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Abstract

How protein–protein interactions regulate and alter histone modifications is a major unanswered 

question in epigenetics. The histone acetyltransferase p300 binds thymine DNA glycosylase 

(TDG); utilizing mass spectrometry to measure site-specific changes in histone acetylation, we 

found that the absence of TDG in mouse embryonic fibroblasts leads to a reduction in the rate of 

histone acetylation. We demonstrate that TDG interacts with the CH3 domain of p300 to 

allosterically promote p300 activity to specific lysines on histone H3 (K18 and K23). However, 

when TDG concentrations approach those of histones, TDG acts as a competitive inhibitor of p300 

histone acetylation. These results suggest a mechanism for how histone acetylation is fine-tuned 

via interaction with other proteins, while also highlighting a connection between regulators of two 

important biological processes: histone acetylation and DNA repair/demethylation.
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Biological systems are replete with proteins capable of interacting with and post-

translationally modifying multiple downstream targets. Understanding how factors regulate 

the specific activity of such proteins provides a potential mechanism for manipulating their 

activity and thus the biological response to their activation. Lysine acetyltransferases (KATs) 

make up one such group of proteins, which can target multiple lysine residues on histones 

while still maintaining high selectivity for particular histone residues. We therefore 

investigated how the site specificity of a KAT can be altered through protein–protein 

interaction.

To study the effects of these protein–protein interactions, we utilized the base excision repair 

enzyme thymine DNA glycosylase (TDG), a protein lacking any acetyltransferase activity 

that is still able to influence histone acetylation rates.1 TDG plays an important role in both 

DNA repair and transcriptional regulation. TDG is responsible for repairing G/T and G/U 

mismatches that originate from spontaneous deamination of 5-methylcytosine and cytosine 

at CpG sites.2,3 In addition, TDG mediates DNA demethylation and transcriptional 

control.1–6 Reflecting these essential activities, mouse embryos that are TDG-null undergo 

embryonic lethality at day 11.5 and are characterized by impaired gene regulation, 

hypermethylation of CpG islands, defective demethylation of developmentally regulated 

promoters and/or enhancers, and alterations in rates of histone modification.1,5 Because even 

small changes in DNA methylation cause developmental abnormalities and lethality,7 altered 

methylation patterns in TDG-null embryos are a potential cause of observed lethality.1,5 

However, disruption of histone acetylation in TDG-null embryos is also likely to play a role 

in lethality, as dynamic histone modification is important to early development and has 

explicitly been shown to be required for the development of mouse oocytes.8 Thus, it is 

important to understand the mechanisms underlying TDG-dependent alterations of histone 

acetylation.

TDG physically interacts with the KAT p300.5,9 p300 is a ubiquitous KAT that acetylates 

multiple residues in the histone octamer, regulating its activity.10,11 In addition, p300 can 

acetylate multiple lysine residues on the tail of the H3/H4 tetramer,11,12 as well on TDG 

itself.9 The acetylation of TDG by p300 alters the specificity of TDG glycosylase activity 

and negatively regulates protein interactions with partners such as SIRT1, APE1, and 

p300.13 The specific regions of interaction with TDG were mapped using the p300 

homologue CBP, interacting on two highly conserved regions. The first is the CH3 domain 

(residues 1664–1806), a cysteine- and histidine-rich binding region that allows the 

interaction of p300 and CBP with a number of proteins, including p53, pCAF, and TDG.9,14 

TDG also interacts with the functional KAT domain (residues 1284–1517).9 Interaction of 

TDG with p300 stimulates p300-dependent transcription and helps recruit p300 onto active 

promoters.5 These effects suggest that TDG may affect histone acetylation by controlling the 

activity of the p300 pathway. As it has become clear that not only the amount but also the 

location of acetylation is important for regulating chromatin compaction and therefore 

proper gene expression,15 we utilized a label-free, mass spectrometry-based approach, which 

allows simultaneous quantitation of the acetylation rates of multiple histone residues. By 

studying TDG-induced changes in p300 histone acetylation, both in cells and in vitro, 

utilizing this high-throughput methodology, we sought to better understand how this 

interaction influences the selective activity of p300 on specific histone lysines.
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Using this methodology, we found that in TDG-knockout mouse embryo fibroblasts (MEFs), 

histone acetylation levels are significantly reduced in comparison to those of wild-type 

