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O-GlcNAcylation is a ubiquitous post-translational modification whereby the
-monosaccharide N-acetylglucosamine (GlcNAc)\is affixed via a beta linkage to specific
serine or threonine hydroxyls on target proteins. These modifications can be selectively
removed by the enzyme O-GlcNAcase, which hydrolyzes the glycosidic bond and liber-
ates the free protein and GlcNAc. O-GlcNAcase recognizes the same common core sub-
strate, GIcNAc, that chitinases, hexosaminidases, and hyaluronidases recognize and is
therefore likely to exhibit a mode of catalysis and substrate binding remarkably similar to
that of these enzymes, which have a highly conserved mechanism for these functions as
well as conserved amino acids which carry out these events. This information, along with
the use of naturally occurring splice variant isoforms, was used to find the active site of
O-GlcNAcase and to elucidate amino acids necessary for efficient catalysis. Once dem-
onstrated, this information was utilized to determine the mechanism by which the diabe-
togenic drug and selective O-GlcNAcase inhibitor streptozotocin can perform its inhibi-
tory effects on the enzyme. Since streptozotocin is a GlcNAc analog, the enzyme will at-
tempt to catalyze it as it would a normal substrate, converting streptozotocin to a transi-
tion-state analog that is more stable than the natural ligand transition-state is and there-

fore competes for the active site more expediently. Over the course of these studies, O-
1
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GlcNAcase was realized to have a domain in its C terminus with secondary structure
similar to those of several different acetyltransferase active sites. O-GlcNAcase was
found to possess acetyltransferase activity for specific target lysines in nucleosorﬁal and
free histone substrates, prompting us to rename the enzyme NCOAT, for nuclear and cy-
tosolic O-GlcNAcase and acetyltransferase. The active site for this second activity was
found to have secondary structure nearly identical to those previously characterized and

had critical catalytic residues in positions corresponding to the counterpart enzymes.
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INTRODUCTION
Hexosamine Pathway and O-GlcNAcylation as a Post-translational Modification
The ability to adapt to nutrient flux is essential to the survival of cells and organ-

isms on all levels. Glucose, the primary fuel for the generation of ATP energy, is one
such nutrient that must be tightly monitored. In vertebrates, the pancreatic 3-cell is the
primary regulator of glucose metabolism on the organism level, and evidence suggests
that the hexosamine biosynthesis pathway acts as a glucose sensing mechanism and can
function to regulate glucose homeostasis within a single cell (1). Glucose can enter a f3-
cell via GLUT?2 glucose transporters. Upon entering the cell, the enzyme hexokinase util-
izes ATP to phosphorylate glucose on the hydroxyl group of the C6 carbon, converting it
to glucose-6-phosphate. Glucose-6-phosphate is then converted by phosphoglucose isom-
erase to fructose-6-phosphate, where it awaits one of several pathways. The two principal
fates are the breakdown of this substrate for energy in the glycolytic pathway and its con-
version to glycogen for storage. Approximately 1 to 5% of fructose-6-phosphate enters
the hexosamine pathway, where it is converted to glucosamine-6-phosphate by gluta-
mine: fructose-6-phosphate amide transferase (2). Ultimately, the substrate UDP-N-
acetylglucosamine (UDP-GIcNAc) is generated in this pathway and is thereafter used in
the synthesis of glycoproteins (3). These sugar residues are commonly linked to proteins
in two different ways. N-linked glycosylation occurs when attachment is made to the am-
ide nitrogen of asparagine side chains. N-linked glycosylations contain a minimum of

four sugars in addition to the terminal GIcNAc, and this modification is typically
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implicated in the directing of proteins through the endoplasmic reticulum-Golgi-
plasmalemma pathway.

First described on cell surface proteins in 1984, O-linked GlcNAcylation is a form
of post-translational modification where a single sugar, the monosaccharide N-
acetylglucosamine, is affixed via a beta linkage to the hydroxyl group of specific serine
or threonine residues on target proteins (4, 5). In rare cases, O-linked N-acetyl-
glucosamine (O-GIcNAc) linkage can occur on lysine side chains. While this modifica-
tion has not been witnessed in bacteria, it is otherwise ubiquitous in all eukaryotic cells
that have been studied. O-GlcNAcylation can occur on both extracellular and intracellular
proteins and can be found on both cytosolic and nuclear members of the latter (4, 5). O-
GlcNAc additions are reversible and highly dynamic; as suggested previously, the pro-
tein-bound and free GlcNAc levels are determined by metabolic changes (glucose avail-
ability) in the cell.

The enzyme that catalyzes the reaction between the target protein and UDP-
GleNAc, with UDP as the leaving group, is B-N-acetylglucosaminyltransferase (OGT)
(6). OGT is a highly conserved protein throughout evolution (6, 7) and murine knock-out
models have proven to be embryonic lethal, indicating that the ability to glycosylate pro-
teins is essential for the completion of embryogenesis (8). OGT exists as a heterotrimer,
with two large (100 kDa) peptides and one smaller (78 kDa) peptide (9). The relative lev-
els of protein as well as that of its mRNA vary within different tissues. The highest con-
centrations of transcripts are detected in the pancreas, with a strikingly high concentration
localized in the B-cells of the islets of Langerhans (10-12). Interestingly, the diabetogenic
drug alloxan, a uridine analog, is an OGT inhibitor; the administration of this drug corre-

sponds to a cellular increase in free O-GlcNAc (13).
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The enzyme then responsible for the converse reaction, removing the O-linked
GlcNAc from protein, is B-N-acetylglucosaminidase (O-GlcNAcase). While O-
GlcNAcase can complex with other proteins, the active enzyme functions as a monomer,
contrary to most characterized hexosaminidases, which are homomultimeric (14).

