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ABSTRACT
Histone acetyltransferases (HATs) are a class of enzymes that participate in modulating chromatin structure and gene expression. Altered HAT

activity has been implicated in a number of diseases, yet little is known about the regulation of HATs. In this study, we report that

glycosaminoglycans (GAGs) are potent inhibitors of p300 and pCAF HAT activities in vitro, with heparin and heparan sulfate proteoglycans

(HSPGs) being the most potent inhibitors. The mechanism of inhibition by heparin was investigated. The ability of heparin to inhibit

HAT activity was in part dependent upon its size and structure, as small heparin-derived oligosaccharides (>8 sugars) and N-desulfated or

O-desulfated heparin showed reduced inhibitory activity. Heparin was shown to bind to pCAF; and enzyme assays indicated that heparin

shows the characteristics of a competitive-like inhibitor causing an �50-fold increase in the apparent Km of pCAF for histone H4. HSPGs

isolated from corneal and pulmonary fibroblasts inhibited HAT activity with similar effectiveness as heparin. As evidence that endogenous

GAGs might be involved in modulating histone acetylation, the direct addition of heparin to pulmonary fibroblasts resulted in an

�50% reduction of histone H3 acetylation after 6 h of treatment. In addition, Chinese hamster ovary cells deficient in GAG

synthesis showed increased levels of acetylated histone H3 compared to wild-type parent cells. GAGs represent a new class of

HAT inhibitors that might participate in modulating cell function by regulating histone acetylation. J. Cell. Biochem. 105: 108–120,

2008. � 2008 Wiley-Liss, Inc.
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H eparan sulfate proteoglycans (HSPGs) represent a family of

highly sulfated macromolecules that are expressed within

the extracellular matrix and on the cell surface of virtually all tissues

[Park et al., 2000; Turnbull et al., 2001; Esko and Selleck, 2002]. Cell

surface HSPGs have been shown to mediate the binding of fibroblast

growth factor 2 (FGF2) and other heparin-binding growth factors

to their high affinity cell surface receptors to facilitate cellular

signaling responses [Nugent and Iozzo, 2000; Gallagher, 2001;

Nugent et al., 2005]. In addition to their more traditional roles as

participants in cell surface events, recent data support the possibility

that HSPGs mediate nuclear events as well. The presence of HSPGs in

the nucleus has been demonstrated [Ishihara et al., 1986; Fedarko

et al., 1989; Ishihara and Conrad, 1989; Conrad, 1998; Richardson

et al., 2001; Hsia et al., 2003], and nuclear HSPGs have been

correlated with cell proliferation [Fedarko et al., 1989] and shown to

act as shuttles in the protein kinase C dependent nuclear localization
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of FGF2 [Hsia et al., 2003]. Moreover, HSPGs have been shown to

inhibit DNA topoisomerase I activity [Kovalszky et al., 1998] and

heparin has been shown to interact with nucleosomal histone

proteins [Villeponteau, 1992; Watson et al., 1999]. Chondroitin

sulfate proteoglycans and hyaluronan have also been reported to

distribute to the nucleus under certain conditions suggesting that

there might be general functions for glycosaminoglycans (GAGs)

within the nucleus [Liang et al., 1997; Hascall et al., 2004]. Potential

interactions between HSPGs and nuclear proteins through the ability

of the GAG chains of the proteoglycans to bind to proteins via

charge–charge interactions could represent a novel mechanism

for regulating chromatin structure, nucleosome function and

ultimately, gene expression.

Chromatin structure plays important roles in regulating gene

expression. In the nucleus, DNA associates with a series of eight

histone proteins to form nucleosomes that enable large amounts of
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DNA to be organized and stored within a discrete area [Kornberg and

Lorch, 1999]. Histone proteins are primary targets for modulating

gene expression since they regulate the binding of transcriptional

complex components to the DNA [Brown et al., 2000; Gregory et al.,

2001; Marmorstein and Roth, 2001]. Histone proteins are modified

on their N-terminal tail regions by a series of reversible, covalent

modifications including acetylation, phosphorylation, methylation

and ubiquitination, all of which impact chromatin structure.

Acetylation of histone tails by nuclear histone acetyltransferases

(HATs) has been shown to neutralize the positive charge of key

lysine residues altering DNA–histone and histone–histone contacts

to facilitate transcriptional activation [Berger, 2001; Roth et al.,

2001]. The activity of cellular HATs is balanced by the activity of

histone deacetylase enzymes (HDACs) that remove the acetyl group

from the histone tail to favor a transcriptionally repressed state

[Kornberg and Lorch, 1999; Legube and Trouche, 2003]. The activity

of cellular HAT enzymes has been shown to be important for

regulating a variety of cellular processes such as cell growth,

proliferation, differentiation, and development. Abnormal HAT

activity has been associated with the development of certain disease

states such as cancer and chronic obstructive pulmonary disease

[Roth et al., 2001; Barnes et al., 2005; Ito et al., 2005]. Identification

of agents that can modulate HAT activity may facilitate the

development of important new therapeutic molecules.

In the present study we investigated the ability of heparin,

heparan sulfate and other GAGs to regulate HAT activity. Results

from these studies indicate that GAGs are potent inhibitors of p300

and pCAF HAT activities in vitro with heparin and heparan sulfate

being the most effective. The ability of heparin to inhibit HAT

activity was somewhat related to its structure, as modified forms of

heparin and oligosaccharides were less effective inhibitors than

native heparin. The ability of heparin and heparan sulfate to inhibit

HAT activity potentially reflects important functions of nuclear

HSPG and might provide insight toward the development of

pharmacological inhibitors of HATs.

MATERIALS AND METHODS

REAGENTS

Human recombinant p300/CBP-associated factor representing

residues 492-658 (pCAF; HAT) was purchased from BIOMOL

International (Plymouth Meeting, PA). Human recombinant p300

HAT domain (residues 1066–1707), biotinylated histone H4 and H3

peptides, core histones and the nonradioactive HAT Assay kit along

with the antibodies to histone H3 and acetylated histone H3, and

horseradish peroxidase linked anti-rabbit IgG were purchased from

Upstate USA, Inc. (Lake Placid, NY). For the HAT activity assays,

heparin and the chemically modified heparin derivatives were

purchased from Neoparin, Inc. (San Leandro, CA). Chondroitin

sulfate, D-glucosamine, N-acetyl-D-glucosamine, glucuronic acid,

dextran, hyaluronic acid, and the anti-alpha actin antibody were

purchased from Sigma Chemical Company (St. Louis, MO). The HRP-

linked goat anti-rabbit and goat anti-mouse antibodies used for

western blots were purchased from Santa Cruz Biotechnology,

Inc. (Santa Cruz, CA). Chondroitin sulfate, keratan sulfate and

chondroitinase ABC were obtained from Cape Cod Associates
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(Ijamsville, MD). Protran nitrocellulose was obtained from

Schleicher & Schuell (Keene, NH) and the immobilized streptavidin

and BCA protein assay reagents were obtained from Pierce Chemical

(Rockford, IL). [3H]acetyl-CoA and [35S]Sulfate were obtained from

Perkin Elmer (Boston, MA). All other chemicals were reagent grade

products obtained from commercial sources.