MEFs, with the strongest effects at histone H3 lysine 18 and 23. In vitro, we found that at 

low concentrations, binding of TDG to the CH3 domain of p300 allosterically activates p300 

acetylation activity, but at high concentrations, TDG serves as a competitive inhibitor of 

p300–histone binding. Importantly, we found that allosteric interaction by TDG alters p300 

residue specificity, or its tendency to target a particular lysine on histones. These results 

reveal a complex framework for transcriptional control by which histone acetylation is 

linked to base excision repair and DNA demethylation.

EXPERIMENTAL PROCEDURES

Reagents

All chemicals were purchased from either Sigma-Aldrich or Fisher Scientific; the purity was 

the highest commercial grade available or liquid chromatography–mass spectrometry grade. 

Ultrapure water was generated from a Millipore Direct-Q 5 ultrapure water system. 

Recombinant histone H3 and H4 were purified and provided from the Protein Purification 

Core at Colorado State University (Fort Collins, CO). Acetyl-CoA was obtained from 

Sigma-Aldrich.

Protein Purification

Full length p300 was expressed and purified from Sf9 cells as previously described.11 The 

p300 construct was graciously provided by K. Luger (Colorado State University). 

Expression constructs of human wild-type and mutant P65A TDG protein were prepared in 

vector pET-FPHn, which provides a Flag-PKA-6-histidine tag, and expressed in 

Rosetta(DE3) (LacI) cells. Purification was performed on a GE Healthcare HiTrap Chelate 

column charged with Ni2+ followed by purification on a GE Healthcare HiTrap Q column, 

as previously described.5 The p300 catalytic domain was prepared by expressed protein 

ligation as described previously and contains p300 residues 1287–1652, M1652G, K1637R, 

with the regulatory loop (residues 1523–1554) deleted, expressed in the pTYB2 vector, and 

ligated to residues 1653–1666 for the active construct.16

kcat Conditions

Initial experiments to determine whether TDG affects p300 acetylation were conducted 

under kcat conditions in buffer containing 100 mM ammonium bicarbonate and 50 mM 

HEPES buffer (pH 7.8) at 37 °C. All reactions were performed in the presence of 0.2% 

DMSO. Experiments were performed utilizing excess H3/H4 (15 μM) and acetyl-CoA (200 

μM), in the presence of p300 (5 nM) and in the presence or absence of 25 nM TDG or the 

P65A TDG mutant. A time course was performed to determine the rate (v/E) of acetylation. 

Assays were quenched using 4 volumes of trichloroacetic acid (TCA) and prepared for mass 

spectrometry analysis as previously described.11
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Enzymatic Kinetic Assays for p300

Steady-state kinetic experiments for the H3/H4 tetramer were performed under the 

conditions described above. However, steady-state assays contained varying levels of acetyl-

CoA (1–200 μM), and TDG was present at a concentration of 300 nM.

Competition with the p53 Peptide

Steady-state kinetic experiments for the H3/H4 tetramer were performed under conditions 

similar to those described above. Samples for experiments contained excess H3/H4 (15 μM) 

and acetyl-CoA (200 μM), in the presence of p300 (30 nM) and in the presence or absence 

of 50 nM TDG and/or the p53 peptide (amino acids 38–61).

TDG Titrations

Experiments were performed under the same conditions described above. However, TDG 

concentrations were varied from 0.25 nM to 15 μM.

Mouse Embryonic Fibroblasts

Tdg wild-type and knockout mouse embryo fibroblasts (MEFs), prepared as previously 

described,5,17 were cultured in DMEM supplemented with 15% fetal bovine serum, 1 mM 

sodium pyruvate, 2 mM glutamine, 10 units/mL penicillin, and 10 μg/mL streptomycin. 