O-GlcNAcase is ubiquitously present at comparable levels in all tissues but has a
range of activity that is tissue specific. “Strong” O-GlcNAcase activity can be detected in
the spleen, lung, kidney, and liver; “weaker” activity is present in the heart, uterus, and
spinal cord (4). Particularly enriched activity occurs in the skeletal muscle, brain, and
pancreas, presumably to compensate for the high amounts of the corresponding OGT lo-
calized in these tissues.

Hundreds of proteins to date have been shown to be O-GlcNAc modified, with a
great many more as yet untested that possess potential O-GlcNAcylation sites (15). The
target proteins which are regulated via this modification function in a range of cellular
processes, most of which are of fundamental importance to. the viability of the cell. These
include cell cycle control and cell division (16-19), protein import-export through the nu-
clear pores (16, 17), translation (20), transcription (20-24), protéosomal degradation (25),
and others. Cellular protein-O-GlcNAc levels can be modulated by mitogens, intracellu-
lar signals, growth factors, or cell-cycle and developmental stages (26). The functional
significance of this modification is not always fully understood in all cases; however,
growing evidence suggests it can play a role in regulating protein stability (22, 27), regu-
lating protein-protein interactions (16, 28, 29), governing subcellular localization (26),
and activating or inactivating a target enzyme’s catalysis (30, 31). In addition to its spe-
cific functions on proteins, O-glycosylation on serine and threonine residues can also

compete directly with O-phosphorylation for the protein free-hydroxyl pool, and this es-
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tablishes an additional level of regulatory control for these cellular functions (32). An
outline of the process, from glucose entry into a cell to its incorporation and removal

from proteins, is highlighted i Fig. 1.

The Current Understanding of O-GlcNAcase

Lysosomal hexosaminidases have been studied for decades in attempts to expli-
cate the mechanisms involved in inheritable metabolic diseases such as Tay-Sachs and
Sandhoff diseases (33). These hexosaminidases, naturally, have acidic pH optima, and
they possess the ability to cleave both GlcNAc and N-acetylgalactosamine linkages. Out-
side the lysosome, there is only a single enzyme that can remove O-GlcNAc¢ modifica-
tions on proteins. This enzyme is O-GlcNAcase. In humans, the single O-GlcNAcase
gene is found at chromosomal locus 10q24 (34) near the insulin degrading enzyme; in
rats, this gene is found at a genetically comparable region on chromosome 1 (34). Both
loci have been mapped as regions of genetic susceptibility for diabetes (34, 35).

In contrast to the modulation of phosphate removal, which can be accounted for
by approximately 150 different phosphatases, O-GlcNAcase, as stated above, is the only
cellular protein capable of cleaving O-GlcNAc linkages on proteins in the nucleus and
cytoplasm, a finding that implies its great importance in cell viability. O-GlcNAcase, like
OGT, is highly conserved through evolution from yeast to humans and, as mentioned
previously, is expressed in all tissues. As of 2000, the protein had no known sequence
homologies, even to other glycosidases; neither did it have any of the reported protein
motifs found in databases (36). PROSITE scan results have identified several possible
modification sites, including phosphorylation sites and both O- and N-linked glycosyla-

tion sites. Potential myristylation and sumoylation sites also exist on the protein (37).
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Currently no evidence exists for the finding of any of these modifications. Other potential
modification sites may still be present, but these have likewise remained unexplored.

In addition to its characterization as an O-GlcNAcase, the protein was also independ-
ently identified as a hyaluronidase using two separate assay systems (38). This observa-
tion is not surprising, since hyaluronic acid, the substrate for hyaluronidases, is a long
molecule of repetitive GicNAc P (1—4) glucuronic acid disaccharides. It is probable that
0-GlcNAcase can function as a hyaluronidase more or less by default. The group respon-
sible for these findings originally named the protein meningioma expressed antigen 5,
due to its discovery as an immunogenic antigen found in serum libraries from patients
with meningiomas (38). They also reported a splice variant of this protein (lacking the C-
terminal 240 amino acids); this isoform retained its ability to cleave hyaluronic acid,
therefore providing the first evidence that the active site for the enzyme lies in the N-
terminal two-thirds of the protein (39). Independently, O-GlcNAcase was found to be a
substrate for caspase-3 cleavage, resulting in a protein of two nearly equal halves. This
cleavage was reported to have no effect on O-GlcNAcase activity (14) and narrows down

the potential active site to the N-terminal half of the protein.

O-GlcNAcase as a Potential Histone Acetyltransferase
Histone acetylation is a tightly regulated and dynamic process. At the heart of this
process are histone acetyltransferases, which can utilize acetyl coenzyme A to catalyze
the addition of acetyl groups to target lysine residues on the tails of one or more of the
core histones. The activity of these histone acetyltransferases as well as those for a large
and growing number of transcription factors is regulated by post-translational modifica-

tion, including O-GlcNAcylation. It should not be surprising, then, to find the enzymes
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responsible for the addition and removal of these groups (OGT and O-GlcNAbase) to be
in close association with these factors, either transiently or in complex. Indeed, OGT has
recently been described to exist in histone deace;tylase—containing corepressor complexes
(21). Independently, OGT has also been found to associate very tightly with O-
GlcNAcase in pull-down assays (unpublished results from our laboratory). The possibil-
ity thereforé exists that O-GlcNAcase can localize to transcriptional complexes on his-
tones.

Interestingly, when subjected to SMART computer analysis, O-GlcNAcase has
been found to possess, in its C terminus (amino acids 772-900), a sequence with domain
composition similar to that of several different acetyltransferases (ATs). Upon closer ex-
amination, secondary structure predictions reveal that O-GlcNAcases contain the signa-
ture pattern of secondary structures that appear at the active site of these ATs (eight of the
ATs with similar composition have been crystallized and their secondary structural mo-
tifs determined) (40-47). The pattern consists of four helices (referred to as motifs A-D)
that form the catalytic pocket. While the primary sequences within each motif vary
greatly and while the lengths and sequences of the intervening loops do as well, the over-
all secondary structural pattern 1s conserved (41, 48). Such variations cause many poten-
tial ATs to be missed in database searches, since even in the catalytic core, where se-
quences are commonly similar among family members, closely related ATs will typically
only retain only as much as 10% sequence homology and no more than 50% sequence
similarity (41).

