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Nucleic acids (RNA and DNA) consist of three key structural
moieties: the nucleobase, the sugar, and the phosphate group.
A comprehensive understanding of how these intrinsic
structural features are recognized by nucleic acid enzymes
during gene expression is not only important for elucidating
the chemical basis of the central dogma of biology (genetic
information transferred from DNA to RNA to protein), but
also has many implications for synthetic biology and nucleic
acid based therapeutics.'”) Synthetic nucleic acid chemistry
has now provided us with powerful tools to advance our
understanding of the functional interplay between nucleic
acids and nucleic acid enzymes, an advance that cannot be
achieved by conventional biological approaches.*

RNA Polymerase II (Pol II) is responsible for transcribing
a DNA template into precursor messenger RNA in all
eukaryotic cells. Key questions concern how Pol II recognizes
the structural moieties of nucleic acids and how it maintains
high transcriptional fidelity. Previous studies have mainly
focused on understanding the contributions of the nucleo-
tides’ peripheral functional groups (the nucleobase and 2'-OH
group) to Pol I transcriptional fidelity.”"¥ However, the
contribution of the central structural moiety (the sugar
backbone) is unclear. It is worth noting that nature has
selected cyclic ribose as the sugar backbone for both RNA
and DNA, and modern nucleic acid enzymes, such as Pol II,
have adapted to this sugar backbone during the course of
evolution. This raises several intriguing questions: how
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important is an intact sugar backbone to Pol II substrate
recognition and transcriptional fidelity? Do modern nucleic
acid enzymes, such as Pol II, have an inbuilt capacity to
recognize and select for nucleotides and nucleic acids with
intact sugar moieties.

To address these questions, we employed a synthetic
chemical biology approach that involved comparing the Pol II
mediated incorporation of a canonical nucleotide to that of
a nucleotide analogue with a disrupted sugar moiety
(Figure 1). This synthetic nucleotide analogue, termed

OH OH

Figure 1. a) Canonical and unlocked nucleosides used in this study.
Structures of adenosine (A) and unlocked adenosine (denoted as a).
The sugar backbones are highlighted in red. b) Structure of the Pol Il
elongation complex (PDB: 2E2H)."¥ Shown are Pol Il (tan), RNA (red),
template DNA (cyan), and non-template DNA (green).

unlocked nucleic acid (UNA),[*"! contains all the peripheral
functional groups of the natural nucleotide but has a disrupted
ribose ring (Figure 1a).! Importantly, the UNA residues
remain able to form Watson—Crick base-pairing with RNA or
DNA strands without significant disruption to the duplex
structure."™ We systematically and quantitatively dissected
the contribution of the sugar backbone to Pol II substrate
incorporation, elongation, and the three key checkpoint steps
of transcriptional fidelity. This knowledge is not only impor-
tant for elucidating the molecular basis of sugar recognition
by Pol II, but also provides insight into the molecular basis of
genetic information storage and transfer during evolution.
To understand the effect of the disrupted sugar backbone
on Pol I substrate incorporation, we focused on dissecting
the contributions of two components: the incoming substrate
and the RNA primer. Two critical enzyme kinetic parameters
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were determined: the substrate specificity constant
(kpot/ Kgapp), Which is derived from the rate of
polymerization (k) and apparent substrate disso-
ciation constant (Kj,,,); and discrimination, calcu-
lated from the ratio of k,,/Ky.,, for substrate A over
substrate B ((Kpo/ K app) a/ (Kpor K app)s)- Discrimina-
tion is a quantitative measure of the enzyme’s power
to discriminate between two substrates. To study the
effect of a disrupted sugar in the substrate, we
investigated the incorporation of ATP, a process that
occurs with the loss of two phosphate groups to give
the corresponding nucleoside monophosphate
(AMP) in the resulting nucleic acid. We compared
the nucleotide incorporation efficiency of canonical
ATP substrate and unlocked adenosine triphosphate
analogue (denoted as aTP) into a Pol II elongation
complex with Scaffold I containing a 10nt RNA
primer with an A at the 3-RNA terminus (termed
10A, Figure Sla in the Supporting Information).
Strikingly, the nucleotide incorporation of aTP
substrate is substantially slower than that of ATP
(Figure 2a), and Pol IT exhibits an approximately
107-fold discrimination for ATP over aTP ((kyo/
K upp) are! (Koot Ka app)ate) as revealed by pre-steady-
state single-turnover incorporation assays (Fig-
ure 2¢, Table S1), even though both substrates
share the same nucleobase, sugar hydroxy groups,
and triphosphate functional groups. This strong
discrimination largely results from the difference
in catalytic rates (ca. 10°-fold) rather than a differ-
ence in substrate affinity (ca. 10-fold; Figure S2). It
was unexpected that the contribution of the sugar
backbone (ca. 10’-fold in kool Kqapp) would be
approximately 100-fold stronger than that of nucle-
obase pairing (matched A:dT pair versus mis-
matched U:dT measured by (Ko/Kqgapp)are/(Kpol!
Kgapp)ure) and 10°-10* stronger than that of sugar
2'-OH interactions (NTP versus dNTP).P!11] This
result reveals that the integrity of the substrate’s
sugar backbone plays a dominant role in ensuring
efficient Pol II substrate incorporation.