Cells were seeded in triplicate at 70% confluency in DMEM supplemented with 10% 

charcoal-stripped fetal bovine serum and, after incubation for 24 h, were treated with 1 μM 

retinoic acid (Sigma-Aldrich) or with the vehicle (ethanol) alone. After 24 h, cells were 

harvested and processed for mass spectrometry analysis.

TDG Knockdown

TDG knockdown was performed as previously described.5 Briefly, constructs of control 

pLKO lentivirus and TDG-targeting shRNA lentivirus (Thermo Scientific OpenBio-

Systems) and the appropriate packaging plasmids were transfected into 95% confluent 293T 

cells, following the manufacturer’s recommendations (ViraPower Lentiviral Expression 

System, Invitrogen, Life Technologies). Supernatants were harvested 48 h after transfection, 

filtered through 0.45 μm pore filters (Millipore), and used to infect Mel501 melanoma cells. 

Control pLKO and TDG shRNA lentivirus-infected Mel501 melanoma cells were selected in 

puromycin (0.5 μg/mL) for 48 h.

Western Blot

Lysates were prepared from control pLKO and TDG shRNA lentivirus-infected Mel501 

melanoma cells in RIPA buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% sodium 

deoxycholate, 1% Triton X-100, 0.1% SDS, 10 mM NaF, and sodium pyrophosphate, 

sodium orthovanadate, dithiothreitol, and EDTA (1 mM each)] with protease inhibitors. 

Lysates were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and 

transferred to a polyvinylidene difluoride membrane (Millipore). The membrane was 

blocked in 5% nonfat dry milk in TBST (150 mM NaCl, 20 mM Tris, and 0.1% Tween 20) 

and incubated with the anti-TDG antibody (Abcam) at a 1/1000 dilution in 4% nonfat dry 
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milk in TBST. A Western blot with the anti-β-actin antibody (Sigma) was used as a loading 

control. Detection was performed using enhanced chemiluminescence (Amersham).

Measurement of Acetylation from Cell Culture Samples

Histones were extracted overnight from cell pellets using 0.2 N HCl. Histones were 

precipitated with trichloroacetic acid (TCA) and prepared for mass spectrometry analysis as 

previously described.11 Quantification of acetylation marks was performed using mass 

spectrometry analysis, as outlined below.

UPLC–MS/MS Analysis

A Waters (Milford, MA) Acquity H-class UPLC system coupled to a Thermo TSQ Quantum 

Access (Waltham, MA) triple-quadrupole (QqQ) mass spectrometer was used to quantify 

acetylated H3/H4 peptides, as previously described.11,18

QqQ MS Data Analysis

Each acetylated and/or propionylated peak was identified by retention time and specific 

transitions, as previously reported.11,18 The resulting peak integration was performed using 

Xcalibur version 2.1 (Thermo). The fraction of a specific peptide (Fp) is calculated with eq 1

(1)

where Is is the intensity of a specific peptide state and Ip is the intensity of any state of that 

peptide, and analyzed as previously described.18,19

Data Analysis

All models were fit to the data using Prism (version 5.0d). The initial rates (v) of acetylation 

were calculated from the linear increase in the rate of acetylation as a function of time prior 

to 10% of the sum of acetylated residues. To measure steady-state parameters for acetyl-

CoA, we calculated the initial rates on the basis of time points at which <10% of the acetyl-

CoA was consumed (based on a coupled assay20) and the acetylated H3/H4 fraction is <0.1 

times the fraction of unacetylated H3/H4. kcat, K1/2, and the Hill coefficient (nH) were 

determined by fitting the equation

(2)

where [S] is the concentration of substrate (i.e., acetyl-CoA) and [E] is the concentration of 

enzyme (p300). TDG titration data were fit using the following equation, assuming an 

equilibrium between p300 (E) and TDG (T) that is activating (Ka), and a second 

concentration that is inhibiting (Ki):
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(3)

For comparisons of v/[E], the significance of the change in rate was calculated using Prism, 

via two-tailed, unpaired t tests.

