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Abstract

Determining how histone acetylation is regulated is vital for treating the many diseases associated
with its misregulation, including heart disease, neurological disorders, and cancer. We have
previously reported that acetyl-CoA levels alter p300 histone acetylation in a site-specific manner
in vitro. Here we further investigate how changing acetyl-CoA concentrations alter the histone
acetylation pattern by altering p300 specificity. Interestingly, these changes are not a simple global
change in acetylation, but rather site specific changes, whereby acetylation at some sites increase
while others decrease. We also demonstrate how the p300 inhibitor C646 can pharmacologically
alter p300 histone acetylation patterns in vitro and in cells. This study provides insight into the
mechanisms regulating p300 residue specificity, a potential means for altering p300 dependent
histone acetylation, and an investigation into altering histone acetylation patterns in cells.

INTRODUCTION

Understanding the regulation of histone acetylation has been a major goal in the fields of
transcription and epigenetics. Misregulation of histone acetylation has been linked to
neurological disorders, heart disease, and multiple forms of cancer 13 and thus
understanding how the process of histone acetylation is regulated could play a key role in
the treatment of these diseases. Complicating such investigations is the fact that many lysine
acetyltransferases (KATs) can target several lysine residues within the histone 6. As
acetylation of different residues can result in different cellular events, it is important to
understand the mechanisms that determine which histone residues a KAT will target.
Unfortunately, technical constraints have previously limited the ability to observe
acetylation of individual residues in a quantitative and efficient manner, hindering such an
analysis. Utilizing a novel label-free mass spectrometry approach >, we have overcome this
technical limitation and are able to simultaneously determine the kinetics of histone
acetylation at multiple residues of the histone.
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Using this method, we previously demonstrated the differences in p300 and CREB-binding
protein (CBP) specificity in vitro ©. p300 and CBP are homologous lysine acetyltransferases,
both of which are involved in numerous biological processes /-8, and each of which are
responsible for the acetylation of several histone residues 7. Specificity refers to the ability
of a protein with multiple substrates to target one specific substrate (in the case of these
KATs, their ability to target a particular lysine residue in the histone). The findings of our
previous studies suggested that indeed p300 and CBP possess different propensities for
acetylating specific residues on the histone (i.e. they possess different specificities). We also
noted that p300 and CBP demonstrated varying degrees of cooperativity with acetyl-CoA,
with different residues displaying different Hill coefficients. This observation implies that
acetyl-CoA concentrations actually alter the residue preference of the enzyme. Thus,
elucidating the extent to which this mechanism is capable of altering the specificity of p300
or CBP could provide a critical link between metabolic states, acetyl-CoA levels, and
histone acetylation. Furthermore, tools or methodologies used to study the dependence of
histone specificity on acetyl-CoA concentrations could further elucidate an important link
between factors such as diet, metabolism, and gene regulation.

The importance of the relationship between acetyl-CoA levels and histone acetylation is
underscored by the fact that cancer cells display abnormal metabolism and ATP synthesis (a
phenomena referred to as the Warburg effect). This imbalance of ATP production can in
turn lead to abnormal levels of acetyl-CoA in the cell®. Therefore, changes in metabolism
could further alter proper histone acetylation states and could be a contributing factor in
maintaining a cancerous state in the cell. Several recent studies have also demonstrated that
acetyl-CoA levels fluctuate in an organism over time 19, and implicate the ability of acetyl-

CoA levels to serve as a cellular regulatory mechanism !1-13

. Because of the role of acetyl-
CoA levels in maintaining a healthy cell, it is important to understand how changes in

acetyl-CoA levels can influence KAT activity and residue specificity.

In the case of p300 and CBP, we have observed different Hill values (or different degrees of
cooperativity) for different residues. This means that the specificities of each site relative to
one another (termed selectivity) will change along with the concentration of acetyl-CoA. In
other words, while an enzyme may prefer to acetylate site A over site B at low acetyl-CoA
concentrations, it could instead preferentially acetylate site B over site A at high acetyl-CoA
concentrations. This is contrary to a classical model of cooperativity in which higher acetyl-
CoA concentrations would result in a decrease in the rate of acetylation at less cooperative
sites 14, As this is not what we have observed, the most likely explanation is that the
observed Hill coefficients are a result of monomeric cooperativity. The mechanism for
monomeric cooperativity involves a slow transition between different enzyme
conformations (referred to as E and E”) 1. In this case the enzyme can assume at least two
different states: E, which can bind substrate (ES) and converts to E’S prior to product
formation, and E’ which, while less stable than E, is slow to transition back and allows for
additional E’S to be formed, thus skipping the ES state 15-17. Previous studies have indeed
shown that the conformation of p300 changes in response to stimulatory factors '8, and
therefore it is possible that such changes occur as a result of acetyl-CoA binding as well.

Monomeric cooperativity was first described in metabolic enzymes such as hexokinase !©,
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and many of the enzymes that have been found to display this behavior are also involved in
metabolism. The acetyl-CoA-dependent cooperativity we have observed with p300 and CBP
represents yet another example of monomeric cooperativity in a metabolic context.