HAT ACTIVITY ASSAYS

Heparin-mediated inhibition of HAT activity was evaluated using

three independent assay methods. The first assay method utilized a

modified filter-binding assay [Sun et al., 2003]. pCAF or p300 HAT

domain was added to 10 mg core histones in buffer containing

50 mM tris pH 8.0, 1 mM DTT and 10% glycerol in the absence and

presence of GAG or other saccharide moieties. [3H]acetyl-CoA

(0.5 mCi) was added to a final volume of 50 ml to initiate the

reactions (final concentration of histones �10 mM; acetyl-CoA

50 mM). The reactions were centrifuged at 5,000g for 30 s and

incubated for 30 min at 308C. Aliquots (35 ml) of the reaction

mixture were spotted into the wells of a dot blot apparatus and the

samples were filtered through a nitrocellulose membrane under

vacuum to remove unincorporated acetyl-CoA. The wells were

washed three times (600 ml/wash) under vacuum with 50 mM tris

pH 7.6 buffer. The nitrocellulose filter was removed from the

blotter and was washed three additional times with tris buffer

(�100 ml/wash). The filter was allowed to air dry and the filters were

processed and counted using liquid scintillation methods. Control

experiments were conducted where heparin (5 and 25 mg/ml) was

added to the HAT–histone reactions after the reaction period prior to

filtration to ensure that the presence of heparin did not alter 3H-

histone retention on the nitrocellular filters.

The second method for measuring heparin-mediated HAT

inhibition utilized a commercially available, nonradioactive

HAT assay kit [Nakatani et al., 2003] (Upstate USA, Inc., Product

#17-289). This kit is based on the use of biotin-histone peptides

representing the HAT modifying tails (H3 and H4, amino acid

residues 1–21) which are linked to streptavidin coated plates and

exposed to HAT enzymes. The extent of reaction is measured using

anti-acetyl-lysine antibodies. This assay allows direct comparison of

the effects of inhibitors on HAT activity toward histone H3 and H4

tails. Samples were assayed for 30 min a final reaction volume of

50 ml/well in the absence and presence of heparin according to the

manufacturer’s recommended protocol.

The final method measured the ability of pCAF or p300 to

acetylate a synthetic, biotinylated peptide of histone H4 in the

absence and presence of GAG [Ait-Si-Ali et al., 1998]. Commercially

available pCAF or p300 HAT domain was added to an iced reaction

mixture containing 3mg biotinylated histone H4 peptide, 50 mM tris

pH 7.4, 1 mM EDTA with and without the indicated concentrations

of polysaccharide. [3H]acetyl-CoA (0.15 mCi) was added to a final

volume of 250 ml to initiate the reaction and the samples were

incubated for 30 min at 308C. Hundred microliters prewashed,

ImmunoPure Immobilized Streptavidin slurry was added to the

reaction mixtures and the samples were incubated at room

temperature for 1 h with gentle agitation. The beads were centri-

fuged at 10,000g for 4 min and the supernatants were discarded. The

beads were washed three times (500 ml/wash) with RIPA Buffer
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(50 mM tris pH 7.4, 150 mM sodium chloride, 1 mM EDTA, 1%

NP-40, 0.5% deoxycholic acid, 0.1% SDS) prior to solubilization

with 1 N sodium hydroxide for 30 min at room temperature. Solu-

bilized samples were quantitated by liquid scintillation counting

methods.

MEASUREMENT OF HISTONE H3 ACETYLATION LEVELS

BY IMMUNOBLOT

Pulmonary fibroblasts were plated at 1.5� 106 in T75 flasks and

cultured for 3 days in medium containing 5% FBS. Heparin (50 mg/

ml) or N-desulfated-heparin (50 mg/ml) or nothing (control) was

added directly to the existing media and the flasks were returned to

the incubator for 2, 4, or 6 h. At the indicated time point, cells were

rinsed twice with cold Puck’s saline and extracted for 10 min at 48C
in ice cold cell lysis buffer [Carreras et al., 2002], centrifuged and

the supernatant stored at �808C. Protein concentration was deter-

mined by the BCA protein assay (Pierce Chemical). One hundred

micrograms of protein were run on 16% SDS–polyacrylamide gels

and electrophoretically transferred to Optitran BA-83 (Whatman).

The membrane was stained with Ponceau S stain to check for

even loading and then blocked in 5% milk and probed with 1:1,000

anti-acetylated histone H3 (Upstate USA, Inc., cat.#06-599),

1:500 anti-histone H3 (Upstate USA, Inc., cat.# 06-755) and

1:2,000 monoclonal anti-alpha actin (Sigma Chemical Company,

cat.#A2547) for 2 h at RT. The secondary antibody was either

1:2,000 goat anti rabbit IgG HRP (Santa Cruz Biotechnology, Inc.,

cat. # SC-2054) or 1:2,000 goat anti-mouse IgG HRP (Santa Cruz

Biotechnology, Inc., cat.# SC-2055). Bands were visualized by the

chemiluminescence method according to manufacturer’s instruc-

tions (KPL, Gaithersburg, MD), and band intensities were determined

by densitometry.

MEASUREMENT OF HISTONE ACETYLATION LEVELS IN CHO CELLS

Chinese hamster ovary (CHO) cell lines (CHO-K1 and CHO-745) were

generously provided by Dr. Jeffrey Esko at the University of

San Diego. For histone acetylation assays, both cell types were

seeded at a density of 5,000 cells per well into 96-well plates in

DMEM/F12 growth medium supplemented with 10% fetal bovine

serum (FBS), 2 mM L-glutamine and penicillin/streptomycin. The

cells were maintained for 72 h prior to fixing with a combination of

ice-cold 95% methanol (400 ml/well; 10 min) and 3.7% formalde-

hyde solution (400 ml/well; 5 min) at room temperature. The wells

were rinsed with tris buffered saline (50 mM tris pH 7.4, 150 mM

sodium chloride; 400 ml/well) (TBS) prior to blocking overnight at

48C in TBS containing 3% bovine serum albumin (200 ml/well). The

blocking buffer was removed and the wells were washed with TBS

(4 times with 400 ml/well). The cells were incubated with anti-

histone H3 or anti-acetylated histone H3 (4 mg/ml) in 3% BSA-TBS

(100 ml/well) for 1.5 h at room temperature. The primary antibody

solutions were removed and the wells were washed with TBS (5 times

with 400 ml/well). The cells were then incubated with HRP-linked

anti-rabbit secondary antibody (0.5 mg/ml) in 3%BSA-TBS (100 ml/

well) for 30 min at room temperature. Plates were washed with TBS

containing 0.1% Tween-20 (3 times with 400 ml/well) and then with

TBS (5 times with 400 ml/well), and then the plate was incubated

with TMB Peroxidase Substrate (KPL; 100 ml/well) for 10 min
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at room temperature prior to stopping the reaction by adding 10 ml/

well of 1 N sulfuric acid. The absorbance was measured at 450 nm

and at 570 nm (background correction) using an OPTImax microtiter

platereader (Molecular Devices Corporation, Sunnyvale, CA).

GENERATION AND PURIFICATION OF PROTEASE-RELEASED HSPGf

HSPG fragments were released from primary corneal fibroblasts

with trypsin and primary pulmonary fibroblasts with elastase and

purified using ion exchange chromatography.