RESULTS

MEFs and Melanoma Cells Lacking TDG Display Decreased Histone Acetylation Levels

The basis of this study is the observation that loss of TDG affects histone acetylation.1,5 

Thus, we first established the site-specific differences in histone acetylation in MEFs 

expressing wild-type TDG versus TDG-null MEFs (Figure 1A). We quantitated the levels of 

histone acetylation using a label-free, mass spectrometry-based assay, which allows 

simultaneous detection of acetylation at multiple lysine residues.21 In TDG-null MEFs, 

levels of acetylation at histone H3, lysine 9 (H3K9), H3K18, and H3K23 were significantly 

reduced, with a more modest decrease observed at H3K14 (Figure 1A). Similarly, shRNA 

knockdown of TDG in Mel501 (melanoma) cells (Figure 1B) also indicated a reduction in 

the rate of histone acetylation at each of these sites (Figure 1C), although to a lesser extent 

than in the TDG-null MEFs.

TDG Increases the Rate of p300 Histone Acetylation

As we hypothesized that the interaction between p300 and TDG leads to regulation of 

histone acetylation, we next investigated whether the TDG–p300 complex is more active 

than p300 alone, in addition to whether this complex has an altered site-specific activity 

compared to p300 alone. To test this, we performed in vitro kinetic assays using purified, 

recombinant p300 and TDG in the presence of excess substrate (histone H3/H4 tetramer) 

and excess cofactor acetyl-CoA. These saturating conditions allowed us to observe the effect 

of TDG on the kcat of p300, in other words, whether TDG is affecting the maximal rate of 

p300 histone acetylation. For these experiments, in addition to wild-type TDG, we also 

utilized a purified P65A mutant of TDG, which is unable to bind to p300.22

At 25 nM TDG and 5 nM p300 and with the histone tetramer at a higher, saturating 

concentration (15 μM), we saw a significant increase in the rate of acetylation at both 

H3K18 (~1.7-fold) and H3K23 (~2.2-fold). Of note is the fact that these changes are not 

uniform across both sites, demonstrating that the presence of TDG shifts the residue 

selectivity of p300. Meanwhile, the negative control P65A mutant displayed no stimulation 

of p300 histone acetylation for any site on the H3 tail (Figure 2). These results indicate that 

the observed effect of TDG on histone acetylation is due to a direct interaction with p300, 

and the site-specific changes in histone acetylation suggest that TDG is altering the 

selectivity of p300. Having observed the greatest rate of stimulation on H3K18 and H3K23, 

we focused on these two sites for further analysis.
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TDG Stimulation of p300 Plateaus and Decreases, as High Levels of TDG Can Compete 
with H3/H4 for p300 Binding

As p300 is known to acetylate TDG,9 TDG must, under certain conditions, occupy the 

acetyltransferase domain of p300, raising the hypothetical possibility that at high 

concentrations, TDG might compete with histones as a p300 substrate. To test this 

possibility, we evaluated the ability of p300 to acetylate histones over a wide range of TDG 

concentrations (0.25 nM to 15 μM), with the highest concentration being equimolar to that 

of H3/H4 (Figure 3A).

Titrating TDG at concentrations well below that of histones, we saw an increase in p300 

activity, in agreement with the previous results. As TDG concentrations began to approach 

those of H3/H4, the stimulatory effect of TDG on H3K18 and H3K23 was reduced (Figure 

3A). Importantly, when TDG and H3/H4 were equimolar, p300 HAT activity on histones 

was decreased to ~32% of the maximum seen at lower levels of TDG. We hypothesized that 

this was due to competitive inhibition, whereby TDG is competing with histones to bind to 

the KAT domain of p300. To test this hypothesis, we next determined whether increasing the 

concentration of H3/H4 would reverse the inhibition observed in our titrations. As we would 

predict from a competitive model, TDG inhibits p300 only when its concentration is close to 

that of H3/H4, whereas increasing the concentration of H3/H4 restores the higher rate of 

histone acetylation (Figure 3B,C). These data are consistent with competition between TDG 

and H3/H4 for the KAT domain. We chose this type of experiment because a classical 

competitive model is difficult to test in this system, which displays both high-affinity 

activation and inhibition at concentrations that approach the histone concentration. As a 

control, we also confirmed that, at a stimulatory concentration of TDG, increasing the 

H3/H4 concentration had no effect (Figure 3B,C). Taken together, these data suggest that at 

high concentrations, TDG is a competitive inhibitor of binding of H3/H4 to p300.