The goal of this paper is to utilize a chemical biology approach to characterize this proposed
monomeric cooperativity and to show that these effects can also be observed in cells. To do
this, we used a small molecule inhibitor (C646) of p300 that competes with acetyl-CoA for
binding to the enzyme '°. We hypothesized that binding of C646 could stabilize the
conformational change responsible for the observed cooperativity of p300. In other words,
the binding of C646 to the acetyl-CoA binding pocket should impact the E to E’ transition.
C646 binds with higher affinity than acetyl-CoA!?; if this facilitates the transition of E to E’,
we would predict an increase in enzyme activity under conditions where acetyl-CoA is able
to displace C646 from E’. In support of this hypothesis, we show that low doses of C646 are
able to stimulate p300, as long as acetyl-CoA is present in much greater concentrations than
C646.

We note that in addition to activating p300, the presence of C646 also alters p300

selectivity. We refer to this alteration of selectivity and dependence on acetyl-CoA
concentrations as “special selectivity.” We utilize the information gained from in vitro
assays to test whether the effects of special selectivity can be observed in cells. We
accomplish this by utilizing C646 in cells under normal conditions, and under conditions
where acetyl-CoA levels were lowered. The results of these experiments show that the
special selectivity model does in fact hold true in cells, allowing us to increase the amount of
acetylation at some sites while decreasing others.

This finding has wide reaching implications for the field of epigenetics and the study of
histone modifications. We show that levels of acetyl-CoA not only affect the amount but
also the pattern of histone acetylation. This provides an important link between metabolism,
histone acetylation, and potentially cell signaling in response to metabolism. The
consequence of special selectivity is that reducing the level of an enzyme’s cofactors does
not necessarily lead to a simple universal loss of activity but can actually result in higher
levels of modification at specific sites, while still reducing the amount of modification at
other sites. This suggests that KATs are not simply turned on and off, but rather their
activities are altered by degrees through subtle changes. This property would provide cells
with an exquisitely sensitive way to selectively change gene expression in response to small
perturbations.

RESULTS AND DISCUSSION
p300 Acetylation has a Biphasic Dependence on C646

Our model suggests that p300 is undergoing conformational changes (from an E to E’ state,
where E’ represents a more active conformation) that are stabilized by the binding of acetyl-
CoA, or at least the occupation of the acetyl-CoA binding pocket. Distinguishing the
stimulatory effect of a co-factor such as acetyl-CoA can be difficult, however, as it is a
required component for acetylation. We therefore utilized the small molecule inhibitor
C646, which binds to the acetyl-CoA binding pocket of p300 !°. Based on the predictions of
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our model, we hypothesized that when C646 concentrations are much less than acetyl-CoA,
C646 could bind to p300 and facilitate the E to E’ transition and thus increase the rate of
acetylation at some sites once acetyl-CoA displaces C646 from the p300 E’ state. To test
this, we titrated C646 under saturating concentrations of (H3/H4), tetramer and acetyl-CoA
(or kc,¢ conditions) in order to determine how C646 affects the rate of acetylation of each
site (Figure 1). We observed a biphasic dependence on the rate of C646 concentrations,
where low concentrations of C646 had a stimulatory effect (Figure 1, Table 1, &
Supplementary Figure 1), followed by an inhibitory effect at higher concentrations. We
found that 1 uM of C646 caused a strong spike in acetylation of H3 at residues K14, K18
and K23 (Figure 1). 2.5 uM of C646 resulted in the maximal stimulation of H3K18
acetylation, while H3K 14 peaked around 4 uM, and H3K23 around 2-3 uM of C646. The
greatest degree of stimulation is on H3K23, where the rate increased ~7-fold over the
DMSO control. Smaller degrees of stimulation were also observed on H4 at residues K5,
K8, K12, and K16. The K| ;s for activation ranged from ~90 nM to 1.5 uM and the K s for
inhibition ranged from 1 to 5 uM, depending on the site being acetylated, with the highest
activation occurring on residues in H3 (Figure 1 & Table 1).

For the purpose of comparison, we also determined the effect of C646 on CBP acetylation
activity. We found that we only observed biphasic dependence for H3K18 (Supplementary
Figure 2), whereas the other sites mainly displayed an inhibitory effect. Additionally, we
found that this stimulation of CBP occurred over a much smaller range of C646, and was
inhibited at much lower concentrations of C646 than p300 (within the nanomolar range). For
this reason, the remainder of our investigation focused on the effects seen with p300.