Finally, the reactions of those ATs with structural similarity to O-GlcNAcase
have a conserved acid-base catalytic mechanism; however, an exception exists for Esal,

which has recently been proposed to proceed via a “ping-pong” mechanism involving a
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self-acetylated intermediate (49). It has been demonstrated in these enzymes that a gen-
eral base (aspartate or glutamate) must deprotonate the lysine amino group (which due to
its high pK, enters the enzyme in its protonated state) before acetylation can occur. The
acetyl group from the reactive thioester of acetyl-coenzyme A can then be transferred to
the e-amino group of the substrate lysine (50). A general acid (with one exception, a tyro-
sine, among the nine examined) then makes a direct hydrogen bond to the coenzyme A-
sulfur atom, first making the carbonyl more electrophilic and then donating the proton to
facilitate the departure of the thiolate leaving group (40). The locations of these two criti-
cal residues vary within individual sequences but superimpose to the same locations
within the aforementioned tertiary and secondary structural motifs (41, 48). When vari-
ous O-GlcNAcases are aligned, among the few invariant residues in the C terminus are
two aspartates and a tyrosine, located in comparable positions when secondary structure
prediction methods are used. Other bifunctional ATs have been characterized recently
(51), and these findings make the AT potential of O-GlcNAcase an even more appealing

possibility.

The O-GlcNAcase Active Site and Glycosidase Catalysis
In order to hydrolyze the particularly stable glycosidic bond, glycosidases have
evolved a highly proficient and generally conserved mechanism for catalysis. There exist
over a hundred different families of glycoside hydrolases (classified by their sequence
and core sugar substrate), within which lie incredible structural diversity. However, many
active site features are retained ubiquitously among subfamilies (52). Therefore, these
enzymes share a mode of action; however, some may “retain” or “invert” the stereo-

chemical conformation of the departing sugar in the process (52, 53).
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Through the use of inhibitors as well as mutagenesis and crystal structuré tech-
niques, the mechanisms of these glycosidases have been elucidated. The mechanism in-
volves two carbonyl groups suitably placed in the active site to allow both the substrate
and a water molecule to bind between them. The first functions as the general acid cata-
lyst, donating a proton to the oxygen atom on the anomeric carbon, C1. The second acts
as a nucleophile, allowing the formation of a covalent glycosyl-enzyme intermediate. The
first carbonyl, now acting as a general base, deprotoriates the incoming water molecule;
the resulting hydroxyl, a strong nucleophile, then attacks the C1 carbon, causing the re-
lease of the sugar (52, 53).

A variation of this general mechanism has been demonstrated in families 18, 20,
and 56 glycosidases. These families include the chitinases, hyaluronidases, and hexosa-
minidases, which share N-acetylglucosamine as their common core substrate. Due to the
character of the substrate, the 2-acetamido group itself can act as the reaction nucleo-
phile, generating a bicyclic, high-energy oxazolinium ion intermediate as its transition
state. Therefore, the enzymatic reactions of these glycosidases proceed via a substrate-
assisted mechanism (54, 55).

An assumption can be made that such a mechanism holds true for O-GlcNAcase
since, like these other enzyme families, it recognizes GIcNAc as its core substrate. This
information can be utilized to investigate the potential location of the active site for O-
GlcNAcase activity. Evidence is being accumulated, again through mutagenesis and crys-
tallographic techniques, suggesting that the active site of chitinase and hyaluronidase
family members contains a “catalytic doublet” consisting of the amino acid motif D-y-
D/E, where y 1s any hydrophobic residue (56-58). The second carbonyl in the doublet,

either an aspartic acid or a glutamic acid, is the general acid residue and both protonates
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the oxygen at the reaction center and deprotonates the incoming water molecule. The first
carbonyl in the series (always an aspartic acid) functions to keep the general acid proto-
nated. The first carbonyl is also necessary to position the N-acetyl side chain of the
GlcNAc to allow this N-acetyl group to act as a nucleophile. The second carbonyl also
stabilizes the transition state through hydrogen bonding to the nitrogen atom of the bi-
cyclic intermediate. Together, these two carbonyls lie in close enough proximity (being
separated by a single amino acid, they reside on the same plane of the two;dimensional
structure) to also force the resulting hydroxyl ion to attack the reaction center to complete
the reaction (56-58).

Examination of the other families 18, 20, and 56 members reveals that they com-
monly possess this “catalytic doublet”; the roles of these residues have been experimen-
tally proven in a large number of these enzymes. A look into the sequences of several
species’ O-GlcNAcase likewise reveals the presence of the shared D-y-D/E catalytic mo-
tif. These residues in O-GlcNAcase (residues 175-177) are the most likely candidates for

investigation into the amino acids necessary for O-GlcNAcase enzymatic activity.

Mechanism of O-GlcNAcase Inhibition by Streptozotocin
Streptozotocin (STZ) is an N-acetylglucosamine analog with an N-methyl-N-
nitrosourea group linked to the C-2 carbon of the sugar ring. This drug, which can selec-
tively enter cells such as a B-cell that express the GLUT2 glucose transporter, is routinely
used to acutely induce pancreatic 3-cell apoptosis when models of diabetes are desired in
laboratory animals. It has also been shown to be an effective anticancer agent for the

treatment of pancreatic islet cell tumors (59).
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STZ has been reported to be a genotoxic methylating reagent (605 (i.e. amember
of a group of neoplastic drugs named alkylnitrosoureas). STZ has the ability to methylate
DNA, producing significant levels of N'-methylguanine, N'-methyladenine, N°-
methyladenine and O°-methylguanine. Such alkylation results in double-stranded DNA
breaks, the accumulation and inefficient repair of which can result in cell death (61). In
addition, STZ is known to be an NO donor, and this has also been proposed to be respon-
sible for toxicity to B-cells through oxidative damage to numerous cell processes (62).
Independently, it has been demonstrated that STZ can specifically inhibit O-GlcNAcase
in vitro. Furthermore, STZ inhibits O-GlcNAcase activity in both a dose- and time-
dependent manner. This effect would seemingly be greatly detrimental to a B-cell, which,
as mentioned, is heavily reliant on a sensitive O-GlcNAcase to counteract the high OGT
levels present in these cells. In support of this idea, in vivo data have shown a rise in the
level of O-glycosylated proteins in pancreatic 3-cells as well as B-cell death following
STZ treatment, an observation consistent with an impairment of the enzyme responsible
for their removal from proteins (3).