To investigate the role of sugar integrity in the
RNA primer, we compared nucleotide incorpora-
tion into PolII elongation complexes with either
a scaffold containing a canonical RNA primer (10A)
or a scaffold containing an RNA primer with an
unlocked adenosine (a) substitution at the 3'-RNA
terminus (10a,, n indicating the 3'-RNA terminus
position; Figure 2 a). We found that incorporation of
ATP substrate into 10a,, is substantially slower than
ATP incorporation into Scaffold 10A, with an
approximately (2 x 10°)-fold reduction in the Kool
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Figure 2. Sugar backbone integrity plays an important role in ensuring efficient
Pol 1 transcription. a) ATP or aTP incorporation into 10A or 10a, scaffold by

Pol 1. b) Effects of an unlocked nucleotide substitution in the RNA primer on

Pol Il elongation. NTP, ATP, and aTP were used at 1 mm concentration. c) Loss of
sugar backbone integrity greatly reduces the substrate specificity constants. N.D.:
not determined. d) Pol Il elongation efficiency is recovered as the unlocked
nucleoside is moved upstream.

K4 ,pp value (Figure 2¢ and Table S1 in the Supporting Infor-  sugar backbone of both substrate and 3-RNA terminal
mation). This result reveals an important role for sugar residue together completely abolishes Pol II transcription.

integrity at the 3'-RNA terminus in efficient nucleotide To further test the effect of UNA incorporation into the
incorporation. No incorporation of aTP substrate into the = RNA primer on Pol II elongation, we systematically designed
10a, primer was observed even after extensive incubation  primers containing UNA residues at either the n, n—1, or n—2
periods (Figure 2a), thus suggesting that disruption of the  positions (termed 10a,, 10g,_;, or 10g,_,, respectively, Fig-

ure 2b). These scaffolds allowed us to compare the effect on
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Pol II elongation of a disrupted sugar backbone
at different positions along the RNA primer.
We observed that UNA at the 3'-RNA terminus
(10a,) greatly inhibits PolII elongation,
whereas the inhibitory effects were much
lower with 10g,_, and 10g,_, (Figure 2b). The
koo Ky app value for the incorporation of ATP
into 10g,_, is only about 5-fold lower than that
of incorporation into the 10A scaffold; in
comparison, there was a (2 x 10°)-fold reduction
in specificity when using 10a, (Figure 2d and
Table S1). These results indicate that the effect
of RNA primer sugar integrity on Pol II tran-
scription is position dependent, and the inhib-
itory effect on Pol Il transcription is greatly
reduced as the UNA residue moves further
upstream from the 3'-RNA terminus.

Pol II transcriptional fidelity is maintained
by three checkpoint steps: 1) specific nucleo-
tide selection and incorporation at the 3'-RNA
terminus, 2) discrimination between matched
and mismatched nucleotides at the 3-RNA
terminus during elongation, and 3) proofread-
ing activity through preferential cleavage of
misincorporated nucleotides.™ '] We assembled
five active RNA Pol II elongation complexes
with either an unmodified RNA primer or one
containing a site-specific UNA modification
(Figure S1, ScaffoldsI and II). This system
allowed us to systematically and quantitatively
measure the contributions of sugar integrity at
each of the three Pol II transcriptional fidelity
checkpoint steps.