C646 Alters Acetylation in Cells

We next sought to validate the in vitro data by testing the effects of C646 on acetylation
patterns in cells. We therefore performed a titration of C646 in BXPC3 (human pancreatic
cancer) cells (Figure 2 & Supplementary Figure 3). At 4 hours after treatment, consistent
with our in vitro work, histone acetylation increased at several residues, most notably on
histone H3. Also in agreement with our in vitro data, the greatest increase in acetylation was
observed on H3K18 and H3K23 (Figure 2). On H3K18 we saw a ~2.5-fold increase in
acetylation (Figure 2B), while on H3K23 we saw a ~1.5-fold increase (Figure 2C).
Interestingly, the ratio in the fold increase between K18 and K23 acetylation was close to
that of the ratio of the k., values (~1.6-fold), suggesting that the free acetyl-CoA
concentration in cells is much higher than the ~15 uM K/, values observed by steady-state
kinetics. It is also interesting to note that the maximum stimulation by C646 on H4K5 and
H4K8 in vitro and in cells were very similar. From these experiments we also determined an
apparent ECs for activation and an apparent ICs( of inhibition. H3K18 and H3K23 have
similar apparent ECs( values, of approximately 0.4 uM (Supplementary Table 1), while
H3K18 has a larger apparent ICsg of ~6.8 uM compared to H3K23 with an apparent ICs of
~3.3 uM, suggesting that acetylation of H3K18 persists over a larger range of C646
concentrations than H3K23.

As a basis of comparison for the effects of C646, we also performed several experiments
with the histone deacetylase inhibitor TSA. Histone deacetylase inhibitors (HDACi) are
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currently popular potential anti-cancer therapeutics 20- 2. While HDAC inhibitors increase
acetylation at the majority of acetylation sites, the ability to increase acetylation at specific
sites would better enable us to determine the role of those sites in vivo, and possibly lead to
new treatment ideas, with fewer adverse effects. For this reason, we were interested in
understanding how C646 treatment compared to an HDAC inhibitor in terms of changes to
the histone acetylation pattern.

Consistent with previous reports, TSA globally increased acetylation at each site of H3
(Table 2). What is interesting is that C646 works in a much more site-specific manner than
TSA: For example, C646 is about 50% as effective as TSA at stimulating acetylation of
H3K18. Meanwhile, TSA has a much greater effect on H3K9 acetylation, increasing
acetylation of this site 42-fold more than C646. In this way, treatment with a drug such a
C646 provides a more targeted approach to altering histone acetylation than an HDAC
inhibitor such as TSA. This seems intuitive because C646 targets one of multiple KATs,
while HDAC: act on deacetylases and thus the effect seen with an HDAC:i is the sum of
many KATs, as opposed to C646, which selectively targets p300. Therefore, these site-
specific changes that result from C646 treatment have the potential to be more amenable to
be utilized for therapeutic purposes than the global changes that are seen with HDAC
inhibitors. This would be ideal for treatment of diseases that are associated with, for
example, deficiencies in H3K 18 acetylation 22,

Finally, to confirm that the observed changes in acetylation in cells in response to C646 are
caused by p300, we performed a titration of C646 in BxPC3 cells depleted of p300 via stable
integration of a p300 shRNA (Figure 3A). Due to their slow growth, we chose several key
concentrations of C646 from our previous titration. Compared to parental cells, there was a
general decrease in histone acetylation in the p300 knockdown cells, with H3K9 and H3K 14
acetylation dropping to about 50% of the wild-type level. Interestingly, there was an
increase in H3K 18 acetylation in the p300-depleted cells. We have previously shown that
CBP preferentially targets this site ©, so this increase could be due to a compensatory
activity of CBP in the absence of p300.

In the p300-depleted cells, the effects of C646 were dramatically different from the parental
cells. At relatively low doses of C646, we observed a significant decrease in acetylation at
H3K14, H3K18, and H3K23 (Figure 3 B-D). Acetylation at these sites was reduced by 80%
of that seen in the control, as compared to the parental BxPC3 cells, where we saw up to a
2.5 fold stimulation of acetylation. Although there are slight variations in acetylation levels,
in each of the C646 treated p300-depleted cells, we see an inhibitory effect from C646.
These results indicate that p300 is responsible for the increase in acetylation in parental
BXPC3 cells treated with C646. The inhibition we observed in the p300 knockdown cells,
therefore, is likely due to the inhibitory effect of C646 on CBP.