The drug N-ethylmaleimide, a sulthydril-specific alkylating reagent, has also been
demonstrated to inhibit the enzymatic activity of O-GlcNAcase, a finding that is indica-
tive of a free cysteine in or around the active site of the enzyme (4). Since STZ is an NO
donor and since select NO donors have been shown to target and modify free cysteine
thiols on proteins, in many cases inhibiting the activity of the enzyme (63), one rationale
as to why STZ can impair O-GlcNAcase is through this S-nitrosation mechanism. How-
ever, when an S-nifrosation assay (63) is performed, the promiscuous S-nitrosating re-
agent S-nifrosoacetylpenicillamine can label free cysteines in the protein; on the other

hand, STZ-treated samples resemble those of untreated O-GlcNAcase (Fig. 24). Second,
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F1G. 2. The inhibition of O-GlcNAcase activity by streptozotocin is NO inde-
pendent. A, S-nitrosation assay. O-GlcNAcase (NCOAT) was left untreated, treated with
STZ, or treated with the S-nitrosating reagent S-nitrosoacetylpenicillamine (SNAP). B,
NCOAT was treated with and inhibited by STZ or biotinylated N-(hexyl)-3’-(2’-
pyridyldithio) propionamide (HPDP); (lanes 2 and 3). The HPDP treatment is reversible
with 50 mM dithiothreitol (DTT); (lane 4), while STZ treatment was not (lane 5). Block-
ing the free cysteine with HPDP and then treating with STZ, followed by removal of the
bound HPDP, still resulted in O-GlcNAcase inhibition (lane 6). C, NO release when
STZ is dissolved in water, as measured by a change in spectrophotometric absorbance
when Griess Reagent binds to liberated NO (lane 7). Free NO is quenched by inclusion
of nicotinamide (N/CO) in copper sulfate buffer (/ane 2). Even after nicotinamide
quenching of NO, STZ can still inhibit O-GlcNAcase activity (lanes 4 and 5). D, NO
release over time, as measured by Griess assay, is indicated by 4. O-GlcNAcase activ-
ity over time when left at room temperature is indicated by M. O-GlcNAcase activity
after treatment with STZ that has been left at room temperature for the indicated times is
shown with A.
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S-nitrosyl-cysteine modifications are readily reversible with high concentrations of
dithiothreitol. When O-GlcNAcase is treated with STZ, the inhibition is not reversible
with dithiothreitol (Fig. 2B). In addition, the free cysteine in the active site could not be
protected with a reversible, biotinylated sulfhydril reagent, N-(hexyl)-3’-(2’-
pyridyldithio) propionamide which, like N-ethylmaleimide, can inhibit activity.
Furthermore, the inhibition of O-GlcNAcase activity by STZ is completely NO
independent. When STZ is dissolved in solution, as mentioned above, it rapidly releases
its NO, an observation that can be monitored by Griess assay (63) (Fig. 2C). The release
of NO can be scavenged by the addition of nicotinamide and copper sulfate (Fig. 2C).
Even after the NO has been removed in such a fashion, STZ can still inhibit O-
GlcNAcase activity (Fig. 2C). Finally, after monitoring the NO release by STZ in this
same manner, one can still observe that, even after all the NO has been released, the
reéulting compound can still fully inhibit O-GlcNAcase activity (Fig. 2D). Given these
data, the means by which STZ can inhibit the O-GlcNAcase activity must be achieved

by some mechanism unrelated to NO.
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Abstract

Histones and transcription factors are regulated by a number of post-translational
modifications that in turn regulate the transcriptional activity of genes. These modifica-
tions occur in large, multisubunit complexes. We have reported previously that mSin3A
can recruit O-GlcNAc transferase (OGT) along with histone deacetylase into such a
corepressor complex. This physical association allows OGT to act cooperatively with
histone deacetylation in gene repression by catalyzing the O-GlcNAc modification on
specific transcription factors to inhibit their activity. Forrapid, reversible gene regula-
tion, the enzymes responsible for the converse reactions must be present. Here, we report
that O-GlcNAcase, which is responsible for the removal of O-GlcNAc additions on nu-
clear and cytosolic proteins, possesses intrinsic histone acetyltransferase (HAT) activity
in vitro. Free as well as reconstituted nucleosomal histones are substrates of this bifunc-
tional enzyme. This protein, now termed NCOAT (nuclear cytoplasmic O-GlcNAcase
and acetyltransferase) has a typical HAT domain that has both active and inactive states.
This finding demonstrates that NCOAT may be regulated to reduce the state of glycosy-
lation of transcriptional activators while increasing the acetylation of histones to allow

for the concerted activation of eukaryotic gene transcription.
Introduction

The genomes of eukaryotes are assembled into the highly condensed structure of

chromatin. Chromatin is composed of repeating units of nucleosomes that are comprised