TDG Stimulation of p300 Requires the CH3 Domain of p300

We hypothesized that the bimodal behavior we observed might be due to the binding of 

TDG to two different regions of p300. This is based on the domain interaction mapping 

performed with CBP, where TDG is shown to bind to the CH3 and HAT domain of CBP.9 

Thus, we hypothesize that TDG occupying the CH3 domain of p300 creates the stimulatory 

effect through an allosteric interaction, and once the CH3 domain becomes stably occupied, 

TDG binds the HAT domain (leading to a competitive inhibition with H3/H4). To refine this 

potential mechanism, we assessed histone acetylation by full length p300 or p300 lacking 

the ability to interact with TDG, under three incubation conditions: a low concentration of 

TDG, where stimulation is submaximal (10 nM TDG), a point at the plateau of stimulation 

(0.5 μM), and a point at which the rate of TDG stimulation of p300 is decreasing (15 μM). 

Assessment of the ability of each concentration of TDG to stimulate an isolated p300 HAT 

domain, lacking a CH3 domain, showed that no concentration of TDG stimulated activity of 

the p300 HAT domain alone (Figure 4A–D).

To further probe the importance of protein–protein interactions at the CH3 domain of p300, 

we also performed an experiment using a peptide of p53 (amino acids 38–61), which is able 

to bind to the CH3 domain.23 Interestingly, when both TDG and the p53 peptide were mixed 
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together, even at nanomolar concentrations (5 nM p300, 50 nM TDG, and 50 nM p53), the 

p53 peptide was able to compete away the activation of TDG (Figure 4E,F). This loss of 

activation also suggests a more nuanced effect of the overall interaction of TDG with p300, 

as simply occupying the CH3 domain with the peptide was insufficient to yield a stimulatory 

effect.

Combining the information we had gained from these sets of experiments, we created a 

model of how TDG and p300 interaction influences histone acetylation (Figure 5). Our data 

are consistent with TDG having a high affinity for the CH3 domain of p300,9,24 and this 

complex is more active than p300 alone for certain residues. When TDG concentrations are 

sufficiently high, our model suggests that TDG can compete with histone for binding to the 

HAT domain of p300.

Steady-State Analysis of p300 in the Presence of TDG

We have previously reported that under steady-state conditions, p300 preferentially 

acetylates the tail residues of the tetramer [lysine 9 (K9), K14, K18, and K23 in histone H3 

and K5, K8, K12, and K16 in histone H4].11 While other residues can be acetylated by 

p300, acetylation of these sites is not observed under steady-state conditions.

Having observed the influence of TDG on p300 acetylation, we were interested in 

understanding how TDG influenced the specificity and selectivity of p300 for particular 

lysines on histones. Specificity is defined as  and concerns the measurement of 

how an enzyme (in this case, p300) targets a particular substrate (in this case, one specific 

histone residue). To determine these kinetic values, we performed steady-state experiments 

with p300 in the presence of TDG (Figure 6 and Figure S1). For these experiments, we 

utilized 300 nM TDG, to ensure TDG concentrations were within the plateau of stimulatory 

activity. From these data, we are able to determine the kcat, K1/2, and Hill coefficient (nH) 

(Table 1). We were then able to compare the specificity of p300 in the presence of TDG to 

previous data for p300 alone (Figure 6D).25 For direct comparison, we again looked at each 

of the eight residues on H3 and H4 that undergo acetylation by p300 under steady-state 

conditions. Interestingly, in the presence of TDG, there is a decrease in the preference for 

H3K9 and H3K14, while there is a general increase in specificity for H3K18 and H3K23 

(Figure 6D), consistent with the increased rate of acetylation we observed in previous 

experiments. In fact, upon examination of the kinetic parameters (Table 1), it becomes 

apparent that this increased specificity is largely driven by the increased kcat caused by the 

presence of TDG.