Cell Starvation Ablates the Stimulatory Effect of C646 in Cells

In our model, C646 is able to stimulate p300 histone acetylation because it induces
conformational changes in the enzyme. We therefore predicted that if we depleted acetyl-
CoA levels in the cell, C646 would be less effective in stimulating activity. This is due to the
fact that the on-rate for acetyl-CoA is dependent on the concentration of acetyl-CoA and
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therefore at lower concentrations there is more time for both the enzyme to convert back to
its original pre-C646 state, and for C646 to rebind. The prediction, therefore, was that
reduced acetyl-CoA would lead to C646 inhibiting acetylation. Two methods were used to
reduce acetyl-CoA levels in the cell: cells were either serum starved for 16 hours or treated
with MEDICA 16 (an inhibitor of ATP-citrate lyase, an enzyme responsible for producing
acetyl-CoA from citrate) prior to treatment with C646 23-25. After starvation, BxPC3 cells
were treated with either C646 (Figure 4) or TSA (Table 2). We utilized TSA here as a
positive control, as even under conditions of limited acetyl-CoA, TSA should still cause
increased histone acetylation when compared to untreated cells. After serum starvation,
C646 concentrations that normally stimulated acetylation were indeed found to inhibit
acetylation at K9, K14, K18, and K23 in H3 (Figure 3). As predicited, TSA treatment
increased levels of histone acetylation in the serum starved cells (Table 2). Treatment with
MEDICA 16 did not result in inhibition of acetylation, but instead resulted in a muted
stimulatory response to C646. As ATP-citrate lyase is only one potential source of acetyl-
CoA in the cell, MEDICA 16 may not reduce acetyl-CoA levels as efficiently as serum
starvation. Therefore, instead of causing C646 inhibition of acetylation, MEDICA 16 only
reduced the degree of stimulation caused by C646.

Modeling the Effects of Acetyl-CoA on p300 Specificity and Selectivity

After confirming that acetyl-CoA levels influence histone acetylation patterns, with both
purified p300 and in cells, we sought to develop a more accurate model for the influence of
acetyl-CoA concentration on p300 specificity. To accomplish this, we performed steady-
state experiments with p300 at several different concentrations of C646. For these
experiments, we selected concentrations on either side of the peak of activation that we
observed for residues on H3. We first performed a DMSO control, for a baseline (Figure 5)
and then selected C646 concentrations of 0.5, 2.5 and 5 uM (Figure 6, and Supplementary
Figures 4 & 5). From these steady-state experiments, we obtained the kinetic parameters
from which specificity is derived. Specificity is the ability of an enzyme to target a specific
substrate, or in the case of p300, to target a specific lysine residue. This parameter is usually
reported as kq,/Ky™ 2. Selectivity is the ability of p300 to target one specific residue
relative to another residue. While k,/K,"H is an accurate definition of specificity - 26, the
value of kqo/Ky™ changes depending on [S]™H, or the concentration of the substrate raised
to the power of the Hill coefficient. While typically choosing units relative to concentrations
that might exist in vivo solves this 2, this is not entirely accurate for p300. The problem
here is that between 0 and 100 uM acetyl-CoA, the selectivity of p300 changes.
Additionally, these changes in selectivity are within the reported physiological range of
acetyl-CoA: 5-50 uM 27> 28, An alternative and more accurate picture of specificity, then, is
to view the free energy of catalytic proficiency (AAGcp) 3, or the ratio of catalytic efficiency
(keat/Km™) to the rate of nonenzymatic acetylation (kyg) as a function of acetyl-CoA
concentration (AAG¢p= —RTIn([Acetyl-CoA]™ -1 ((keo/Kim™) / knp)) (Figure 7 and
Supplementary Figure 6), and to do so at each individual site. In this equation,
noncooperative (nH=1) acetylation results in a AAG® which is independent of concentration
(horizontal line) and apparent cooperativity results in a AAG® which will change as a
function of acetyl-CoA. Using this method, we can also visualize changes in selectivity,
which occur when one line intersects another. This model provides a clear way of viewing
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both specificity for a particular residue as a function of acetyl-CoA and shows how the
selectivity can change between residues.

Using this methodology, we first examined the selectivity of p300 in our DMSO control
(Figure 7 A &B). We observed that those sites that demonstrated cooperativity had a more
favorable (more negative) free energy as acetyl-CoA concentrations increased. As suggested
above, the fact that all sites did not have identical dependences on acetyl-CoA
concentrations (different Hill coefficients), leads to changes in the energetic favorability. For
example, when looking at the DMSO control (Figure 7 A & B) H3K9, had the least
favorable free energy at low acetyl-CoA levels while having the most at saturating acetyl-
CoA. In contrast, the addition of C646 suppressed H3K9 acetylation in favor of acetylation
of H3K18, H3K23 and H4KS5 (Figure 7 C & D). The graphs created for this type of analysis
provide a more complete picture into the selectivity of an enzyme like p300, and provide a
visual map for understanding special selectivity, showing the points where acetyl-CoA
concentrations are altering the specificity and the selectivity between residues.

It is worth noting that these graphs represent situations where acetyl-CoA levels are limiting,
until reaching the highest levels of acetyl-CoA. At these high concentrations, selectivity
correlates with k... As noted above, we observe that the change in acetylation rate between
K18 and K23 in the presence of C646 is similar in cells to the change observed under Kk,
conditions. This suggests that local concentrations of acetyl-CoA in the cell are high, an
interesting observation that comes from observing special selectivity in this way.