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

of DNA coiled around an octameric particle consisting of two molecules of each core his-
tone, H2A, H2B, H3, and H4 (1, 2). The acetylation state of these histone protein tails has
for some time been known to be correlated with gene expression, where transcriptionally
competent loci are hyperacetylated and silenced loci hypoacetylated (3-5). Histone acetyl-
transferases (HATs) compose a superfamily of enzymes broken into subfamilies based on
sequence similarities, active site size, and the presence or absence of other protein do-
mains (6). In each HAT protein there exists a structurally homologous region that com-
poses the active site and includes four universally present motifs, designated A-D, that
form the scaffold of the catalytic core (6). Recently published three-dimensional struc-
tures of various acetyltrarisferases (ATs) has allowed fora comprehensive view of the
roles played by each motif as well as the roles of many amino acids structurally con-
served therein (6-8). HATs and histone deacetylases (HDACs) act competitively within
large multiprotein complexes that recruit them to their nucleosomal substrates on DNA
and give them the ability to contribute to the activation or repression of gene expression,
respectively (9). The covalent addition of the monosaccharide, N-acetylglucosamine
(GlecNAc) to serine or threonine residues of proteins is catalyzed by the enzyme, O-
GlcNAc transferase (OGT) that is encoded by a single gene (10). Recently, we reported
that the corepressor, mSin3A, known to recruit HDAC (9, 11), also recruits OGT viaits
TPR domains to specific genes (12). OGT can thereby contribute along with HDAC to
the repression of gene expression through addition of O-GlcNAc modifications on tran-
scriptional activators, inhibiting their activity. Such inhibitory effects have been witnessed
on the transactivation domain of Sp1 (13), the C-terminal tail of RNA: polymerase II (14)

and the TAF130 recruitment domain of (15) among others. It has also been documented
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that the repression of genes is associated with the hyperglycosylation of the proteins
bound to their promoters (12).

Many genes, including those responsive to variable hormone levels, can be acti-
vated or repressed to maintain homeostasis. For the repressed gene state to be reversible,
the complex responsible for the repressed state must be exchanged with a complex that
allows gene activation (16, 17). As part of the activation process, the action of the en-
zymes residing in the repression complex would need to be removed, including the in-
hibitory modification of many transcriptional activators by O-GlcNAc. The enzyme O-
GlcNAcase, which is the only enzyme capable of catalyzing the removal of these regula-
tory O-GlcNAc modifications on proteins in the nucleus and cytosol, must necessarily
then play a role in cooperation with HATs in the activation of genes, just as OGT plays
its role along with HDAC in repression (12). Of interest in this regard, it has recently been
reported that the C terminus of O-GlcNAcase contains a domain with similar composition
to eleven different AT active sites, as predicted by SMART computer analysis (18).
While it has been argued that the O-GlcNAcase may have evolved from an AT (19), this
protein could potentially play a dual role in the reversibility of corepression by removing
O-GlcNAc modification from activators while also adding acetyl groups to histones, al-
lowing a target gene to be expressed. Here we report that O-GlcNAcase does in fact pos-
sess acetyltransferase activity in vitro for a synthetic histone substrate tail as well as for
free core histones and reconstituted oligonucleosome substrates. However, the HAT ac-
tivity is regulated and can only be observed when the enzyme is expressed in mammalian
cells. The active site for this domain lies in the C terminus of the protein, where it resem-
bles other acetyltransferases both structurally and in catalytic mechanism and has com-

plete functional distinction from the N-terminal O-GlcNAcase domain. Because the en-
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zyme is bifunctional with two important enzymatic domains, we have renamed it nuclear

cytoplasmic O-GlcNAcase and acetyl transferase (NCOAT).

Experimental Procedures

Plasmids and Recombinant NCOAT—A pUC118-pTM hybrid expression vector
was designed by removing a 2-kb fragment of pTM containing T7 and Zc.;lutathione,—S—
transferase (GST) elements and inserting it into the pUC118 MCS. This construct was
used for GST peptide expression. A PCR product containing full-length mouse NCOAT
was then cloned into the pUC118-pTM hybrid for N-terminal GST fusions or into
pcDNA 3.1 (Invitrogen) for GAL4 fusions. Mouse NCOAT was also inserted into a
pGEX vector (Amersham Biosciences) for expression in bacteria (b(NCOAT). All recom-

binant DNA manipulations were performed by standard procedures (20).

Splice Variant Identification and Cloning—NCOATSs were cloned by reverse
transcription-PCR from Goto Kakazaki or Sprague-Dawley rat brains. The full-length and
variant isoforms were cloned into pBluescript and sequenced. The full-length rat NCOAT
was very similar to the mouse NCOAT at the nucleotide level, and therefore the 3'-end of
the mouse cDNA was replaced with the 3'-end of the respective Goto Kakazaki or Spra-
gue-Dawley rat cDNA to create chimeric NCOAT molecules with the missing exons.

These constructs were cloned into the pUC-pTM vector.
Truncations and Site-directed Mutagenesis—Full-length pcDNA-NCOAT was

digested with EcoRI to excise a fragment that consisted of nucleotides 1-1747 of

NCOAT. This digested plasmid was religated onto itself for use as an expression vector
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for a GAL4 fusion to the NCOAT acetyltransferase domain (NCOAT nucleotides 1748-
2771). The AT domain fusion was also placed into the pGEX vector for bacterial expres-
sion. For the expression of NCOAT with a deletion of its AT domain, the pcDNA-GAL4-
NCOAT vector was transformed into DM-1 cells (Invitrogen) then the plasmid was di-
gested with Pmel and PfIMI. The resulting vector, missing NCOAT nucleotides 2086-
2771 was blunt-end-ligated. For point mutations, the pUC118-pTM-NCOAT construct
was modified by site-directed mutagenesis using a four-primer cassette strategy to intro-
duce the substitution (mutated residues underlined) and sites for selection (bold). Standard
PCR amplifications were performed with the following oligonucleotides: for D853N, 5'-
GATATCCATAAAAAAGTGACTGACCCGAGTGTTGCC-3'; for D884N, 5'-
CTGTGAAGTAAGACCAGATAATAAAAGGATCCTGG-3"; for Y891F, 5'-
GGATTCTGGAATTTTTCAGCAAGCTTGGCTG-3'. Flanking oligonucleotides were
as follows: 5'-CATGGATCCAGTCAACCTGACCTTATTGG-3' (upstream) and 5'-
ACGCCAAGCTCGAAATTAACC-3' (downstream). The products were sep‘arated by
electrophoresis, extracted, and purified by QIAquick extraction kit (Qiagen). The purified
products were digested with Bsu36I and Kpnl and ligated into pUC118-pTM. Each liga-
tion mixture was transformed into DH5a cells (Invitrogen) and screened for the selection

sites.

