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Abstract

While the roles of 5-methyl-cytosine and 5-hydroxymethyl-cytosine in epigenetic regulation of
gene expression are well-established, the functional effects of 5-formyl-cytosine and 5-carboxyl-
cytosine in the genome on transcription are not clear. Here we report the first systematic study of
the effects of five different forms of cytosine in DNA on mammalian and yeast RNA polymerase
Il transcription, providing new insights into potential functional interplay between cytosine
methylation status and transcription.
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At least five forms of cytosine have been identified in cells: cytosine, 5-methyl-cytosine
(5mC), 5-hydroxymethyl-cytosine (5ShmC), 5-formyl-cytosine (5fC), and 5-carboxyl-
cytosine (5caC) (Fig. 1a). The 5mC and 5hmC modifications play critical roles in epigenetic
regulation of gene expression and maintenance of cellular identityl-2. The two most recently
identified cytosine derivatives, 5fC and 5caC3->, are proposed to be part of the cytosine
demethylation pathway catalyzed by TET (ten-eleven translocation) dioxygenases34:5.
However, the functional effects of 5fC and 5caC in the genome on transcription are unclear
and have not been reported (Fig. 1a).

Users may view, print, copy, download and text and data- mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms

Correspondence should be addressed to D.W. (dongwang@ucsd.edu).

Author Contributions

D.W. conceived the original idea. M.W.K., C.H. and D.W. designed the experiments. C.S. and X.L. carried out synthesis of DNA
templates. J.C. and D.W. purified Pol Il. M.W.K. and D.W. performed transcription assays. M.W.K. and D.W. carried out data
analysis. M.W.K., J.C., C.H. and D.W. wrote the paper.

Competing Financial Interests
The authors declare no competing financial interests.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kellinger et al.

Page 2

DNA methylation is typically observed on CpG islands clustered around gene promoters as
well as within gene bodies?:26:7. While much less abundant than 5mC and 5hmC, 5fC and
5caC are likely to occur at a frequency of between 1045 per genome (Online Methods)3-2:8,
This level is comparable to DNA damage caused by oxidative stress, which is commonly
investigated in the context of transcription and DNA damage repair®. Their presence in the
gene bodies raises an intriguing question of how these cytosine derivatives may affect RNA
polymerase 1l (Pol I1) transcription activity and transcription dynamics. To address this
question, here we have systematically investigated the rate of Pol Il elongation and substrate
specificity (Keat/Km Or kool/Kg) for DNA templates containing a site-specific C, 5SmC, 5hmC,
5fC, or 5caC, respectively.

We first measured in vitro Pol 1l elongation efficiency using purified mammalian Pol 11 with
DNA templates containing a site-specific C, 5mC, 5hmC, 5fC, or 5caC, respectively (Fig.
1b). Our results show a striking difference in mammalian Pol 1 transcription efficiency
among these five forms of cytosine. GTP incorporation efficiencies following a 15-sec
incubation for 5fC- and 5caC-containing templates are significantly lower than that for the C
template (40 + 5 and 39 + 3 percent, respectively), whereas no noticeable difference was
observed among C, 5mC and 5hmC templates (Fig. 1c). We also observed similar pausing
effects of 5fC and 5caC on transcription elongation efficiency using purified yeast Pol 11 (45
+ 5and 52 + 12 percent, respectively, Fig. 1d and Supplementary Fig. 1). Pol Il has strictly
conserved (almost identical) active site residues (Supplementary Fig. 2) and shares common
enzymatic mechanisms for nucleotide incorporation from yeast to human1%11, Thus, it is not
surprising that similar effects were observed for both mammalian and yeast Pol Il, and yeast
Pol 1l can be used as a model enzyme to study the effects of 5fC and 5caC templates on
mammalian Pol 11 transcription elongation. It should be noted that we observed a similar
trend of significant reduction of Pol Il nucleotide incorporation and elongation efficiency on
5fC and 5caC templates from Pol 11 elongation complexes with different scaffolds (either
with a full transcription bubble or downstream-edge of the transcription bubble) (Fig. 1b, 1c,
1d, 1e, and Supplementary Fig. 3), indicating that the observed reduction in transcription
elongation efficiency is not due to specific sequence context or scaffold setting. Taken
together, these results reveal that Pol Il elongation efficiencies for 5fC and 5caC templates
are significantly reduced relative to those for the C template.