In a past study, we examined the regulation of p300 activity by the small molecule C646 and 

noted that the ratio of the change in kcat values of K18 to K23 in vitro provided a useful tool 

for predicting changes in histone acetylation in cells.25 If the presence of a given factor, like 

TDG, leads to a 4-fold increase in the kcat of K18, and 2-fold in the kcat of K23, the ratio of 

change for K18/K23 is 2. Thus, if we introduce this factor into a cell, we would expect the 

change in the rate of K18 acetylation to be 2-fold higher than that of K23. Thus, we 

compared how the rates of acetylation changed in cells for H3K18 and H3K23, with and 

without TDG. This ratio was then compared against values obtained from our enzymatic 
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assays of p300 (Table 1), to determine how the ratio of the kcat values changed in the 

presence of TDG. What we find is that these ratios are remarkably similar (Figure 6E), 

suggesting that the change in kinetic parameters we determined for TDG and p300 in vitro 
accurately described how the presence of TDG influences p300-mediated histone acetylation 

in cells.

Results were plotted to emphasize the specificity and kcat values (Figure 6F), while we also 

utilized the kinetic data to generate ΔΔG plots (Figure 6G), to visualize the effect of TDG on 

acetyl-CoA-dependent activity of p300 across a range of acetyl-CoA concentrations (as we 

have seen that p300 activity is dependent on acetyl-CoA concentration11,25). These data 

demonstrate a high specificity for H3K18 across a wide range of acetyl-CoA concentrations 

and a suppression of the acetyl-CoA-driven increase in the rate of acetylation of H3K9 that 

we had previously observed25 (Figure 6G).

DISCUSSION

Here we have set out to determine the mechanism for the role of TDG in the regulation of 

histone modification to improve our understanding of how protein–protein interactions 

influence KAT activity. In vitro, we demonstrate that TDG increases the rate of acetylation 

by p300 at some sites (H3K18 and H3K23) over others (H3K9 and H3K14). This increase is 

consistent with the decrease in the rate of acetylation observed in vivo with the loss of TDG. 

Utilizing the P65A TDG mutant, impaired in terms of p300 binding, we confirmed that the 

p300–TDG interaction was responsible for the activation of p300 at specific sites.

Our model of TDG–p300 interaction is composed of two parts: (1) the allosteric regulation 

of p300 by TDG binding to the CH3 domain of p300 and (2) TDG competing with histones 

for the HAT domain of p300 (Figure 5). Prior studies have suggested that CH3 engagement 

by other ligands such as Mastermind can stimulate p300 activity, although they have not 

investigated the impact on site selectivity as we have done here.26 Our model suggests that it 

is binding of TDG to the CH3 domain of p300 that stimulates p300 histone acetylation and 

modulates its selectivity (Figure 4). However, our observation that the p53 peptide inhibits 

p300 activity and negates the stimulatory effects of binding of TDG to p300 provides further 

insight into the complex nature of the regulation of lysine acetyltransferases. Clearly, 

binding to the CH3 domain in itself does not have a fixed biological response. These data 

suggest that CH3 is not simply an activation domain but likely serves as a more complex 

regulatory function. Such a function would emphasize the complex network of interactions 

that need to be unraveled to fully understand how the site-specific nature of histone 

modifications is regulated.