Cell Culture and Bacterial Expression—BSC-40 cells (ATCC) were maintained
in Dulbecco's modified Eagle's medium (Invitrogen) with 10% fetal bovine serum (At-
lanta Biologicals) with 0.2 mg/ml penicillin and 0.4 mg/ml gentamicin according to stan-
dard procedures. 20 pg of plasmid DNA were transfected by electroporation, incubated

overnight, and then infected with VTF-7 vaccinia virus. Cells were harvested after over-
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night incubation in 0.5% Nonidet P-40 lysis buffer containing 50 mM Tris-HCl, 0.5 M
NaCl, 20% glycerol (v/w), 5 mM MgCl,, 0.2 mM EDTA, 5 mM dithiothreitol, pH 8.0.
Bacterial protein expression was achieved by transforming a 500-ml culture of BL-21 Es-
cherichia coli in Terrific Broth (BD Biosciences) with pGEX-mNCOAT and expression
induced with 1 mM isopropyl 1-thio-p-p-galactopyranoside (final). After 1 h, 1 mM ben-
zamidine (final) was added, and incubation was continued another 2 h. Cultured cells
were spun down and resuspended in Nonidet P-40 lysis buffer with lysozyme. Lysed cells
were sonicated and spun down, and supernatant was collected in 500-ul aliquots and

stored at -80 °C until use.

Affinity Purification and Immunoprecipitation—GST or GST fusion proteins were
purified from lysates using glutathione-Sepharose (Amersham Biosciences) and strin-
gently washed three times with 5 volumes of radioimmune precipitation assay buffer.
Proteins were §luted for filter binding assays and in assays with oligonucleosomes in gel
slices. The fusion proteins were left resin-bound for pretreatment with streptozotocin
(STZ) or when the proteins were resolved on SDS-PAGE. Elutions were carried out ac-
cording to manufacturer's protocol. Immunoprecipitation of GAL4 and GAL4 fusion pro-
teins were performed by preclearing lysates with 20 pl of a 50:50 protein A:protein G-
Sepharose bead mixture (Amersham Biosciences). Precleared lysates were then incubated
with an N-19 GAL4 DNA binding domain antibody (Santa Cruz Biotechnology) for 1 h
at 4 °C and then with a 100-p1 mixture of 50:50 bead mixture for an additional 2 h. Im-
munoprecipitates were collected by centrifugation and washed. An aliquot of each puri-
fied enzyme was quantitated by Bio-Rad protein assay to ensure equivalent amounts of

protein were used in each assay and were comparable in concentration to the positive
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controls. Bacterial O-GlcNAcase proteins were also run on SDS-PAGE and Western blot-
ted with a-GST according to standard protocols. Resin-bound incubations with mammal-

ian whole cell lysates were carried out for 1 h at 4 °C and then washed.

Oligonucleosome Reconstitution—Histone octamers were assembled as described
by Dyer et al. (21) using unfractionated type IIA calf thymus whole histones (Sigma).
Briefly, these histones were dissolved in 4 ml of unfolding buffer (6 M guanidine HCI) at
a concentration of 2 mg/ml for 2 h at room temperature then dialyzed against 3 changes
of refolding buffer (2 M NaCl, 10 mM Tris-HCI, pH 7.5, 1 mM EDTA, 5 mM dithiothrei-
tol) at 4 °C for 6 h, overnight, and 6 h. Precipitated protein was removed, and the histone
mixture was concentrated in a YM-10 protein concentrator (Amicon) down to 1 ml. Oc-

~ tamer reconstitution was confirmed by non-denaturing gel electrophoresis. Nucleosomal
DNA was prepared using 186-bp HeLa cell a-satellite DNA as described by Tanaka et al.
(22). Finally, oligonucleosomes were reconstituted using the standard salt dialysis method
as described by Dyer et al. (21) using equal concentrations of the histone mixture and
DNA. Reconstitution was confirmed by mobility shift assayusing 15 ug of nucleosome
particles in both 0.7% agarose gel and 5% polyacrylamide gel as described elsewhere (21,
22). Shifted bands were excised from these gels to ensure only nucleosomal histones were
used. These gel fragments were minced and diluted in HAT buffer for 1 h. These solu-

tions were used in the oligonucleosomal HAT assays.
HAT and O-GlcNAcase Assays—TFilter binding assays were performed as de-

scribed elsewhere (23, 24). 60 pl of purified enzyme were added to 20 pg of synthetic