To summarize these results, we have shown that C646, previously reported as an inhibitor of
p300, actually has a biphasic effect on p300 acetylation, stimulating activity at low
concentrations of C646 relative to acetyl-CoA, while inhibiting at higher concentrations. We
have shown that similar changes in histone acetylation can be observed in cells and that the
cellular response to C646 is acetyl-CoA dependent. We have also demonstrated the
importance of observing KAT selectivity as a function acetyl-CoA. Understanding how
specificity and selectivity of a KAT such as p300 can be regulated and, importantly,
experimentally altered, provides valuable information for treating diseases that arise as a
result of aberrant histone acetylation. In the same way, understanding how acetyl-CoA
concentrations regulate KAT function is important to understanding how cellular
metabolism and changes to acetyl-CoA concentration can affect the epigenetic state of a
cell.

Of great interest is the ability of C646 to alter p300 specificity and selectivity. The simplest
mechanism for this C646-dependent change is that p300 exists in multiple conformations
that dictate specificity and selectivity. The presence of C646 alters the equilibrium between
these different conformations such that binding of C646 at low concentrations may help to
stabilize certain conformations that, in the presence of acetyl-CoA, will promote acetylation
of certain sites. Similarly, one conformation of p300 could have a lower affinity for C646,
and after the transition occurs, is less likely to be bound by C646, allowing the enzyme to
escape inhibition. This model accounts for the stimulation that we see at low C646
concentrations, while still providing an explanation for the inhibition that occurs at higher
concentrations. Further strengthening our model is the observation that cell starvation and
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treatment with MEDICA 16 ablates or decreases, the stimulatory effect observed with C646.
If acetyl-CoA is in fact able to outcompete C646 at lower concentrations of C646, then it
stands to reason that lowering acetyl-CoA levels would result in C646 remaining bound to
p300, which leads to the decrease in histone acetylation that we observed in serum starved
cells. Our concern that the cellular effects of C646 may be complex to interpret was
ameliorated by the fact that knockdown of p300 from BxPC3 cells lead to a loss of the C646
stimulatory effect. Thus, we conclude that C646 stimulatory effects in cells are, in fact, due
largely to its actions on p300.

We have also compared the effect of C646 to the HDAC inhibitor TSA and found that TSA
has a large effect on the majority of sites, while C646 has little effect on H3K9 (42-fold <
TSA), while still being 50% as effective at H3K18 as TSA. This experiment reveals an
important advantage to targeting KATs for therapeutic purposes instead of HDACs. While
HDAC inhibitors clearly cause a larger increase in histone acetylation, this increase is at the
majority of sites, and thus lacks the selectivity that maybe critical for achieving therapeutic
outcomes. Studies have shown difficulties working with HDACi because of their numerous
side effects, from cardiovascular problems like heart arrhythmias, reduced fertility, and even
several neurological problems 2%- 39, This may be due to the fact that if HDACs are
underactive, there is no redundancy to compensate for their inactivity: acetyl groups will
remain on the histone and will continue to accumulate with no means for their removal.
Meanwhile, if a KAT is too active, there are HDACS in the cell to compensate and remove
these marks. Therefore, KATs may be a more viable target for therapeutic intervention than
HDAC:S, as they appear to produce less global perturbations to histone acetylation patterns.

The data presented here underscores the importance of acetyl-CoA concentration in
determining KAT specificity. The concept of special selectivity presents interesting
possibilities for regulating acetylation in vivo. In essence, changing the amount of acetyl-
CoA available in a reaction, or more importantly in a cell, will lead to changes in the extent
of acetylation at each site. Utilizing a mass spectrometry-based technique that looks at each
site of acetylation simultaneously has allowed us to determine the kinetics of p300. This in
turn allowed us to create a special selectivity map, demonstrating that we can alter the
dependence of p300 on acetyl-CoA levels by using different concentrations of C646. This
means at a set concentration of acetyl-CoA, we could alter the p300 acetylation preference,
or alternatively, that C646 could be utilized to alter the point at which specificity changes
over a range of acetyl-CoA concentrations. By further characterizing the selectivity changes
of different KATs, we could better understand how to regulate their activity through means
such as limiting acetyl-CoA concentrations. It is also possible that such a mechanism exists
in vivo: it has recently been demonstrated that during early development, a cell undergoes
changes to acetyl-CoA levels, which also correlate with changes to histone acetylation 0.
Based on our findings, it possible that these changes in acetyl-CoA could affect p300
selectivity, and correlate with changes in the histone acetylation pattern. This would be a
useful mechanism for regulating gene expression during early development.

The identification of C646 as a modulator of p300 activity in itself is interesting as it is
contrary to the common-held perception of it as an inhibitor. The fact that an enzyme can
escape an inhibitor via altered specificity presents both problems and opportunities for
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therapeutic intervention. Inhibitor escape is dependent on conformational flexibility, which
is in turn linked to the concept of special selectivity. Understanding how this process occurs,
therefore, has the potential to allow for pharmacologically retargeting an enzyme to different
lysine residues or substrates. These results also challenge the commonly held practice of
finding the highest tolerable dose of a drug. This suggest that drugs affecting special
selectivity might be more effective at certain concentrations, with higher concentrations
producing different or even unwanted effects.

