on templates con-
taining bulkier G-modifications (GY, G¥, G™). On the
other hand, the transcription of templates containing 7-
deazaguanine (GH) was very efficient and the E. coli RNAP
also efficiently transcribed template containing GM¢. Crys-
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Figure 6. Interaction of the non-template strand with the sigma subunit of RNAP: T_5. (A) Segment of the crystal structure (PDB 4yln, 66). The methyl
group of T_7 is indicated with the yellow van der Waals sphere. The red spheres indicate the oxygens of the A_gA_g phosphate group. The DNA is shown
in light yellow. The sigma subunit is shown in grey. (B) Modeled modified DNA containing U_7 instead of T_7.

Figure 7. Interaction of the non-template strand with the sigma subunit of RNAP: A_j;. (A) Segment of the crystal structure (PDB 4yln, 66). The A_j; base
is labeled and shown in bright colors. The phosphodiester linkage between N_j; and N_j3 is also highlighted. The DNA is in light yellow. The sigma subunit
is shown in grey. (B) Modeled modified DNA containing AP instead of A.j; clashes with the N_j> and N_;3 phosphodiester linkage. The phenyl group
at A_yj is shown including the van der Waals spheres of individual atoms. Tyrosine 430 that can stack with the phenyl group is shown in dark grey, the van
der Waals sphere of the Tyr phenyl oxygen is shown in red. A_g and A_g are facing away from the protein and so the phenyl groups were not modeled there.

tal structure (66) shows that E. coli Arg584 in sigma re-
gion 4.2 donates two hydrogen bonds to the O6 and N7
acceptors of -31'G. Our results with efficient transcription
of GH-containing templates indicate that hydrogen bond-
ing to O6 may be sufficient for recognition whereas the in-
teraction with N7 is not crucial. A substitution of the corre-
sponding position in Thermus aquaticus sigma (Argd09Cys)
decreased expression from the wild-type lac promoter. Ac-
cordingly, N7 methylation at this position by dimethyl sul-
phate was reported (68) to have a negative effect on pro-
moter binding by RNAP and transcriptional activity. We
observed a similar inhibition of transcription of template
containing 7-methyl-7-deazaguanine (GM¢) by B. subtilis
RNAP (but not by E. coli RNAP).

CONCLUSIONS

We synthesized a complete set of base-modified dNTPs
bearing modifications of diverse bulkiness in the major

groove and used them as templates for enzymatic construc-
tion of the corresponding base-modified templates by PCR.
The non-natural major-groove modifications were designed
to study the structural requirements of the transcription
factor and RNAP in recognition of the DNA template and
the ability of the RNAP to read through the modified tem-
plate during transcription. This study has brought several
important findings. The major-groove modifications are ei-
ther tolerated or inhibit transcription but they do not cause
significant formation of shorter transcripts or mutagene-
sis, which means that they primarily influence transcrip-
tion initiation rather than subsequent steps. The replace-
ment of the N7 in purines by a carbon is always well tol-
erated indicating that this nitrogen is not crucial as H-
bond acceptor in the interactions with RNAP. The pres-
ence of U (instead of T) in the template almost completely
blocks transcription due to the decreased binding of RNAP
and suboptimal interactions of U during initiation. Both



in pyrimidines and in deazapurines, some smaller modifica-
tions (Me, ethynyl, vinyl) are at least partly tolerated. This
gives us a good chance for the design and development of
biorthogonal chemical transformations that may convert
some more bulky substituents into these small (tolerated)
ones and vice versa, and ultimately develop artificial chem-
ical switches for transcription. Studies in this direction are
under way.
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