histone H4 peptide (Upstate Biotechnology), 100 ul of 5 mg/ml bovine serum albumin, 29
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ul of 10x HAT buffer (50 mM Tris-HCI, pH 8.0, 10% glycerol, 1 mM dithiothreitol, 1
mM phenylmethylsulfonyl fluoride, 10 mM sodium butyrate), and 3 pl of [*H]acetyl co-
enzyme A (4.7 mCi/mmol). Reactions were carried out for 1 h at room temperature and
then spotted onto 0.45-um nitrocellulose membranes (Whatman), dried, and unincorpo-
rated [*H] removed with three 15-min washes using 50 mM Na,CO;, pH 9.2. Dried filters
were then suspended in scintillation fluid, and acetyl incorporation was measured by scin-
tillation counter. HAT assays to be resolved on SDS-PAGE were performed as above ex-
cept purified proteins were left resin-bound i 120 pl of 1x HAT buffer, and 2 pl of
["*Clacetyl-CoA (50 mCi/mmol) were used. Calf thymus histones were reconstituted in
1x HAT buffer and 20 pgused per reaction. 40 pul of each reaction were run ona 15%
SDS-PAGE and radiolabeling monitored by autoradiography. Where noted, CBP (Pierce)
or p300 HAT domain (Upstate Biotechnology) were used as positive controls. Strepto-
zotocin (Sigma) was prepared as a 1 M fresh solution in 1X HAT buffer. 6 ul were added
to each 60-pl solution of resin-bound protein and incubated for 1 h at 37 °C. STZ was
removed with three washes using excess 1X HAT buffer before addition of HAT assay
components. STZ treatment before hexosaminidase assays was performed as described
elsewhere (25). HAT assays on oligonucleosome substrates were performed as described
by Tse et al. (4) with the following exceptions: minced gel fragments (15 pug) were incu-
bated with eluted O-GlcNAcase in the presence of either 10 puM acetyl-CoA or 2 ul of
[“Clacetyl-CoA (50 mCi/mmol) in assays to be resolved by Western blot or autoradio-
graph, respectively. Final assay volumes were brought up to 70 pl in 1x HAT buffer. O-
GlcNAcase assays were carried out as described elsewhere (26). Caspase 3 (R&D Sys-

tems) reactions were carried out as described by Hart and co-workers (27).
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Secondary Structure Prediction—Structural Classification of Protein analysis was
used to reveal the presence of the mixed beta sheet motif associated with the acyl-CoA N-
acyltransferase (Nat) superfamily of proteins within each NCOAT sequence indicated
~ (19). This region was then subjected to secondary structure prediction by Jpred (28). The
presence of each a-helix and f-sheet was confirmed individually using CHOFAS secon-

dary structure prediction (version 2.0u61) (29).

Results

O-GlcNAcase Possesses Intrinsic Histone Acetyltransferase Activity in Vitro—To
determine whether O-GlcNAcase possessed acetyltransferase activity, recombinant GST-
tagged O-GlcNAcase was expressed in both mammalian BSC-40 cells and E. coli BL-21
cells and affinity-purified. The purity of the protein samples were determined by
Coomassie-plus staining (Fig. 14). GST-O-GlcNAcase was visible as a dominant band at
130 kDa. There were other slightly detectable products copurified, most of which were
détermined by Western blot to be truncated GST-O-GlcNAcase products. Eluted protein
was incubated with a synthetic histone H4 tail and [*H]acetyl-CoA for a filter binding as-
say or with core histones and ["Clacetyl-CoA forresolution on 15% SDS-PAGE and de-
tection by autoradiography. These results were directly compared with those for the
global coactivators CBP or p300. The HAT activity, as measured by scintillation count-
ing, of the O-GlcNAcase expressed in mammalian cells, but not that expressed in E. coli,
was comparable with that obtained when using CBP. The activity of equimolar amounts
of CBP and O-GlcNAcase were comparable on the histone H4 tail substrate (Fig. 1B) un-
der dose and time conditions determined to be within the linear range for enzyme activity

(data not shown). The counts obtained in this assay were determined to be only those for
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F1G. 1. Mammalian-expressed O-GlcNAcase has intrinsic HAT activity. 4,
Coomassie staining confirming expression and purity of O-GlcNAcase samples used in
subsequent assays. Lane 2 shows that the same slightly detectable copurified products
also coprecipitate with a catalytically dead mutant enzyme. B, filter binding assays were
performed on O-GIcNAcase expressed in either mammalian (mOGN) or bacterial
(bOGN) cells with a synthetic histone H4 tail and [*H]acetyl-CoA and compared with
CBP. Assays were performed in triplicate. The asterisk indicates preincubation with
mammalian whole cell lysate. C, autoradiograph using core histones and [**CJacetyl-
CoA. Molecular mass markers in kDa are to the /eff of the gel. p300 was used as a posi-
tive control. Reactions in the absence of enzyme were used as a negative control (NC).
In these reactions, O-GlcNAcase and bovine serum albumin showed levels of labeling:
similar to background (data not shown). D, O-GlcNAcase activity associated with
mammalian O-GlcNAcase (mOGN), bacterial O-GlcNAcase (DOGN), and bacterial O-
GlcNAcase treated with mammalian whole cell lysate (indicated by the asterisk). Units
on the y axis, as measured by spectrophotometric absorbance at 405 nm, represent the
amount of para-nitrophenol cleavage when 1 mmol of para-nitrophenyl-GlcNAc is used
in the presence of 1 pmol of enzyme.
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H incorporation into the histone substrate, since O-GlcNAcase could neither acetylate
itself (Fig. 1B, lane 5) nor the bovine serum albumin in the reaction mixture (lane 6), both
of which would adhere as equally as the histone substrate to the nitrocellulose membrane.
The contingency that a separate, distinct HAT, which may copurify with O-GlcNAcase,
may be responsible for this activity seems unlikely, given the relative purity determined
in Fig. 14. However, to fully ensure that the trace amount of copurified products observ-
able in Fig. 14 were not responsible for HAT activity, we expressed a protein containing
a single point mutation that abolishes HAT activity and ran this sample side by side with
wild type active O-GlcNAcase. As shown in Fig. 14, the copurified bands were identical
in each case, however the Tyr®”' —Phe mutation, a well characterized residue involved in
catalysis in other HATs (see below), resulted in an absence of HAT activity. In no known
cases has this residue been shown to be involved in protein-protein binding. Because we
were in the linear range for enzyme activity, the specific activity can be determined,
which would necessitate that the observed small quantities‘ of impurity would have a spe-
cific activity much higher, by orders of magnitude, than CBP to accumulate acetates on
the histone substrate. Conversely, the O-GlcNAcase protein itself, which possesses simi-
lar specific activity to CBP and shares a HAT motif with the protein (see below) must be
the source of the HAT activity. The bifunctionality of the protein as an O-GlcNAcase (30)
and an acetyltransferase prompted us to change the name of the protein to NCOAT, giv-
ing no priority to either activity.