Primary rabbit corneal stromal fibroblasts were isolated and

maintained as previously described [Hsia et al., 2003] and the

purification of trypsin-released HSPG ectodomains was adapted

from established protocols [Rapraeger and Bernfield, 1985; Brown

et al., 2002]. Subconfluent (�50%) cell monolayers were rinsed

twice with phosphate buffered saline (PBS) without Ca2þ and Mg2þ

salts and were scraped into extraction buffer (PBS containing

0.5 mM EDTA, 0.5 mM PMSF, 50 mg/ml soybean trypsin inhibitor,

5 mM N-ethylmaleimide and 1 mM pepstatin A). The cells were

washed four times with extraction buffer and were incubated with

20 mg/ml bovine pancreatic trypsin for 5 min on ice. The reaction

was stopped with the addition of 200 mg/ml soybean trypsin

inhibitor followed by centrifugation at 200g for 2 min.

Pulmonary fibroblasts were isolated from neonatal rats as

previously described [Foster et al., 1990]. Cells were plated into

second passage and maintained for 10 days and treated with porcine

pancreatic elastase (2.5 mg/ml) for 15 min in 44 mM sodium

bicarbonate buffer at 378C. The elastase supernatant containing

released HSPGs was collected and 1 mM diisopropyl fluorophos-

phates was added to inhibit the elastase. The supernatant was

centrifuged at 800g for 15 min at 48C to remove detached cells and

insoluble debris, and the HSPG was purified by ion exchange

chromatography [Brown et al., 1999, 2002].

Trypsin- and elastase-released proteoglycans present in the

supernatants were purified using anion exchange chromatography

[Brown et al., 1999, 2002]. The digests were diluted 1:1 with buffer

containing 100 mM sodium acetate pH 6.0, 600 mM sodium

chloride, 20 mM EDTA and 40% propylene glycol and were applied

to Q-Sepharose columns preequilibrated with buffer containing

50 mM sodium acetate, 300 mM sodium chloride, 10 mM EDTA and

20% propylene glycol (Q1 Buffer). The column was washed to

baseline with Q1 Buffer followed by washing with low salt buffer

(50 mM sodium acetate pH 6.0, 300 mM sodium chloride). The

proteoglycans were eluted with high salt buffer containing 50 mM

sodium acetate pH 6.0 and 1.5 M sodium chloride and the GAG-

containing fractions were collected. The fractions were assayed for

GAG content using the dimethylmethylene blue (DMB) assay

[Farndale et al., 1986] and for protein content using the Bio Rad

protein assay (BioRad Laboratories, Hercules, CA). GAG containing

fractions were desalted/concentrated through Amicon PL 10 filters

and were exchanged into PBS to generate the partially purified

HSPG fragments (HSPGf).

To determine the composition and role of specific GAGs, purified

trypsin-released HSPG fragments were further digested with 5 mU/

ml chondroitinase ABC (ABCase) for 1 h at 378C. Upon confirmation

of successful digestion by DMB assay, ABCase-digested HSPGf were

incubated with Q-Sepharose resin at 48C overnight and pelleted at
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. Inhibition of pCAF and p300 histone acetyltransferase (HAT) activ-

ities by heparin. In the presence of [3H]acetyl-CoA (0.5 mCi; 50 mM), core

histones (10 mg; �10 mM) were incubated with either pCAF (0.5 mg;

0.52 mM; filled circles) or p300 HAT domain (0.83 mg; 0.17 mM; open

circles) and the indicated heparin concentrations for 30 min at 308C. For-

mation of [3H]acetylated core histones was determined by vacuum filtration of

the samples across a nitrocellulose membrane and quantitated by liquid

scintillation counting. IC50 values were determined for heparin inhibition

of pCAF (6.7	 1.1 mg/ml) and p300 (4.3	 0.7 mg/ml). The data are expressed

as the mean % Control	 SD. Background CPM in samples without added

enzyme was 5781.25 while [3H]acetylated histone CPM in samples without

heparin were 16484.5 for pCAF containing samples and 9960.5 for the p300

HAT domain samples. Inhibition of p300 activity by heparin was observed in

eight separate experiments and the inhibition of pCAF by heparin was observed

in seven experiments. A dose-dependent inhibition of HAT1 was observed in

one experiment (data not shown).
1,000g for 10 min. The pellet was washed once with Q1 buffer and

once with low salt buffer. ABCase-digested HSPGf were eluted with

three washes of High Salt buffer (50 mM sodium acetate pH 6.0, 3 M

sodium chloride) that were collected and pooled. Pooled washes

were desalted into PBS and concentrated in Centricon YM-10

centrifugal filters. Final GAG concentration of the ABCase-digested

HSPGf fraction was determined by DMB assay. Free GAG chains

were generated by treating the HSPG fraction with 2 M sodium

borohydride in 0.1 N sodium hydroxide for 16 h at 378C as described

[Bassols and Massagué, 1988; Forsten et al., 1997]. The free GAG

chains were repurified using Q-Sepharose anion exchange chro-

matography. Purified HSPG and GAG preparations were aliquoted

and stored at �808C.

35S-PROTEOGLYCAN LABELING AND ANALYSIS

Primary corneal fibroblasts were plated in serum-free medium onto

fibronectin coated dishes as previously described [Richardson et al.,

2001; Hsia et al., 2003]. Briefly, 10 cm bacteriologic Petri dishes

were coated overnight at 48C with 20 mg/ml bovine fibronectin in

PBS. Corneal fibroblasts were plated (870,000/dish) in Dulbecco’s

modified Eagle’s medium (DMEM) containing 0.1 mM MEM

nonessential amino acids and incubated for 16 h at 378C. To

initiate labeling, 35SO4 was added directly to the culture medium to

generate a final concentration of 100 mCi/ml and the cells incubated

for the indicated time prior to fractionation into cytoplasmic and

nuclear fractions using established protocols [Sperinde and Nugent,

1998, 2000; Hsia et al., 2003]. The cells were suspended with

trypsin–EDTA (0.05% trypsin, 0.53 mM EDTA) at 378C for 5–10 min

to digest cell surface and ECM proteoglycans. To stop the

trypsinization, soybean trypsin inhibitor was added to a final

concentration of 0.5 mg/ml and the cell suspension incubated on ice

for 5 min. The cells were centrifuged at 800g for 5 min at 48C and the

cell pellets were washed once with homogenization buffer (HB)

containing 10 mM HEPES pH 7.9, 10 mM potassium chloride,

0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT and 0.5 mM PMSF to

ensure removal of cell surface and ECM degradation products. The

cells were resuspended in 1 ml HB buffer, incubated on ice at 48C for

20 min, and then 0.6% NP-40 was added. The cells were then

vortexed for 10 s and centrifuged at 12,000g for 2 min at 48C. The

supernatant was retained as the cytosolic fraction and the nuclear

pellet was washed one additional time with HB buffer containing

0.6% NP-40. The resulting nuclear pellets were extracted in buffer

containing 20 mM HEPES pH 7.9, 420 mM potassium chloride,

1.5 mM magnesium chloride, 0.2 mM EDTA and 20% glycerol and

incubated for 30 min on ice. The nuclei were vortexed and

centrifuged for 2 min at 12,000g. The resulting supernatants were

collected as the nuclear fractions. Cross contamination of the

cytosolic and nuclear fractions was minimal (1–5%) as assessed by

assaying all fractions for acid phosphatase activity [Connolly et al.,

1986; Sperinde and Nugent, 1998]. Moreover, the integrity of each

fraction was assessed by evaluating the presence of transferrin

receptor (cytosolic) and lamin B (nuclear). No detectable lamin B was

observed in the cytosolic fraction and no transferrin receptor was

detected in the nuclear fraction (data not shown).