To further investigate the Pol I transcription elongation kinetics and quantitatively measure
the effect of cytosine modifications on Pol 11 transcription elongation, we then determined
the full pre-steady state single-turnover NTP incorporation Kinetics for templates C, 5hmC,
5fC and 5caC. These single turnover experiments allow us to directly determine the key
kinetic parameters kyo| (catalytic rate constant) and Kq app (the apparent substrate
dissociation constant) of nucleotide incorporation at a single site. Furthermore, we can
determine the ratio of kno|/Kq app (Substrate specificity), an important kinetic parameter for
measuring Pol Il enzymatic efficiency. The comparison of substrate specificity among these
different forms of cytosine residues gives a quantitative measurement of the effect of these
cytosine derivatives on Pol 1l transcription elongation. Yeast Pol 11 was used to overcome
the technical difficulty in purification of sufficient amount of purified mammalian Pol |1 for
extensive enzymology study. Intriguingly, Pol Il polymerization rates (koo|) for GTP
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incorporation against 5fC and 5caC are significantly reduced to 2.0% and 1.3% of ko) of
GTP incorporation against C template, respectively, whereas no noticeable changes are
observed in the case of 5hmC compared with unmodified C template (Fig. 2a,
Supplementary Fig. 4, and Supplementary Table 1). The Pol Il specificity constants for GTP
incorporation against 5fC and 5caC templates are decreased significantly by ~30.0- and 4.2-
fold, respectively (Fig. 2b), whereas the specificity constant is only slightly reduced in the
case of 5hmC compared with unmodified C template (Fig. 2b). Differences in both kg0 and
apparent Kq app produce the altered GTP specificity (Supplementary Table 1). In addition,
product formation was significantly more biphasic for 5fC and 5caC templates than C and
5hmC templates (Supplementary Table 2). The observation of distinct phases suggests
multiple populations of Pol Il elongation complexes (Supplementary Note): one population
is poised for rapid GTP incorporation (observed as the fast phase of product formation, such
as Pol Il in post-translocation state); the second, slower phase represents a Pol Il population
that requires longer time for GTP incorporation (paused population, such as Pol Il in the pre-
translocation, frayed, or backtracked states). This slower phase may reflect a rate-limiting
isomerization that must occur before GTP incorporation.

To investigate whether the presence of 5fC and 5caC promotes the backtracking population
of Pol Il complex, we measured the rate of TFIIS-mediated backtracked RNA cleavage for
all five scaffolds. The TFIIS-mediated cleavage rates for scaffolds containing 5fC and 5caC
increase by 5.0- and 2.6-fold, respectively, whereas no noticeable changes are observed in
the case of 5hmC and 5mC compared with unmodified C template (Fig. 2c). Taken together,
these results indicate that the presence of 5fC and 5caC greatly shifts Pol Il from an active
population (poised for elongation) to a paused population and promotes Pol Il stalling and
RNA backtracking.

Finally, we investigated whether these cytosine derivatives cause significant changes in
transcriptional fidelity. We first tested incorporation efficiency of individual NTP over
templates with five different cytosine derivatives. We found that the misincorporation
efficiency of ATP is significantly higher than that of UTP and CTP across all five templates
(Fig. 1d and Supplementary Fig. 5). We then examined full pre-steady state single-turnover
ATP misincorporation kinetics for C and 5fC templates. Notably, specificities for ATP
misincorporation are significantly reduced by 103-4-fold than those for correct GTP
incorporation, suggesting that ATP misincorporation is relatively inefficient. In contrast to
GTP incorporation, there are no noticeable changes in specificities for ATP
misincorporation between C and 5fC templates (Fig. 3a and Supplementary Table 3). To
quantitatively evaluate the effect of 5fC on fidelity of nucleotide incorporation, we
calculated the discrimination constants for GTP over ATP incorporation (defined as (Kyo/
Kd,app) TP/ (Kpol/Kg,app)aTp) for C and 5fC templates (Fig. 3b and Supplementary Table 3).
The discrimination constants of NTP incorporation for C and 5fC templates are 2.8 x 104
and 900, respectively. Therefore, substitution of C with 5fC in the template reduces the
fidelity of nucleotide incorporation by ~30-fold (Fig. 3a and 3b, and Supplementary Table
3). This decreased discrimination is due to a reduced GTP incorporation specificity for the
5fC template.
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The results that 5fC and 5caC affect the rates, substrate specificities and transcriptional
fidelity of Pol I1 transcription are particularly intriguing because the positions of the formyl
and carboxyl group of 5fC and 5caC, unlike most DNA modifications or lesions, are not
expected to disrupt Watson-Crick base pairing or double helical structure. One attractive
possibility is that specific interactions between the formyl or carboxyl groups of 5fC or 5¢caC
bases on the DNA template and nearby Pol Il residues (likely from switch 2 (Rpb1 328-
340), fork loop 2 (Rpb2 499-510), bridge helix (Rpb1 812-841), or trigger loop (Rpbl
1059-1100)19:11) cause the modified cytosine base to deviate from the conventional
template position (+1 position) for base pairing with incoming GTP. Further detailed
structural investigation is required to reveal the molecular basis of the effects of 5fC or 5caC
modifications on Pol Il transcriptional efficiency and fidelity, and to reveal interactions
between Pol 11 active site residues and 5fC (or 5caC) for a better understanding of these
effects and their implications.