The data presented here advances our understanding of how KAT specificity can be
regulated. We have shown that C646 can actually stimulate acetylation at low doses, altering
both the specificity and selectivity. We have also demonstrated the fluid nature of p300
specificity, how it relies on acetyl-CoA concentrations, and how this acetyl-CoA
dependence can be altered through the use of C646. We have demonstrated that this acetyl-
CoA dependence exists in cells, and have shown how changes in acetyl-CoA not only alter
histone acetylation, but also can be used to change how a cell responds to drug treatment.
The elucidation of special selectivity, the ability of an enzyme’s selectivity to change,
coupled with the discovery of a modulator of p300 activity raises important questions of
how drug dose influences the efficacy of potential KAT inhibitors, and how these effects
could be utilized to manipulate aberrant histone modification patterns to treat the diseases
associated with this aberrant acetylation.

METHODS

Reagents

All Chemicals were purchased from either Sigma-Aldrich or Fisher Scientific; the purity
was the highest commercial grade available or met LC/MS 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. Acetyl-CoA was obtained from Sigma-Aldrich. C646 was purchase from EMD
Millipore.

Protein purification

p300 and CBP were expressed and purified from Sf9 cells as previously described ©. The
p300 construct was graciously provided by Karolin Luger (Colorado State University).

C646 titrations (ke conditions)

Titrations of C646 were performed 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 done under k., conditions, utilizing excess H3/H4 (15 uM)
and acetyl-CoA (200 uM) in the presence of p300 (5 — 10 nM) or CBP (5 nM). C646
concentrations were varied between 0.1 — 5 uM. Assays were quenched using four volumes
of trichloroacetic acid (TCA). The precipitate was then washed twice with 150 pL acetone
(=20°C) 3. Samples were dried, 2 uL propionic anhydride was added, and ammonium
hydroxide was used to quickly adjust the pH to ~ 8 32. Samples were then incubated at 51°C
for 1 h followed by trypsin digestion (overnight at 37°C).
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Enzymatic kinetics assays for p300 and CBP

Steady-state kinetics for the H3/H4 tetramer were performed as described above. However,
steady-state assays contained varying amounts of p300 ranging from 2 to 10 nM, 5 nM CBP,
15 uM H3/H4 and varying levels of acetyl-CoA (1 — 200 uM). All kinetics assays were
performed in the presence of 0.2% DMSO, with either no drug, 0.5, 2.5, or 5.0 uM of C646.

Treatment of BXPC3 pancreatic cancer cells with C646 and TSA

BxPC3 cells were treated with either a 0.2% DMSO control, varying concentrations of C646
(0.1 =50 pM) in 0.2% DMSO, or 0.5 uM TSA in 0.2% DMSO. Cells were treated for 4
hours before harvesting. Histones were extracted overnight from the cell pellet using 0.2 N
HCI. Extracted histone was then prepared with propionic anhydride and treated with trypsin
as described above. Cell starvation involved switching the cells to a serum-free media for 16
hours prior to treatment, and returning to media containing serum during drug treatment.
Treatment with 5 uM MEDICA 16 was done for 24 hours prior to C646 treatment. TSA and
MEDICA 16 were obtained from Sigma-Aldrich.

Production of BXPC3 p300 knockdown cells

BxPC3 p300-depleted cell lines were created via lentiviral infection of a p300 shRNA
(Dharmacon TRCN0000039883). Lentivirus was produced using HEK293T host cells co-
transfected with the p300 TRCN0000039883 shRNA plasmid, lentiviral packaging plasmid
pCMV-cR7.74psPAX2, and envelope plasmid pMD2.G. BxPC3 cells were infected with the
virus and subjected to puromycin (2.5 uM) selection for 7 days. The surviving cells were
then pooled and tested for p300 knockdown by Western blotting using a p300 antibody
(Santa Cruz Biotechnologies, SC-584) with alpha-tubulin as a loading control (Sigma,
mouse monoclonal T5168).

UPLC-MS/MS analysis

A Waters Acquity H-class UPLC (Milford, MA) 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 - ©.

QqQ MS data analysis

Each acetylated and/or propionylated peak was identified by retention time and specific
transitions, as previously reported - ©. The resulting peak integration was done using
Xcalibur software (version 2.1, Thermo). The fraction of a specific peptide (F}) is calculated
by eq. 1, where I is the intensity of a specific peptide state and I}, is the intensity of any state
of that peptide, and analyzed as previously described - 33.