The 35S-labeled proteoglycan content of the intracellular

fractions was quantitated by cationic nylon vacuum filtration,
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and the amount of 35S-labeled heparan sulfate was determined by

nitrous acid cleavage [Rapraeger and Yeaman, 1989].

STATISTICAL ANALYSIS

All dose response HAT activity inhibition curves were fit to the

following equation:

%Ci ¼ 100e�k½I�

where %Ci represents the percent of control HAT activity measured

in the presence of a given concentration of inhibitor [I], and k is the

inhibitor constant where: IC50¼ ln 2/k. Thus, HAT activity measure-

ments conducted at a range of inhibitor concentrations were fit by

nonlinear least squares using the Levenberg–Marquardt algorithm

(KaleidaGraph version 3.6.2, Synergy Software) to determine k and

calculate IC50 values. All data sets (Figs. 1–3) produced R2 values

between 0.96 and 0.99. For experiments where multiple treatments

were compared, ANOVA analysis was conducted followed by

multiple comparison student’s t-tests (Newman–Keuls method),

where P< 0.05 was considered significant.

RESULTS

HEPARIN INHIBITS HAT ACTIVITY

To determine if heparin can inhibit HAT activity toward intact

histones, the acetylation of core histones was measured with two

separate HAT enzymes, p300 and pCAF, in the presence of various

concentrations of heparin (Fig. 1). Heparin was shown to be a potent
GAGs INHIBIT HAT ACTIVITY 111



Fig. 2. Specificity of inhibition of pCAF HAT activity by simple and complex

saccharide moieties. Core histones (10 mg; �10 mM) were incubated with

pCAF (0.5 mg; 0.52 mM), [3H]acetyl-CoA (0.5 mCi; 50 mM) and the

indicated saccharide concentrations for 30 min at 308C in a final volume of

50 ml. Thirty-five microliter aliquots of the reaction mixtures were spotted

onto a nitrocellulose filter in a dot blot apparatus to remove unincorporated

[3H]acetyl-CoA. The sample wells and filters were washed with 50 mM tris

pH 7.6 and the samples were processed for liquid scintillation counting. In

panel A, the samples were assayed in the presence of simple sugars including

D-glucuronic acid (filled circles), N-acetyl-D-glucosamine (open circles) and

D-glucosamine (filled squares) at the indicated concentrations. The dashed line

represents the inhibition by heparin (from Fig. 1) for comparison. In panel B,

the reaction mixtures contained the indicated polysaccharide concentrations

of dextran (filled circles), chondroitin sulfate (open circles), keratan sulfate

(filled squares), and hyaluronic acid (open squares). The dashed line represents

the inhibition by heparin (from Fig. 1) for comparison. IC50 values were

determined for chondroitin sulfate (13.7	 2.9 mg/ml), keratan sulfate

(18.5	 3.7 mg/ml), and hyaluronic acid (21.3	 3.1). In both panels, the

data are expressed as the mean % Control	 SD. The data presented are from

multiple assays. Background corrected [3H] CPM in pCAF samples without

saccharide ranged from 4,942 to 8,389 under independent assay conditions.

The effects of each reagent were tested at least three times with pCAF and

similar results were observed. All samples were also tested for inhibition of

p300 HAT activity at least once (data not shown); no differences in the relative

activities of these compounds were observed with p300 compared to pCAF.
inhibitor of both p300 and pCAF in this assay system with 50%

inhibition (IC50) being observed with 4.3 and 6.7 mg/ml heparin for

p300 and pCAF respectively. In additional studies we also observed

that heparin inhibits the activity of the type B enzyme HAT-1 (data

not shown).

To determine if the inhibition of HAT activity was a general

property of the chemical composition of heparin, we evaluated the

pCAF inhibitory activity of a series of related compounds including

the monosaccharide building blocks of heparin: glucuronic acid,

glucosamine, and N-acetyl glucosamine, as well as other poly-

saccharides: chondroitin sulfate (CS), keratan sulfate (KS), hya-

luronic acid (HA), and dextran. The results are illustrated in Figure 2.

While none of the monosaccharides showed any significant

inhibitory activity over the range of concentrations tested

(Fig. 2A), all of the GAGs showed inhibition (Fig. 2B). However,

the polysaccharide dextran did not show any inhibitory activity

indicating that this activity is not a property of all polysaccharides.

Moreover, none of the GAGs tested were as effective as heparin, and

the unsulfated GAG, hyaluronic acid, was the least effective (IC50’s

for CS, KS, and HA were 13.7, 18.5, and 21.3 mg/ml respectively)

suggesting that sulfation influences inhibitory activity.

HEPARIN STRUCTURAL REQUIREMENTS

To evaluate the relative importance of sulfation of heparin for HAT

inhibition, a variety of modified heparin preparations were analyzed

in HAT activity assays with pCAF and core histones. The inhibitory

activity with the other GAGs types, including the unsulfated HA,

suggested that desulfated heparin would retain activity with a

shifted dose response. Indeed, heparin selectively desulfated at

the 2-O position of the uronic acid or the 6-O position of the

glucosamine retained considerable HAT inhibitory activity when

compared to heparin (Fig. 3; IC50’s for 2-OD and 6-OD were 9.8 and

8.7 mg/ml respectively). The fully O-desulfated and N-desulfated

heparin preparations, in contrast, showed significantly reduced

pCAF inhibitory activity when compared to heparin (IC50’s 15.7 mg/

ml for De-O and 20.5 mg/ml for De-N). This observation is consistent

with the relative activities of the other GAGs. Thus, maximal

heparin-mediated HAT inhibition required sulfation on N and O

groups. While sulfation on N groups appears to be a stronger

requirement, the selective removal of only 2-O or 6-O sulfation

alone did not result in significant loss of function suggesting that

sulfation at either of these two O-positions is the minimum

requirement for full activity.

To identify the size requirements for heparin-mediated HAT

inhibition, various sized oligosaccharides derived from heparin were

included in assays of pCAF activity with core histones (Fig. 4).

Heparin oligosaccharides of 8–12 sugars in length showed maximal

inhibition for pCAF HAT activity (greater than 60% inhibition).

Tetrasaccharides were less effective inhibitors of pCAF HAT activity

than was heparin. Interestingly, oligo II, which represents oligo-

saccharides of 14–16 sugars in length, was less effective than 8–12

sugar oligosaccharides. Collectively, these data indicate that heparin

oligosaccharides of 8–12 sugars in length, containing N-sulfated

glucosamine residues and O-sulfation at either the 6-O or the 2-O

position are the optimal inhibitors of in vitro HAT activity.
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HISTONE AND ENZYME SPECIFICITY

To further define the specificity of heparin-mediated HAT

inhibition, we assessed the concentration dependent effects of

heparin on the HAT activities of pCAF and p300 using histone H3

and histone H4 peptides as acetylation substrates in a nonradioac-

tive HAT assay. Consistent with previous reports, pCAF showed a
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Fig. 3. Inhibition of pCAF HAT activity by chemically modified heparin

molecules. Core histones (10 mg; �10 mM) were incubated with pCAF

(0.5 mg; 0.52 mM), [3H]acetyl-CoA (0.5 mCi; 50 mM) and the indicated

concentration of 2-O desulfated (filled circles), 6-O desulfated (open circles),

de-N-sulfated (filled squares) and fully de-O-sulfated (open squares) heparin

for 30 min at 308C in 50 ml final volume. Thirty-five microliter aliquots of the

reaction mixtures were filtered through a nitrocellulose membrane under

vacuum in a Bio Dot Apparatus. The wells and filter were washed with 50 mM

tris pH 7.6 and the membrane was processed for liquid scintillation counting.