Cytosine modifications of 5fC and 5caC may play important roles in regulating Pol Il
transcription. Decreased rates of Pol Il transcription that result from these templates induce
Pol 1l transient pausing at these positions, which allows Pol 11 to interact differently with
transcription elongation factors, Pol |1 CTD-interaction proteins, chromatin remodeling
complexes, histone-modifying complexes, and the mRNA processing machinery. Changes
in transcription rate have been shown to have a significant effect on transcriptional fidelity,
mRNA processing such as splicing, polyadenylation, termination efficiency, chromatin
remodeling, and many other transcription-related processes'2-16. Thus, this Pol 11 transient
pausing caused by 5fC and 5caC may add another layer of transcriptional regulation and
also act to fine-tune transcriptional dynamics. In addition, Pol 1l pausing at 5fC and 5caC
sites may serve as a signal for the recruitment of thymine DNA glycosylase (TDG) and base
excision repair (BER) machinery to the sites. TDG, an enzyme that excises 5fC and 5caC
sites through BER*6:17.18 'has been found to interact with several transcription factors,
histone acetyltransferases (such as CBP/P300), de novo DNA methyltransferases, deaminase
AID and damage response protein GADD45a6-18-2C It i possible that TDG is recruited to
5fC and 5caC sites during transcription elongation in a transcription-coupled manner
through Pol 11 pausing. Future investigations into the effects of 5fC and 5caC on Pol 1l
transcription may provide new insights into the functional interplay between cytosine
methylation status and transcriptional regulation.

In summary, we have systematically investigated the effects of all known cytosine
modifications on the rate of Pol 1l nucleotide incorporation and substrate specificity for
DNA templates containing a site-specific C, 5mC, 5hmC, 5fC, or 5caC, respectively. We
show that Pol 11 polymerization rates (kyo|) and specificity constants (knoi/Kg) for GTP
incorporation against 5fC and 5caC are reduced significantly in comparison with those for C
template, whereas essentially no changes are observed for 5mC and 5hmC templates. We
further reveal that the discrimination of GTP over ATP is reduced by ~30-fold for 5fC
template in comparison with C template. Our results indicate that Pol Il can read and
distinguish subtle changes in cytosine modifications at the 5-position and process them
differently. These findings provide an important new perspective on the potential functional
interplay between modification status of cytosine and transcription.
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Methods and any associated references are available in the online version of the paper.

Online Methods

These studies utilized both mammalian Pol Il and yeast Pol Il (as a model
enzyme)10.11.21-24 Mammalian Pol |1 was purified from rat liver as described?®.
Saccharomyces cerevisiae Pol |1 was purified using established methods!. The RNA primer
and DNA non-template oligonucleotides were purchased from IDT. Template DNA
oligonucleotides containing site-specific DNA modification were synthesized and purified
as described?8. These modifications were confirmed by mass spectrometry. RNA primers
were radiolabeled using 32P-y-ATP and T4 Polynucleotide Kinase (NEB). The Pol 11
elongation complexes for transcription assays were assembled as described!?.

Transcription elongation reactions with mammalian Pol Il

An aliquot of mammalian Pol 11 purified from rat liver were pre-incubated with 1.25 uM
DNA/RNA scaffold (RNA: 5’-GAGCGUGAC-3’, nontemplate strand: 5’-
CCGGAGCTGAAA-3’, template strand: 5’-TTTCAGCTCXGGTCACGCTC-3’, X =C,
5mC, 5hmC, 5fC, 5caC) and 0.83 pM a-32P-CTP (3000 Ci/mmol) in reaction buffer (50
mM KCI, 25 mM Tris (pH = 7.5), 5 mM MgCl, and 12.5 mM DTT) at room temperature for
20 min to form elongation complex and labeled RNA at 3’-end. The Pol Il complex solution
was then mixed with equal volumes of nucleotide solution containing 1 mM GTP in reaction
buffer for 15 sec. The reactions were then quenched with one volume of 0.5 M EDTA
solution (pH = 8.0). The products were analyzed by denaturing PAGE and then visualized
using a storage phosphor screen and Pharos FX imager (Bio-Rad). Substrate and product
bands were quantified using Image Lab 3.0.