In addition to the observed effects at the CH3 domain of p300, TDG can compete with 

histones for binding to the KAT domain at higher concentrations. This is supported by the 

fact that during the inhibition phase, increasing histone levels restore their acetylation by 

p300 (Figure 3). These observations are relevant to the cellular behaviors: histone levels are 

likely present in vast excess over TDG, but in local contexts, e.g., during chromatin 

remodeling due to DNA damage or transcriptional activation, the two concentrations could 

become comparable.
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It is important to emphasize that our findings show that the formation of the TDG–p300 

complex is altering the specificity and selectivity of p300 histone acetylation. Because of the 

ability of p300 to target multiple residues, its specificity and selectivity (i.e., its preference 

for a particular site) need to be carefully regulated. As the site of modification on chromatin 

is vitally important to its function, identifying factors that can alter KAT specificity is key to 

understanding how the patterns of histone acetylation are regulated in the cell.27 In our 

previous studies, we have demonstrated the effects of acetyl-CoA levels on p300 specificity 

and have shown how this preference can be manipulated through the use of the drug C646, 

which binds to the acetyl-CoA binding pocket of p300.11,25 We have also demonstrated that 

the composition of the histone complex itself (histone H3 vs the H3/H4 tetramer) can 

influence the specificity of a KAT.11,28 Here we have observed that TDG is not only 

increasing the activity of p300 in general but also altering the specificity of p300, 

strengthening its preference for K18 on the H3 tail. This is important, as we have seen 

previously that p300 has a number of targets just on H3 and H4.11

Importantly, the changes in acetylation that we observe in MEFs (Figure 1A) also 

correspond with our in vitro kinetic data (Figure 6 and Table 1). In addition to observing a 

decrease in the rate of histone acetylation in MEFs in the absence of TDG, we also noted 

that the ratio of the change in K18/K23 in vivo correlated closely with the ratio of the 

change in kcat values of K18/K23 observed in vitro (Figure 6E). We have seen in the past 

that comparing ratios of kcat rates can be an important indicator of site-specific changes in 

cells.25 Thus, in addition to providing information about the roles of TDG, these results 

provide important insight into how protein–protein interactions regulate p300 activity and 

targeting and, on a broader scale, how KATs with the ability to target multiple sites can be 

regulated in vivo to fine-tune their acetylation preference. To the best of our knowledge, this 

is the first example of an allosteric activator regulating KAT specificity. Combined with the 

previously characterized ability of TDG to stimulate p300-dependent transcriptional activity 

and recruit p300 onto active promoters,5 our findings further emphasize the importance of 

the p300–TDG complex in proper development. The observation that TDG increases the 

specificity of p300 for H3K18 coincides with previous observations demonstrating the 

dynamic nature of this mark in mouse oocytes.8

In summary, we have observed that the presence of TDG influences the acetylation patterns 

of histone via its interaction with p300. While TDG stimulation of p300 acetylation occurs 

at almost all sites of the histone H3/H4 tail, the change in specificity favors acetylation of 

K18 on the H3 tail. Our data indicate TDG stimulation of p300 involves interaction with the 

CH3 domain of p300, while concentrations of TDG that are near equimolar with H3/H4 lead 

to a competition for p300 binding and inhibition of KAT activity. These results provide 

important information about the mechanism behind the role of TDG in regulating histone 

acetylation and may have implications for both embryonic development and cancer biology.

These studies provide further insight into the interactions that regulate p300 specificity (and 

KAT specificity in general) and create a more complete picture of how the biological activity 

of a KAT like p300 can be regulated within the cell by binding partners that in turn are 

affected by acetylation, thus providing a complex framework for transcriptional control. In 

the future, it will be interesting to explore how the stimulation of p300 by TDG compares to 
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that of other proteins, as these interactions are likely important regulators that focus p300 to 

preferentially target one of the numerous residues it acetylates within the nucleosome. These 

experiments are necessary to gain greater insight into the complex network of interactions 

that control how the histone code is written.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Loss of TDG leads to decreased histone acetylation levels in mouse embryonic fibroblasts. 