The dashed line represents the inhibition by heparin (from Fig. 1) for

comparison. IC50 values were determined for 2-O-desulfated (9.8	 2.4

mg/ml), 6-O desulfated (8.7	 1.2 mg/ml), de-N-sulfated (20.5	 3.9 mg/

ml) and fully de-O-sulfated (15.7	 2.1 mg/ml). The data are expressed as the

mean % Control	 SD. Average blank corrected CPM in pCAF samples without

heparin was 7,105. Each modified heparin was analyzed for inhibition of HAT

activity at least three times. In one study the effects of N-desulfated fully N-

acetylated heparin was compared to N-desulfated heparin and no differences

were observed (data not shown), indicating that the reduced activity of

N-desulfated heparin is not reflective of the formation of primary amines.

Fig. 4. Inhibition of pCAF HAT activity by different sized heparin molecules.

Different sized oligosaccharides derived from heparin were present at 10 mg/

ml final concentrations in pCAF-mediated HAT activity assays. Thirty-five

microliters of the reaction mixtures were spotted onto a nitrocellulose

membrane in a Bio Dot apparatus under vacuum to separate [3H]acetylated

core histones from unincorporated [3H]acetyl-CoA. Indicated are the actual

saccharide size present in each heparin derivative (4–10) with Oligo I (14–18

sugars), Oligo II (12–14 sugars) and the starting material (heparin). The data

are expressed as % Inhibition	 SD. CPM in pCAF containing samples without

heparin was 7,635 after blank correction. The effects of different sized

oligosaccharides were analyzed three times with pCAF and twice with

p300 with similar results observed including the relative reduction of activity

with the Oligo II chain.
clear preference toward acetylating histone H4 over histone H3

while p300 showed a slight preference for histone H4 (Fig. 5). The

activities of both enzymes toward both substrate peptides were

inhibited by heparin. While the effects of heparin on p300 activity

with histone H3 and H4 were not significantly different, the heparin

inhibition profiles of pCAF with the two peptides showed interesting

differences. Whereas the lowest concentration of heparin tested

(5 mg/ml) showed considerable inhibition of pCAF activity toward

histone H3, higher concentrations did not result in significantly

greater inhibition. In contrast, this same range of heparin con-

centrations showed progressively greater inhibition of pCAF activity

on histone H4.

POTENTIAL MECHANISMS OF HEPARIN INHIBITION OF HAT

It is known that heparin can bind to histones through ionic

interactions [Hildebrand et al., 1978; Pal et al., 1983; Ambrosio

et al., 1997; Du Clos et al., 1999; Watson et al., 1999], yet it is not

known if heparin can bind directly to HAT enzymes. Thus, to

examine the possibility that heparin might directly interact with

HAT enzymes as a means to inhibit activity, pCAF was incubated

with Sepharose or heparin–Sepharose in the presence of a range of

salt concentrations. Following centrifugation to pellet the beads, the

resulting supernatant was included in a filter-based, HAT activity
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assay (Fig. 6). In the absence of salt, there was little HAT activity

remaining in solution; �20% of that present in the supernatant of

samples treated with Sepharose alone. As evidence that the heparin–

Sepharose effect was reflective of pCAF–heparin interactions, when

the same pull down experiments were conducted in the presence of

0.25 or 0.5 M NaCl, considerably more HAT activity was retained in

the supernatant (�90% activity recovered in the presence of 0.5 M

NaCl). Qualitatively similar results were obtained when p300 was

treated under the same conditions (data not shown). Thus, the

inhibition of in vitro HAT activity by heparin may involve direct

interactions with the enzymes.

To gain insight into the potential mechanism of enzyme

inhibition, pCAF activity was measured in the presence and

absence of heparin (10 mg/ml; 0.69 mM) with a range of histone H4

peptide concentrations (10 concentrations; 19 nM–7.7 mM; Fig. 7)

using the nonradioactive HAT assay method under quasi steady-

state conditions [Wong and Wong, 1983; Yukioka et al., 1984; Lau

et al., 2000a; Thompson et al., 2001]. The amount of acetylated H4

generated during the 30 min reaction with 0.1 mM pCAF (defined as

the reaction velocity) as a function of H4 concentration (	heparin)

was fit by nonlinear least squares to the Michaelis–Menten model.

This analysis revealed that heparin caused a dramatic increase in

the apparent Km for H4 (5.3	 1.9 nM in the absence and

259.7	 79.8 nM in the presence of heparin) with only a modest

(�30%) reduction in the maximal velocity. However, it is important

to note that the reaction conditions were not rigorously established

to calculate intrinsic kinetic constants; thus the kinetic parameters

are simply observed values based on this limited analysis. The
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Fig. 5. Heparin inhibits HAT activity toward histone H3 and histone H4

substrates. pCAF HAT Enzyme (0.5 mg; 0.51 mM) and p300 HAT Domain

(1.67 mg; 0.33 mM) were assayed for HAT activity in the absence and pre-

sence of heparin using a commercially available HAT assay kit. In panel A,

heparin-mediated inhibition of pCAF HAT activity was assayed using

histone H3 (open circles) and histone H4 (filled circles) peptide substrates.

In panel B, heparin-mediated p300 HAT activity was assayed using histone H3

(open squares) and histone H4 (filled squares) substrates. In both panels, the

data are expressed as relative absorbance	 SD. The average background

absorbance in the absence of enzyme was 0.151, which was subtracted from

all absorbance values from enzyme containing samples. The activity of pCAF

with H3 and H4 peptides was measured three times; the activity of p300 with

the H3 and H4 peptides was measured twice.

Fig. 6. Heparin binds to pCAF HAT enzyme. pCAF HAT enzyme was incubated

with heparin–Sepharose or Sepharose resin in the presence of increasing

sodium chloride concentrations for 1 h at 48C. Following centrifugation at

10,000g for 10 min, the supernatants were assayed for enzymatic activity.

Supernatant aliquots (20 ml) were assayed for HAT activity in the presence of

10 mg (�10 mM) core histones and [3H]acetyl-CoA (0.5 mCi; 50 mM) for

30 min at 308C prior to vacuum filtration onto a nitrocellulose membrane. The

sample wells and filter were washed with 50 mM tris pH 7.6 and the membrane

was processed for liquid scintillation counting. The data are expressed as

percent relative pCAF HAT activity (pCAF HAT activity recovered after

incubation with heparin–Sepharose/pCAF HAT activity recovered after incu-

bation with Sepharose)� 100. The data presented are mean % Control	 SD.