To measure the contribution of sugar integ-
rity to the first Pol I transcriptional fidelity
checkpoint step (nucleotide selection and incor-
poration), we measured the kinetic parameters
for matched ATP, mismatched UTP, sugar-
disrupted aTP, and mismatched and sugar-
disrupted TP incorporation (Figure 3a,
Table 1, and Figure S2).

Comparison of the k,/Kg,,, values among
the four substrates reveals two very striking
results (Figure 3a, Table 1). First, Pol I’s dis-
crimination for sugar integrity ((kpo/Kgapp)ate/
(koo K g app)ate> €A 107-fold) is approximately
100-fold higher than its nucleobase discrimina-
tion ((Kpor/ Kaapp) e/ (Kpot/ Ka.app) Ut €2 10°-fold).
Second, PolII’s nucleobase discrimination
between ATP and mismatched UTP is com-
pletely abolished following the replacement of
the canonical ribose with a UNA sugar (drop-
ped from ca. 10°fold to ca. 1). This clearly

indicates that disruption of the sugar backbone integrity not
only greatly reduces Pol II transcriptional efficiency but also
abolishes nucleobase recognition during incorporation, thus
indicating that sugar backbone integrity is a prerequisite for
correct nucleotide selection during Pol II transcription.
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Figure 3. Sugar backbone integrity plays a dominant role in Pol Il transcriptional fidelity
at all three fidelity checkpoint steps. a) Loss of sugar backbone integrity completely
abolishes nucleobase discrimination at the first checkpoint step. b) Loss of sugar
backbone integrity significantly undermines primer nucleobase discrimination at the
second checkpoint step. c) Loss of sugar integrity abolishes the difference in TFIIS-
mediated cleavage between matched and mismatched 3'-RNA:DNA terminus at the
third checkpoint step. Arrows indicate observed cleavage products.

To investigate the effect of a disrupted sugar backbone on
the second checkpoint step (transcript extension), we assem-
bled four Pol II elongation complexes with Scaffold II con-
taining the following RNA:DNA pairings at the 3-RNA
terminus: A:dT, U:dT, a:dT, and #:dT (termed 11A, 11U, 11a,

and 11u respectively, Figure 3b and Figure S1). These four

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1: Effect of sugar backbone integrity on the three fidelity checkpoint steps of RNA Pol Il transcription.

Fidelity checkpoint  Scaffold/Substrate  k,, [min™"] K app [uM] kool/Ksapp [HM ' min~"]  Relative Nucleobase
efficiency? discrimination®®
10A/ATP 750210 90+£20 8.3+3.0 1 4.441.8) x 10°
nucleotide 10A/UTP 0.01540.003 800+ 60 (1.940.4)x10°° (2.3+£1.0)x10°° (44+1.8)
incorporation 10A/aTP (5.8£0.2)x10* 9404100  (6.2£0.7)x10~7 (7.5£28)x10° o
10A/uTP (2.9403)x107* 620110  (4.7+1.0)x10” (5.7+2.4)x10% T
- T1A/CTP 450+20 52+£5 8.7£0.9 . 1 By (1.0£0.3) x10°
nucleotide 11u/CcTP 0.26+0.05 3000+£700  (8.742.6)x 10 (1.040.3)x 10
extension 11a/CTP (3.4+0.1)x107°  55+£5 (6.240.6) x10~° (7.14£1.0)x10°° R
1u/CTP (4.9+£02)x10™* 4747 (1.0£0.2) x 10~ (1.1+£03)x10°¢ e T "
Scaffold Cleavage rate (ks [Min™"]) Relative Nucleobase
efficiency! discrimination!”
11A 0.6+0.1 1
roofreadin 11U 73+1.6 12+£3 1243
P & Ma 83+1.7 1444 03
Tu 84+£15 14+3 ’