(A) Characterization of histone acetylation in wild-type MEFs (black) and MEFs lacking 

TDG (white). The bars labeled Total represent the sum of H3K9, K14, K18, and K23 

acetylation. (B) Western blot confirming knockdown of TDG in Mel501 cells utilizing 

shRNA against TDG. (C) Comparison of the fraction of histone acetylated on H3 in the 

control vector infection (black bars) and shRNA TDG knockdown (white bars) cells, 

quantitated via mass spectrometry analysis. Bars show the mean value, with the error bars 

representing the standard error of the mean determined from three samples. **p < 0.01; 

***p < 0.001.
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Figure 2. 
Wild-type TDG but not the P65A mutant stimulates p300 histone acetylation. A time course 

to determine the rate (v/[E], or the rate normalized to the enzyme concentration) of p300 

acetylation was performed in the presence of excess H3/H4, and acetyl-CoA, in the absence 

of TDG (black), 25 nM TDG P65A (dark gray), or wild-type TDG (light gray), as described 

in Experimental Procedures. Acetylation of the H3 tail residues was analyzed via SRM mass 

spectrometry. ***p < 0.001.

Henry et al. Page 15

Biochemistry. Author manuscript; available in PMC 2017 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Concentration-dependent effects of TDG on the rate of p300 histone acetylation. (A) Rate of 

p300 histone acetylation in the presence of saturating H3/H4 and acetyl-CoA as a function 

of TDG concentration. The rate of acetylation for H3K18 and H3K23 is shown, with the 

dotted line indicating the amount of p300 utilized, for reference. (B and C) Comparative 

rates of acetylation with various ratios of TDG to H3/H4 (shown in micromolar), for H3K18 

and H3K23, respectively. ***p < 0.001.
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Figure 4. 
Isolated p300 KAT domain, lacking a CH3 domain, is not stimulated by TDG. The rate of 

full length p300 (A and C) or p300 KAT domain (B and D) acetylation of H3K18 (A and B) 

or H3K23 (C and D) is shown, in the presence of varying concentrations of wild-type TDG. 

The p53 peptide abrogates stimulation of p300 by TDG. The rate of acetylation at H3K18 

(E) and H3K23 (F) decreases when p300 is bound by the p53 (amino acids 38–61) peptide. 

This interaction interferes with the stimulation caused by TDG. *p < 0.05; **p < 0.01; ***p 
< 0.001.

Henry et al. Page 17

Biochemistry. Author manuscript; available in PMC 2017 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Model showing the effect of TDG concentration on stimulation or inhibition of p300 histone 

acetylation activity. TDG (red triangle) can bind two different domains of p300, the HAT 

domain, and the CH3 domain. At low concentrations, binding to the CH3 domain of p300 

causes an allosteric activation of p300 histone acetylation, as well as increased specificity for 

H3K18. As concentrations of TDG approach the concentration of histone, TDG can compete 

for binding to the HAT domain of p300, decreasing the observed histone acetylation activity. 

Such a situation could potentially occur when high levels of TDG are localized sites of DNA 

damage or DNA demethylation.
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Figure 6. 
Determination of steady-state kinetic parameters of p300-mediated acetylation of histone 

H3/H4 tetramer in the presence of TDG. The data were fit by eq 2 for p300 acetylation of 

histone tetramer, with representative graphs shown for (A) H3K14, (B) H3K18, and (C) 

H3K23. (D) Log of the ratio of specificity between p300 in the presence and absence of 

TDG (+TDG/control). The remaining sites of acetylation for H3 and H4 can be found in 

Figure S1. The apparent kinetic parameters are summarized in Table 1. (E) Comparison of 

the ratio of K18 with and without TDG to the ratio of K23 with and without TDG, 
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determined through kcat values (left bar) or through acetylation levels in cells (right bar). (F) 

Log of the specificity constant (black, left axis) and kcat (white, right axis) of p300 in the 

presence of 300 nM TDG. (G) ΔΔG for eight sites of H3/H4 was calculated from the steady-

state parameters. These ΔΔG plots are graphed as a function of acetyl-CoA concentration in 

the presence of 300 nM TDG. Each line indicates how energetically favorable p300 

acetylation of a particular residue is, as a function of acetyl-CoA concentration. Intersection 

points indicate the points at which acetylation of one site becomes more favorable than 

another; the insets show the corresponding graph with the axis magnified to better visualize 

these intersection points.
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