Similar results were observed in three separate experiments.
reaction mechanism of pCAF appears to involve a bi-substrate

ternary complex mechanism [Lau et al., 2000a] and the analysis

conducted here with a single acetyl-CoA concentration (100 mM)

that is above the reported Km was used to gain insight into the

mechanism of heparin inhibition with respect to the histone peptide

substrate. Hence, a double-reciprocal plot of 1/V versus 1/[S] reveals

that the lines from the two sets of data (	heparin) show a similar

y-intercept suggesting that heparin inhibits through a competitive-

like mechanism with an apparent Ki of �15 nM (0.2 mg/ml) under

these conditions. Similar results were observed when histone H3

peptide was used as substrate (data not shown).

NUCLEAR HEPARAN SULFATE PROTEOGLYCANS ARE

POTENTIAL HAT INHIBITORS

We have previously demonstrated that there are HSPGs in the

nucleus of corneal fibroblasts, particularly when these cells are
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plated on a fibronectin matrix. To evaluate the possibility that

sufficient heparan sulfate is present within the nuclei of these cells to

be able to interact with and modulate HAT activity, we metabolically

radiolabeled proteoglycans with 35SO4 in corneal fibroblasts

cultured on fibronectin. After the radiolabeling period, we frac-

tionated the cells to separate the intracellular 35S-proteoglycans into

cytosolic and nuclear fractions. We extracted these fractions and

subjected them to cationic nylon filtration and treatment with and

without nitrous acid in order to quantitate the total GAG versus HS

within each fraction. Moreover, based on quantitating the trypsin

cell surface HSPGf isolations for total GAG using the DMB assay, we

were able to estimate the specific radioactivity of the intracellular

PG fractions. After labeling with 35SO4 for 24 h, �70% of the

cytosolic and nuclear 35S-proteoglycan was HSPG (Table I). A

labeling time course revealed that the ratio of nuclear to cytoplasmic
35S-proteoglycan increased during the first 6 h of labeling to a

maximum of �30%, which is consistent with a model where

proteoglycans are first synthesized in the golgi prior to being

translocated to the nucleus (Fig. 8). It is important to note, however,

that a portion of the 35S-proteoglycan within the nuclear fraction

could represent proteoglycan associated with the cytoskeleton.

Thus, while previous studies have revealed that HSPGs are distri-

buted within the nucleus, we do not know the precise relative

amount of nuclear 35S-proteoglycan. Nevertheless, it is interesting

to note that the potential concentration of HS in the nucleus

(estimate of 1–100 mg/ml based on a nuclear volume of 5� 10�10–

5� 10�8 ml) is within the range of the measured IC50’s for HAT

activity inhibition. While this analysis of nuclear HS concentration

is relatively crude, it does suggest that HAT inhibition by nuclear HS

is a reasonable possibility.
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Fig. 7. Double-reciprocal plot for heparin inhibition of pCAF catalyzed

acetylation of histone H4 peptide. Various concentrations of histone H4

peptide (19 nM–7.7 mM; calculated based on final reaction volume of

50 ml) in triplicate were linked to streptavidin coated 96-well plates and

pCAF (2 mg/ml; 0.1 mM) was reacted with the H4 peptide in the presence

(filled circles) or absence (open circles) of heparin (10 mg/ml; 0.69 mM) for

30 min at 308C. All reactions contained 100 mM acetyl-CoA. Acetylated H4

was detected with anti-acetyl-lysine antibodies, and the absorbance reading

represented the velocity (V) of the reaction. A double-reciprocal plot was

generated by plotting 1/V versus 1/[H4]. Data were fit by linear regression for

presentation in the plot. Velocity versus H4 concentration data were fit by

nonlinear least squares to determine apparent kinetic constants. Similar

results were observed in two separate experiments. Similar results were

observed with histone H3 peptides in one experiment (data not shown).

Fig. 8. Nuclear localization of sulfated proteoglycans. Corneal fibroblasts

were plated at 15,000 cells/cm2 on fibronectin coated plates in serum free

medium [Richardson et al., 2001; Hsia et al., 2003] and allowed to incubate

for 16 h at 378C. 35SO4 (100 mCi/ml) was added and the cells were incubated

for the indicated time and then suspended with trypsin and cytoplasmic and

nuclear fractions isolated and extracted as described in Materials and Methods

Section. Samples were subjected to cationic nylon filtration and 35S-proteo-

glycan quantitated by scintillation counting. Data are presented as the ratio of

nuclear to cytoplasmic levels (Nuc/Cyt) over time. The data represent the mean

Nuc/Cyt values of four separate experiments each conducted in duplicate;

error bars represent the standard error of the mean values from the inde-

pendent experiments. Three independent pulse-chase analyses of 35S-pro-

teoglycan in corneal fibroblasts were conducted, with similar results.
HEPARAN SULFATE PROTEOGLYCANS ARE POTENT HAT INHIBITORS

To investigate the possibility that heparan sulfate in cells is involved

in modulating HAT activity we purified HSPGs from cell cultures

and explored the effects of these HSPGs on HAT activity in vitro.

Since we had originally observed the presence of nuclear HSPG

within primary corneal fibroblasts, and had demonstrated that a

portion of the nuclear HSPG in these cells originates from the cell

surface [Richardson et al., 2001], we isolated cell surface HSPG from

these cells. Cell surface HSPG ectodomain fragments (HSPGf) were

isolated from corneal stromal fibroblasts by mild trypsin treatment

and ion-exchange chromatography. This method has previously
TABLE I. Intracellular Distribution of 35S-Proteoglycans in Corneal Fib

Fraction

Total PG/106 cells

CPM mg

Cytoplasmic 87,318	 1,323 0.517 26
Nuclear 14,044	 1,025 0.083 4

Corneal fibroblasts were plated at 15,000 cells/cm2 on fibronectin coated plates in seru
for 16 h at 378C. 35SO4 (100 mCi/ml) was added and the cells allowed to incubate for an
ruptured by hypotonic shock and with NP-40. Cell extracts were separated into cytopla
were subjected to cationic nylon filtration to separate 35S-proteoglycan from unincorp
and Yeaman, 1989]. 35S-heparan sulfate was calculated by subtracting the nitrous
represented �40% of the total cell-associated PG in these cells, and isolation and quan
using the DMB assay [Farndale et al., 1986]). Hence, estimates of cytoplasmic and nucle
fraction).
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been shown to release syndecan ectodomains containing the

attached HS and CS chains [Rapraeger and Bernfield, 1985]. When

we conducted in vitro HAT activity assays in the presence of

HSPGf, HAT activity decreased in a dose-dependent manner (IC50

2.4	 0.3 mg/ml based on total GAG; Fig. 9A). Since a fraction of the

proteoglycans isolated in this way contains CS in addition to HS, we

further treated the HSPGf fraction with chondroitinase ABC

(ABCase) to remove the CS, so that we could evaluate the role of

HS. The ABCase treated HSPGf were repurified by ion exchange

chromatography and assayed for HAT inhibition based on GAG

content. Consistent with the higher relative specific concentration of

HS/GAG in these preparations, we observed a relative increase in

HAT inhibition (IC50 1.0	 0.1 mg/ml) compared to the non-ABCase

treated samples. Interestingly, the cell isolated HSPG fractions (both
roblasts

Non-HSPG/106 cells HSPG/106 cells

CPM mg CPM mg

,800	 2,723 0.159 60,518 0.358
,185	 68 0.025 9,859 0.058

m free medium [Richardson et al., 2001; Hsia et al., 2003] and allowed to incubate
additional 24 h at 378C. The 35SO4-labeled cells were suspended with trypsin and

smic and nuclear fractions as described in Materials and Methods Section. Samples
orated 35SO4. Duplicate filters were subjected to nitrous acid treatment [Rapraeger
acid resistant 35S-proteogylcan (non-HSPG) from the total PG. Intracellular PG
titation of cell-associated PG generated �1.5 mg PG/106 cells (based on total GAG
ar PG levels (mg/106 cells) were calculated as: 1.5� 0.4� (relative amount in each
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Fig. 9. HSPG Fragments are potent inhibitors of HAT Activity. In panel A,