F.=1./ (ZIP‘) (Eq.1)

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 acetylation as a function of time prior to 10% of
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the sum of acetylated residues. To measure steady-state parameters for acetyl-CoA, the
initial rates were calculated based on time points where less than 10% of the acetyl-CoA was
consumed (based on a coupled assay 3*) and where the acetylated H3/H4 fraction is less
than 0.1 times the fraction of unacetylated H3/H4. k.., K15, and the Hill coefficient (nH)
were determined by fitting the equation:
(4]
v (5]

T teatlepp) 7. oo . g v 2
E] cat(app. ) ([S] ”'H+K:i]§p}) (Eq.2)

where [S] is the concentration of substrate (here, acetyl-CoA), and [E] is the concentration
of enzyme (either CBP or p300). The nH was assumed to be one unless the data dictated
otherwise, in which case the nH was confirmed by the equation:

Log|f/ (1 — 1) =nH*Log [S]+C (Eq3)

where f is the normalized change in v/[E]. When determining the nH for the 4 different
concentrations of C646, wherever possible, the data was fit simultaneously to create a shared
Hill Coefficient for all fits at any given site. This method was not utilized for H3K9 or
H4KS, where only one treatment displayed cooperativity while the rest did not, and was also
not utilized for H4K16, where the Hill coefficients varied too greatly among treatments to
utilize a single fit.

Selectivity of multiple sites

Biphasic fit

In order to understand selectivity, it is important to remember in these experiments all
substrates are present at once. This means the denominator for the v/E equation for any one
site is the same. Therefore, specificity is reduced to k¢,/Kynn times the concentrations of S
raised to the Hill (for details, see 5). However, given that we have 8 possible sites of
acetylation, it is easier to utilize free energy change of catalytic proficiency, Eq. 4, where
k,g is the nonenzymatic rate of acetylation.

] kca xr'nH
AAG,,= — RTIn ( [s]"H —11{‘”‘) (Eq.4)

‘nE

In Eq. 4 the second order rate for nonenzymatic acetylation (k,g) is not cooperative, so
dependence on S is based on the Hill coefficient for catalytic efficiency minus one. This
reduces the selectivity to the difference in free energy for any two sites.

To determine the K3 (activation) and the Ky nnibition), data was fit using the following
equation, assuming an equilibrium between enzyme (E) and inhibitor (I) that is activating,
and a second concentration that is inhibiting:

U kinitia.l*}—{a* K‘i +kact * [I " I{i

—_—= - — P Eq.5
B K,SKA I KA[ITK,
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. C646 mediated changes in p300 acetylation rate under k.4 conditions
Experiments were performed in the presence of 200 uM acetyl-CoA, as described in the

Methods. The acetylation sites for H3 and H4 are (A-F): H3K9, H3K 14, H3K18, H3K23,
H4KS5, and H4K8. Acetylation of additional sites of H4 can be found in Supplementary
Figure 1. The apparent K/, of activation and inhibition are summarized in Table 1.
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FIGURE 2. Changes in acetylation as a result of C646 treatment in BxPC3 pancreatic cancer
cells

BxPC3 cells were treated in triplicate with either a 0.2% DMSO control or varying
concentrations of C646 in 0.2% DMSO for 4 hours before harvesting and histone extraction.
Acetylation of histone H3 and H4 was analyzed. Each site was normalized to the percentage
of acetylation of the DMSO control to show the fold-change in acetylation at that site. The
sites shown are (A-C): H3K14, H3K18, and H3K23. The insets show the different C646
concentrations graphed as data points, and a fit line created in the same manner as the in
vitro data, using Equation 5. A * denotes p<.05 from one-way ANOVA for 0.1 to 2.5 uM
C646. The results of acetylation for additional sites of H3 and H4 can be found in
Supplementary Figure 3, and the apparent ECs( and IC5gs can be found in Supplementary
Table 1.
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FIGURE 3. Knockdown of p300 in BxPC3 cells causes a loss of the stimulatory effect of C646
BxPC3 cells were treated with shRNA against p300 as described in the Methods. A)

Knockdown of p300 was confirmed via Western blot. Alpha-tubulin was used as a loading
control. BxPC3 p300 depleted cells were treated in triplicate with either a 0.2% DMSO
control or varying concentrations of C646 in 0.2% DMSO for 4 hours before harvesting and
histone extraction. Acetylation of histone H3 was analyzed. Each site was normalized to the
percentage of acetylation of the DMSO control to show the fold-change in acetylation at that
site. The sites shown are (B-D): H3K 14, H3K18, and H3K23. * p <.05, ** p<.005 when
compared to the untreated control.
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FIGURE 4. C646 inhibition in serum starved cells
BxPC3 cells were treated in triplicate with either a 0.2% DMSO control or 2.5 uM C646 in

0.2% DMSO for 4 hours before harvesting and histone extraction. Acetylation of histone H3
and H4 was analyzed. Each site was normalized to the percentage of acetylation of the
DMSO control to show the fold-change in acetylation at that site. Shown are C646
treatments without serum starvation (blue bars), cells that were serum starved 16 hours prior
to treatment with C646 (red bars), or cells treated with MEDICA 16 prior to C646 treatment
(green bars).
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FIGURE 5. Determination of steady-state Kinetic parameters of p300-mediated acetylation of
histone H3/H4 in the presence of 0.2% DMSO