Transcription elongation reactions with Saccharomyces cerevisiae Pol Il

Transcription elongation reactions were performed by pre-incubating 100 nM scaffold
(RNA: 5’-GAGCGUGACC-3’, nontemplate strand: 5’-CCGGAGCTGAAA-3’, template
strand: 5’-TTTCAGCTCXGGTCACGCTC-3’, X = C, 5mC, 5hmC, 5fC, 5caC) with 400
nM Pol Il in elongation buffer (40 mM KCI, 20 mM Tris pH = 7.5, and 10 mM DTT) at
room temperature for 20 min before mixing with equal volumes of nucleotide solution
containing various concentrations of NTP and 10 mM MgCl, in elongation buffer. The final
reaction conditions after mixing were 50 nM transcription scaffold, 200 nM enzymes, 5 mM
MgCl,, and various final NTP concentrations in elongation buffer. The reactions were
allowed to proceed for various times before quenching with one volume of 0.5 M EDTA
solution (pH = 8.0). The products were analyzed by denaturing PAGE and then visualized
using a storage phosphor screen and Pharos FX imager (Bio-Rad). Substrate and product
bands were quantified using Image Lab 3.0.

Transcription elongation reactions with scaffold containing a full transcription bubble

The transcription elongation complex containing a full transcription bubble (scaffolds B or
C in Fig. 1b) was assembled according to the protocol developed by Kashlev and co-workers
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with minor modifications described below??:28, Briefly, 1 pmol of Pol Il was incubated with
0.3 pmol RNA:template DNA hybrid (see scaffolds B or C in Fig. 1b) for 10 min at room
temperature. An aliquot of 1.6 pmol of non-template DNA and 0.8 uCi a-32P-CTP (3000
mCi/mmol, Perkin Elmer) was then added and the incubation was allowed to proceed for
another 10 min at room temperature. The active Pol 11 elongation complex will have a 32p-
labeled RNA at 3’-end. The pre-assembled transcription elongation complexes were mixed
with equal volumes of nucleotide solution containing various concentrations of individual or
mixed NTP (1 uM (Fig. 1e) or 10 uM (Supplementary Fig. 3) and 10 mM MgCl; in
elongation buffer. The final reaction conditions after mixing were 75 nM transcription
scaffold, 250 nM enzyme, 5 mM MgCl,, and various final NTP concentrations in elongation
buffer. The reactions were allowed to proceed for various times before quenching with one
volume of 0.5 M EDTA solution (pH = 8.0). The products were analyzed by denaturing
PAGE and then visualized using a storage phosphor screen and Pharos FX imager (Bio-
Rad). Substrate and product bands were quantified using Image Lab 3.0.

Single-turnover nucleotide incorporation assays

The specificity constant (k.;/Km) governing GTP incorporation against C, 5hmC, 5fC, or
5caC templates was determined by rapid quench techniques. Yeast Pol 1l (200 nM) was pre-
incubated with 50 nM scaffold in elongation buffer at room temperature for 20 min. The
enzyme/scaffold solution was then mixed with increasing concentrations of GTP (C and
5hmC template: 10, 25, 50, 100, 250, 500, and 1000 uM; 5fC and 5caC template: 5, 10, 25,
50, 100, 250, 500, and 2500 pM) and 5mM MgCl, in elongation buffer (all concentrations
are final after mixing). Reactions were quenched at various time points by addition of one
volume of 0.5 M EDTA (pH = 8.0). Reactions requiring quench time faster than 5 sec were
performed using a RQF-3 Rapid Quench Flow (KinTek Corp.).

TFIIS cleavage assays

Data fitting

TFIIS cleavage assays were performed using methods similar to those described for single-
turnover nucleotide incorporation assays. The enzyme-scaffold complex was rapidly mixed
with a solution of elongation buffer, 10 mM DTT, 5 mM MgCls, and 1.5 pM TFIIS (all
concentrations final after mixing). Reactions were quenched from 0.25 to 120 minutes by
addition of 0.5 M EDTA (pH = 8.0). Cleavage products were separated by denaturing
PAGE.