HSPGf were generated from corneal stromal fibroblast cell cultures and

purified as described in Materials and Methods Section. The ability of

p300 HAT domain to acetylate biotinylated histone H4 substrate was assessed

in the presence of native HSPGf (open circles) or HSPGf (filled circles) that

were previously digested with 5 mU/ml chondroitinase ABC. The reactions

were incubated for 30 min at 308C prior to capture with immobilized

streptavidin. The data are expressed as % control from two separate experi-

ments. The average blank corrected CPM of p300 samples treated without

HSPGf or ABCase-treated HSPGf was 1303. In panel B, HSPGf were purified

from pulmonary fibroblast elastase supernatants by anion exchange

chromatography as described in Materials and Methods Section. Free GAG

chains were generated by treating the HSPGf with alkaline borohydride and

were recovered by anion exchange methods. The ability of native HSPGf (open

circles) and HSf chains (filled circles) to inhibit pCAF HAT activity was

measured. Ten micrograms core histones (�10 mM) was incubated with pCAF

(0.5 mg; 0.51 mM), [3H]acetyl-CoA (0.5 mCi; 50 mM) and the indicated HSf

concentration for 30 min at 308C prior to spotting an aliquot of the reaction

mixture onto a nitrocellulose filter and counting radioactivity. The data are

expressed as the mean % Control	 SD. pCAF containing samples without

heparin was 5,492 cpm after blank correction. Inhibition of HAT activity by

corneal fibroblast-derived HSPGf was observed in six separate experiments.

Inhibition of HAT activity by pulmonary HSPGf was observed in three

experiments and the effects of free HS chains were analyzed twice.
with and without ABCase treatment) were more effective inhibitors

than free heparin chains when compared on a GAG mass basis. Thus,

in spite of the lower averaged sulfate density, the complex

arrangement of HS chains or the clustering of chains when attached

to core proteins might play a role in determining the specificity of

HAT inhibition.

We also isolated HSPG and HS chains using a different approach

from another cell source to determine if the activity required core
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protein and/or was cell specific. We used porcine pancreatic elastase

to release cell surface HSPGf from pulmonary fibroblasts [Buczek-

Thomas and Nugent, 1999; Buczek-Thomas et al., 2002]. Elastase-

released HSPGf were purified as described for corneal HSPGf, and

HS chains were released from core proteins by b-elimination and

repurified. Pulmonary cell HSPGf and HS inhibited HAT activity

with the HSPGf being slightly more active (IC50 6.4	 0.6 mg/ml for

HSPGf vs. 10.4	 1.7 mg/ml for HS; Fig. 9B). Interestingly, the

activity of the pulmonary HSPGf was similar to heparin and did not

show the increased relative inhibitory activity observed with the

corneal HSPGf. Hence, it is unclear if the methods used to compare

the various HS preparations (i.e., DMB assay units) is sensitive

enough to make quantitative comparisons between HS, heparin and

HSPG preparations. Nevertheless, the increased activity of the

HSPGf compared to free HS chains supports the possibility that the

proteoglycan structure contributes to the observed inhibition either

through a cooperative process of HS chains or some role of the core

protein. In any case, these analyses demonstrate that cell-derived

HSPGs are effective inhibitors of HAT activity.

HEPARIN INHIBITS HISTONE ACETYLATION IN LUNG FIBROBLASTS

The direct addition of heparin and heparan sulfate to some cell types

has been shown to lead to uptake and nuclear localization [Fedarko

and Conrad, 1986; Ishihara et al., 1986; Fedarko et al., 1989]. To

determine if the direct addition of heparin to cells could lead to

altered histone acetylation, pulmonary fibroblasts were treated with

heparin, or N-desulfated heparin for various periods (2–6 h) and the

levels of acetylated and total histone H3 were evaluated by

immunoblot (Fig. 10). We noted that the levels of acetylated histone

H3 were reduced by greater than 50% in the heparin treated cells

compared to the controls at all time points evaluated (P< 0.005),

while the cells treated with N-desulfated heparin only showed

reduced levels after 6 h of treatment. The difference between the

levels of acetylated histone in cells treated with the two heparin

samples was consistent with the relative HAT inhibitory activity of

heparin and N-desulfated heparin in the in vitro enzyme assays.

Thus, the reduced acetylated histone levels within the heparin

treated cells are potentially a reflection of the HAT inhibitory

activity of heparin.

CHO-745 CELLS SHOW INCREASED HISTONE ACETYLATION

To determine if the ability of heparin and heparan sulfate to inhibit

HAT activity might be a reflection of an endogenous mechanism

involving HSPGs, we investigated the histone acetylation level in

CHO cell mutants that synthesize reduced GAG levels [Esko, 1992].

The level of histone H3 acetylation within CHO cells and the GAG

mutant line, CHO-745, was measured using a cell-based ELISA-like

assay that provides a measure of total and acetylated histone H3 in

fixed cell monolayers. Comparison of CHO-745 cells to the wild-

type parent cell line revealed an �30% increase in the level of

acetylated histone H3 in these cells (acetylated/total histone H3;

Fig. 11). An increase in histone acetylation in the GAG synthesis

mutant cell line is consistent with the absence of HAT inhibitory

compounds (GAGs); however, it is important to note that these

differences could reflect differences in other processes in the

two cells lines such as alterations in growth factor signaling,
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Fig. 10. Heparin inhibition of histone H3 acetylation in pulmonary fibro-

blasts. Pulmonary fibroblasts were treated with heparin (50 mg/ml) or

N-desulfated-heparin (50 mg/ml) or nothing (control) for 2, 4, or 6 h. Cells

extracts were subjected to immunoblot analysis for total histone H3, acety-

lated histone H3 and alpha actin. Panel A shows representative immunoblots

of acetylated histone H3 (top row), total histone H3 (middle row), and alpha

actin (bottom row). Panel B is a bar graph representation of the average

relative density measurements of the acetyl-H3 bands from four separate

samples 	SD at each time point (N-de hep¼N-desulfated heparin). ANOVA

followed by the Newman–Kleus multi-comparison t-test revealed significant

differences between the heparin treated and control samples at all time points,

significant differences between heparin and N-desulfated heparin at the 2 and

4 h time points, and significant differences between the N-desulfated heparin

treated and control samples at the 6 h time point. There were no significant

differences observed between the control groups at the three time points.

Similar results were observed in three separate experiments with cells from

different primary isolations.
extracellular matrix composition or other GAG-dependent pro-

cesses. Unfortunately, the direct addition of heparin to the CHO cells

(wild-type or mutant) did not lead to altered histone acetylation

potentially because of a failure of these cells to take up sufficient

exogenous heparin.