These experiments, performed with 0.2% DMSO, serve as a control for subsequent C646

steady-state experiments. Shown are the non-linear fits for acetylation at residue A) H3K9,
B) H3K14, C) H3K18, D) H3K23, E) H4K5, F) H4K8, G) H4K12, and H) H4K16. The
apparent kinetic parameters are summarized in Table 3.
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FIGURE 6. Determination of steady-state kinetic parameters of p300-mediated acetylation of
histone H3/H4 in the presence of 2.5 #uM C646

Shown are the non-linear fits for acetylation at residue A) H3K9, B) H3K14, C) H3K18, D)
H3K23, E) H4KS5, F) H4K8, G) H4K12, and H) H4K16. The apparent kinetic parameters are

summarized in Table 4.
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FIGURE 7. AAG of p300 acetylation of H3/H4 sites as a function of acetyl-CoA concentration
The AAG for 8 sites of H3/H4 was calculated from the steady-state parameters determined

from Figures 5 and 6. These AAG are graphed as a function of acetyl-CoA concentration in
the presence of A) No C646, or B) 2.5 uM C646. Each line indicates how energetically
favorable p300 acetylation of a particular residue is, as a function of acetyl-CoA

concentration. The intersection points, therefore, indicate the points at which acetylation of

one site becomes more favorable than another. The insets show the corresponding graph

with the axis zoomed in to better visualize these intersection points. These graphs were also

created for 0.5 and 5.0 uM of C646, the results of which can be found in Supplementary

Figure 6.
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K, of activation and inhibition for C646 in the presence of p300.

K112 activation) | K12 gnbibitiony | Maximum Fold
(x10~% M) (x10-6 M) Stimulation
H3K9 0.28+0.07 1.37+0.62 4.02
H3K14 0.82+0.34 4.82+0.40 5.38
H3K18 0.27+0.13 2.85+1.39 6.26
H3K23 0.39+0.04 3.25+0.24 7.23
H4KS5 1.58+2.75 13.41£3.33 3.19
H4K8 0.38+0.21 3.30+0.99 2.63
H4K12 0.09+0.21 0.88+1.94 1.52
H4K16 0.75+¢ND 4.70+ND 1.72

*
Error could not be determined for H4K16
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Mean fold-change in acetylation of BXxPC3 cells in the presence of drug treatment, with and without 16 hours

of serum starvation.

C646 (2.5 uM) | C646 (Starved) | TSA (0.5 uM) | TSA (Starved)
H3K9 1.61 0.12 68.56 3.02
H3K14 1.32 0.84 2412 1.65
H3K18 2.31 0.72 14.87 1.94
H3K23 1.44 0.89 2.83 1.78
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Steady-state parameters of H3 and H4 for p300-mediated acetylation of H3/H4 in the presence of 0.2%

Table 3

DMSO.
Keat/ K1
Keat Ky (x10 | (x103M'sec™ | nH (Hill | Kea/Kin™
(x1073 sec™!) M) ) Coefficient) | (MHsec1)
HAKO (1.420.19)
7.48+0.42 8.64+1.05 0.87+£0.12 2.43+0.72 x1010
(2.35+1.24)
H3K 14 30.62+6.38 7.02+4.96 4.36+3.21 1.34+0.17 x10°
(8.97+7.40)
H3K18 380.5+£17.28 8.44+1.33 45.09+7.41 1.260.1 x105
(4.16+3.19)
H3K23 145+13.17 25.73+6.16 5.64+1.44 1.41£0.12 x103
H4K5 36.07+2.56 5.61£1.52 6.43+1.8 n.a n.a
H4K8 23.99+1.22 3.02+0.75 7.95+2.03 n.a n.a
H4K12 35.88+2.34 4.71£1.22 7.62+2.03 n.a n.a
H4K16 32.35+1.94 10.35+2.24 3.13£0.7 n.a n.a
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Table 4
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Steady-state parameters of H3 and H4 for p300-mediated acetylation of H3/H4 in the presence of 2.5 uM

Co646.
Keat/Kys2
Keat Kip (x105 | (x103M'sec- | nHHill | Kea/Kip™
(x1073 sec™!) M) ) Coefficient) | (M™"Hsec™!)
H3K9 30.17+1.87 7.11£1.61 4.24+1 n.a. n.a.
(1.05£0.52)
H3K 14 191.3+7.43 9.02+1.04 21.2+2.59 1.34+0.17 x100
3K IS (7.70£6.64)
629.2+22.73 14.22+1.51 44.25+4.95 1.2620.1 x10°
(2.49+1.81)
H3K23 399+12.08 14.81x1.37 26.94+2.62 1.41+0.12 x100
H4KS5 67.68+5.33 9.29+2.11 7.28+1.75 n.a n.a
H4K8 98.27+7.02 23.97+5.55 4.1+£0.99 n.a n.a
H4K12 83.73+5.98 14.63+3.05 5.72+1.26 n.a n.a
(2.56£0.36)
H4K16 90.43+7.03 49.11+6.59 1.84+0.29 2.89+0.85 x10!1
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