Non-linear regression data fitting was performed using GraFit 5.0. The time dependence of
product formation for various concentrations of GTP was fit to a double exponential
equation (Equation 1). This fitting yielded two phases corresponding to fast and slow
observed rates of product formation. The GTP concentration dependence of the fast phase
was fit to a hyperbolic equation (Equation 2) to obtain values for kyoj and Kg app
(Supplementary Fig. 4). Alternatively, the data were fit globally using Kinetic Global
Explorer (KinTek Corp.)2%30. The specificity constant was determined by Keai/Km = Kool

Kd,app-
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Occurrences of 5-formyl- and 5-carboxyl-cytosine per genome

Calculation of the number of occurrences of 5fC and 5caC per genome was performed by
determining the total number of cytosine residues in the human genome. The diploid
genome contains 1.2 x 1010 bases (2 (for sister chromosomes) x 2 (for two DNA strands) x
2.9 x 109 bases)3! and a GC content of 46 %32, resulting in 2.8 x10° cytosine residues per
diploid genome. 5hmC comprises 0.032% of all bases in genome (~4 x 10 bases per diploid
genome)®. The recent discovery of 5fC and 5caC reported their abundance to be around 1.5
% of genomic 5hmC34. Therefore, we calculated the total number of 5fC occurrences to be
6 x 10% per genome. 5caC is estimated 1 x 103 — 9 x 103 per genome®. Similar levels of 5fC
and 5caC were calculated based on data in recent reports from several laboratories. Ito et al
reported there are about 20 5fC and 3 5caC in every 10 cytosine3. Thus, total 5fc and 5caC
are estimated ~5.6 x10% (20/106 x 2.8 x 10%) and 8.4 x 103 (3/106 x 2.8 x 10%) per genome
in mouse ES cells, respectively. Pfaffeneder et al. reported that the highest 5fC level is up to
0.02% of total cytosine in mouse ES cells, which leads to an even higher level of 5fC (5.6 x
10° (0.02% x 2.8 x10° cytosine) per genome)®. Conversely, oxidative DNA damage has
been reported to occur transiently at a rate about 10 per day33.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Cytosine methylation status affects mammalian and yeast RNA polymerasel|
transcription
(a) Five forms of cytosine residues. 5mC modification is catalyzed by DNA

methyltransferase. Oxidation of 5mC by TET proteins produces 5hmC, 5fC, and 5caC,
respectively. (b) Transcriptional elongation scaffolds for NTP incorporation on modified
cytosine templates (denoted by X). RNA, template strand DNA (TS) and nontemplate strand
DNA (NTS) are shown in red, cyan, and green, respectively. Modified cytosine residues are
highlighted in orange. The 3’-ends of RNA residues are underlined. (c) Relative NTP
incorporation efficiency on all five modified cytosine templates by mammalian Pol |1
(scaffold A). Data from C, 5mC, 5hmC, 5fC, and 5caC templates were shown in blue,
magenta, cyan, red and orange, respectively. Data were normalized to GTP incorporation
efficiency for C template at 15 sec. All error bars (standard deviation) are derived from three
experiments. (d) Template-dependent NTP incorporation by yeast Pol 1l (scaffold A) and
relative NTP incorporation efficiency on all five modified cytosine templates. Data were
normalized to GTP incorporation efficiency for C template at 15 sec. All error bars (standard
deviation) are derived from four experiments. Color codes are the same as (c). (€) Template-
dependent NTP incorporation by yeast Pol Il (scaffold B) and relative Pol Il transcription
efficiency on modified cytosine templates. Data were normalized to product formation for C
template at the same experimental condition. All error bars (standard deviation) are derived
from three experiments. Color codes are the same as (c). The band position corresponding to
GTP incorporation opposite to modification site was depicted with an arrow in the gel.
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Fig. 2. Pol 11 polymerization rate and specificity of GTP incorporation for C, 5hmC, 5fC, and
5caC templates

(a) Pol 11 polymerization rates for GTP incorporation on C, 5hmC, 5fC, and 5caC templates.
(b) Relative Pol 1l substrate specificity of GTP incorporation for C, 5hmC, 5fC, and 5caC
templates. The Pol 11 specificity (Kyo1/Kg,app) Was normalized to that for C template. All
error bars (standard deviation) are derived from three experiments. () Rates of RNA
cleavage stimulated by Transcription Factor I1S for C, 5mC, 5hmC, 5fC, and 5caC
templates. Error bars represent deviations in non-linear regression analysis. Color codes are
the same as Fig. 1c.
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Fig. 3. 5fC reduces Pal 11 substrate discrimination of GTP over ATP
(a) Pol 11 substrate specificity of GTP and ATP incorporation for C and 5fC templates

respectively. (b) Pol Il substrate discrimination of GTP over ATP incorporation for C and
5fC templates. Data from C and 5fC templates are shown in blue and red, respectively. All
error bars (standard deviation) are derived from three experiments.
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