DISCUSSION

HAT activity plays important roles in regulating eukaryotic gene

transcription through the modification of chromatin and acetylation

of transcription factors [Roth et al., 2001; Fry and Peterson, 2002;

Horn and Peterson, 2002; Carrozza et al., 2003]. This process is

controlled by the balance between HAT and HDAC activity, where a

shift in this balance can function as an underlying switch to drive

cells to proliferate, undergo apoptosis, or express a particular
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phenotype. Many studies have demonstrated that loss of acetylation

homeostasis contributes to pathologies such as cancer, chronic

obstructive pulmonary disease, neurodegenerative disease, and

fibrotic disease [Johnson, 2000; Yang, 2004; Ito et al., 2005]. While

considerable insight into the role of HDACs in normal and disease

biology has been generated from studies using specific HDAC

enzyme inhibitors, there is considerably less known about the

regulation and role of HATs, in part, because of the limited

availability of HAT inhibitors [Mai et al., 2006; Eliseeva et al., 2007].

In the present study, we report that GAGs are potent inhibitors of the

HAT activities of p300 and pCAF. Moreover, we observed that the

highly complex GAGs, heparin and heparan sulfate, are the most

potent GAG inhibitors of HAT. Maximal inhibitory activity was

somewhat dependent on the particular sulfation pattern and

polysaccharide length; however, there did not appear to be stringent

requirements for any specific chemical properties. Hence, our data

do not argue for the existence of highly specific GAG ‘‘sequences’’

being required for inhibition. Instead, it is more likely that activity

would be dictated by the ability of particular GAGs to access the

nucleus at sufficient levels to interact with HAT enzymes. We also

noted that the direct addition of heparin to cells leads to reduced

histone acetylation, and that cells that produce reduced levels of

GAG have higher baseline levels of acetylated histones compared to

wild-type counterparts. Together these findings suggest a possible

novel role for complex polysaccharides in regulating chromatin

structure and gene expression.

While many studies have reported the presence of intracellular

proteoglycans, the function and mechanisms of action of these

complex macromolecules within intracellular compartments

remains poorly understood. The seminal studies of Conrad and

co-workers indicated a role for nuclear heparan sulfate chains as

mediators of cell cycle progression in hepatoma cells [Fedarko and

Conrad, 1986; Ishihara et al., 1986; Fedarko et al., 1989; Ishihara

and Conrad, 1989]; however the mechanism of action remained

elusive. Additional studies have suggested that internalization of

heparin in smooth muscle cells is required for growth inhibitory

activity [Castellot et al., 1985a,b]. More recent studies have reported

the nuclear localization of glypican-1 and biglycan [Liang et al.,

1997], dermatan sulfate proteoglycans [Hiscock et al., 1994] and

HSPGs [Richardson et al., 2001]. In addition, studies have also

indicated a role for intracellular hyaluronic acid in regulating cell

function, particularly as a component of the inflammatory response

([Hascall et al., 2004] for review). The intrinsic sequence complexity

of HS has been suggested to underlie its ability to modulate the

function of a wide range of proteins [Conrad, 1998; Nugent et al.,

2005]. Consequently, it is possible that the role of intracellular GAGs

will involve the regulation of protein and enzyme activity within

intracellular compartments. The data reported here add the HAT

family of enzymes to the list of potential intracellular targets of

GAGs. However, the limited understanding of the mechanisms

controlling the process of GAG and proteoglycan localization to the

nucleus coupled with the overwhelming complexity of histone

modification/regulation prevents us from fully defining the impor-

tance of GAG-mediated HAT inhibition at this time.

A delicate balance between acetylation and deacetylation of

histones is critical for proper gene control. Moreover, a large number
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Fig. 11. Determination of acetylated histone H3 levels in wild-type CHO-K1 and proteoglycan-deficient CHO-745 Cells. CHO-K1 and CHO 745 cells were seeded at 5,000 cells

per well into 96-well plates in medium containing 10% FBS. The medium was changed after 24 h and the cells were then maintained for 48 h prior to fixation. The cells were

blocked overnight and incubated with an antibody solution containing either 4 mg/ml anti-acetylated histone H3 or anti-histone H3. The cells were washed and treated with

0.5 mg/ml HRP-linked anti rabbit IgG prior to TMB substrate development. In panel A, the average relative absorbance values 	SEM for acetylated histone H3 (filled bars) and

unmodified histone H3 (open bars) are presented. In panel B, the relative acetylation ratios (acetylated H3 absorbance/unmodified H3 absorbance)	SD are presented for both cell

types. The data presented are from one of three independent experiments. Student’s t-test revealed significant differences between the acetylation ratios of the two cell lines.
of transcriptional co-activator proteins possess HAT activity. These

include p300 and the p300/CBP-associated factor pCAF. Mutations

in the global transactivator p300/CBP are associated with a number

of human diseases [Johnson, 2000; Murata et al., 2001; Carrozza

et al., 2003], and p300 is regulated by the viral oncogene E1A and by

cyclin E [Ait-Si-Ali et al., 1998]. Moreover the association of these

complexes with chromatin generally involves protein–protein and

protein–DNA interactions; thus, the ability of polyanionic GAG

chains to influence this process might involve their ability to

influence HAT enzyme activity directly as well as protein–DNA

interactions. Future studies that investigate the influence of DNA on

the ability of GAGs to inhibit HAT activity will likely provide

additional insight into the potential role of this process in vivo.

There is significant motivation to find regulators of HAT activity.

While considerable progress has been made in the identification of

inhibitors of HDACs [Marks et al., 2001a,b], there are only a limited

number of reports of HAT enzyme inhibitors. Polyamine–CoA and

peptide–CoA conjugates, an anacardic acid from cashew nut, and

isothiazolones have been demonstrated to inhibit p300 and/or pCAF

[Cullis et al., 1982; Lau et al., 2000b; Balasubramanyam et al., 2003;

Stimson et al., 2005; Mai et al., 2006; Eliseeva et al., 2007]. However,

none of these compounds are believed to reflect endogenous

mechanisms of HAT regulation. The possibility that HSPGs function

as endogenous HAT inhibitors suggest that small HS oligosacchar-

ides or analogs might have potential pharmacological uses for

treatment of diseases associated with excessive HAT activity. In this

regard, it is interesting to note that hyaluronic acid butyric esters are

more effective anticancer agents in preclinical studies compared to

unmodified butyric acid [Coradini et al., 2004; Speranza et al.,

2005]. Hence it is possible that the HAT inhibitory activity of

hyaluronic acid might combine with the HDAC inhibitory activity

of butyric acid to modulate chromatin in a complex way in

cancer cells.
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Herein we report that GAGs are potent inhibitors of the HAT

activities of p300 and pCAF. More specifically, we note that heparin

and HSPG were relatively more active than other GAGs tested. We

also provide data to indicate that exogenous heparin and endo-

genous HSPG might participate in modulating histone acetylation

within cells. Thus, while these findings do not formally demonstrate

that HSPG participate in modulating HAT activity and chromatin

structure in vivo, they suggest the intriguing possibility that

complex proteoglycans function within intracellular compartments

to control HAT activity. Additional studies are needed to more fully

evaluate the possible role of HSPG regulation of HAT activity.
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