[a] Relative EmCie”C)’ = (kpolle.app)ATP or UTP or aTP or uTP/ (kpol/Kd,app)ATP; (kpol/Kd.app)HA or 11U or 11a or 1'\u/ (kpol/Kd.app)HA; [b] Discrimination = (kpol/Kd,app)ATP or aTP/
(koot/ K app) ute or utes (Kpot/ Kaapp) 114 or 110/ (Kpot/ Ka app) 114 or 1143 [€] Relative Efficiency = (Kobs) 114 or 110 or 11 or 11/ (Kobs) 1145 [d] Discrimination = (Kops)11a or

'I]a/(kobs)'l'IU or 11u*

Scaffold II variants represent the four potential product states
of Pol II elongation of Scaffold 10A after the first checkpoint
step (Figure 3b). This approach allowed us to evaluate the
influence of both sugar integrity and base pairing at the 3'-
RNA terminus of the primer on incorporation of the next
nucleotide. We measured the specificity constants for the
incorporation of CTP substrate into all four Pol II elongation
complexes. The efficiency of nucleotide incorporation follow-
ing the correct A:dT base pair is consistently approximately
10°-fold higher than that following the mismatched base pair
U:dT (Figure 3b, Table 1, and Figure S3).[¥! Strikingly, in the
absence of sugar integrity, Pol II’s ability to discriminate
between a terminal matched pair over a terminal mismatched
pair was significantly reduced from 10°-fold (extension of
A:dT over U:dT) to 6.2-fold (extension of a:dT over u:dT;
Figure 3b, Table 1, and Figure S3). These results suggest that
sugar backbone integrity is also a dominant factor in
controlling the second checkpoint step of Pol Il transcrip-
tional fidelity.

Finally, to investigate how the presence of incorporated
UNA in the RNA primer affects the third transcriptional
fidelity checkpoint step (proofreading), we measured tran-
scription factor IIS (TFIIS)-simulated cleavage rates for four
PolII elongation complexes containing the following
RNA:DNA pairs at the 3-RNA terminus: A:dT, U:dT,
a:dT, and u:dT (Scaffold IT 11A, 11U, 11a, and 11u, Figure 3¢
and Figure S1). The cleavage rate for 11A, which has
a matched A:dT pair, is about 12-fold slower than that for
11U, which has a mismatched U:dT pair (Figure 3¢ and
Table 1).®! Intriguingly, we found that replacing the canonical
sugar with an unlocked sugar also resulted in a large increase
(ca. 14-fold) in cleavage rate for 11a in comparison with that
for 11A, even if the nucleobase was correctly matched to the
dT template. Thus, Pol II is unable to discriminate between
a matched end (11a:dT) and a mismatched end (11u:dT) in
the absence of terminal sugar integrity. Notably, the sugar
substitution did not change the corresponding cleavage

www.angewandte.org
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pattern (Figure S4). Taken together, these results indicate
that UNA sugar substitution at the 3'-RNA terminus abol-
ishes Pol II proofreading activity.

In summary, we systematically dissected the contribution
of the nucleic acid sugar backbone to Pol II transcription.
Surprisingly, we discovered that during Pol II transcription,
the contribution of the sugar backbone to enzymatic effi-
ciency is 10°~10* stronger than that of the 2'-OH group on the
ribose and around 100-fold stronger than that of base pairing.
Even more strikingly, we found that sugar integrity is
a dominant factor in controlling all three checkpoint steps
of Pol II transcriptional fidelity. These results provide novel
insights into the molecular basis of sugar backbone recog-
nition by PolII, which has been underappreciated. Sugar
backbone integrity is a prerequisite for ensuring correct
nucleotide selection, incorporation, and extension during
Pol II transcription as revealed by nucleobase discrimination
being completely abolished following replacement with an
unlocked sugar. The nucleotide’s peripheral functional groups
in themselves are insufficient for efficient Pol II transcription.
Rather, correct spatial arrangement of the functional groups,
which is guided by the sugar backbone, is key to maintaining
high Pol II catalytic activity and fidelity. This study may also
provide some insight into the way in which nucleic acid
enzymes evolved the capability to recognize the key structural
features of nucleic acids.
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