Similar results between NCOAT and p300/CBP are also seen when visualized by
SDS-PAGE using free histones as substrates. Labeling of all four core histones is detect-
able when NCOAT is used in this assay just as seen for p300 (Fig. 1E). NCOAT actually

appears to have a greater efficiency in labeling the histones when compared with p300 in
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this assay. This greater activity may perhaps be due to the ability of NCOAT to acetylate
a greater number of sites on the histones or can be a function of the fact that only the
HAT domain of p300 was used in these assays, whereas the full-length p300 may possess
greater activity. No HAT activity was measured when using NCOAT expressed in bacte-
ria. The results in either assay, when NCOAT was expressed in bacteria, were similar to
those seen when histone substrate was incubated with either GST or in the absence of any
enzyme, a finding that may be indicative of why O-GlcNAcase/NCOAT may not have
been discovered to have HAT activity to date.

These results indicate that NCOAT, when expressed in a mammalian system, pos-
sesses acetyltransferase activity for both a synthetic histone substrate and for free core
histones. The total lack of activity of the bacterially expressed NCOAT is the likely result
of the absence of an as yet uncharacterized post-translational modification(s) that is pre-
sent on the material expressed in mammalian cells. This likelihood for the mammalian
enzyme can be demonstrated when the bacterially expressed enzyme is incubated with a
mammalian whole cell lysate prior to the activity assay. After such treatment on resin fol-
lowed by washing in radioimmune precipitation assay buffer, full HAT activity can be
observed in this protein (Fig. 1B, lane §8). The hexosaminidase activity of the enzyme was
also considerably less when the full-length protein was expressed in bacteria compared
with mammalian cells, although it was not completely absent as seen in the HAT assay.
The hexosaminidase activity of the bacterial protein similarly increased to the level of
mammalian-expressed protein following incubation with mammalian cell extract (Fig.
1D).

NCOAT Can Acetylate Oligonucleosomal Substrates—HAT proteins are classi-

cally described as being either type A, those that acetylate histones within chromatin, or
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type B, those that acetylate free histones within the cytoplasm. For NCOAT to act as
theorized on gene transcription directly, it would need to act as a type A HAT. As de-
scribed above, NCOAT, like other type B HATSs, can acetylate free core histones. We
next tested its ability to act upon nucleosomal histones. For this, histones were reconstiti-
tuted into oligonucleosome arrays for use as substrates in the HAT assays. Successful
formation of these substrates was determined by gel shift assay (Fig. 24). The shifted oli-
gonucleosomes were purified from these gels and incubated with p300 or NCOAT in the
HAT assay and run on 15% SDS-PAGE. NCOAT acetylated all four core histones even
when bound by double-stranded DNA in the context of reconstituted nucleosomes (Fig.
2B). Again, nNCOAT and bNCOAT incubated with mammalian whole cell extract were
active, while bNCOAT not preincubated with extract was not active. These HAT assays
were also fepeated using 10 uM unlabeled acetyl-CoA. Western blots of the subsequent
gels were then probed with antibodies for specific acetylated lysine residues to determine
some of the modified residues. Lysine 14 on histone 3 was efficiently acetylated by
NCOAT in these assays (Fig. 2C). Lysine 8 on histone 4 was also acetylated by NCOAT
under the same conditions (Fig. 2D). In both cases, mNCOAT was active, while
bNCOAT required exposure to mammalian whole cell extract. When these reactions were
probed with an antibody to lysine 16 on histone 4, we were unable to detect any acetyla-
tion of this particular residue by NCOAT (data not shown). While other modified lysine
residues have not been mapped, these data suggest that NCOAT is a type A HAT capable
of modifying the histqnes within chromatin. While we cannot conclude at this time how
promiscuous NCOAT is as an acetyltransferase, it is likely to have specific targetsin the
context of nucleosomes, as do all other previously characterized HATs. Further selectiv-

ity is likely provided for by the complex(es) in which NCOAT is bound at the promoter.
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F1G. 2. NCOAT has the ability to acetylate oligonucleosomal substrates. 4,
gel mobility shift assay. 186-bp a-satellite DNA from HeLa cells (lane I') was reconsti-
tuted with histone octameric core particles by salt dialysis (lare 2). B, autoradiograph of
the HAT assay using oligonucleosome substrates. The oligonucleosome particles from
A were excised from the gel and treated with mammalian-expressed or bacterially ex-
pressed NCOAT in the presence of [“Clacetyl-CoA. The bacterially expressed protein
was also pretreated with a mammalian whole cell lysate prior to the assay (indicated by
an asterisk in B-D). The negative control (NC) is the assay performed in the absence of
enzyme. C, the same assay was repeated with 10 uM unlabeled acetyl-CoA and then
probed using anti-acetylated histone 3, lysine 14 antibody. D, Western blot of the same
assay using anti-acetylated histone 4, lysine § antibody.
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The Active Site for Acetyltransferase Activity Lies in the C Terminus of the En-
zyme—To determine the region of NCOAT containing HAT activity, we constructed an
O-GlcNAcase with a deletion of the C-terminal third of the enzyme, thus removing the
region identified by SMART analysis to have AT-like composition. This enzyme was ex-
pressed as a GALA4 fusion protein and placed in both HAT assays. When the C-terminal
221 amino acids were removed from NCOAT the enzyme no longer exhibited HAT activ-
ity in either assay (Fig. 3), suggesting that this portion of the enzyme either comprises the
active site or contains a feature requisite for the ability of NCOAT to function as an ace-
tyltransferase. To address this question a GAL4 fusion protein was made using only the
C-terminal third of NCOAT to determine whether, like many other AT domains, the AT
domain of NCOAT alone can confer HAT activity to an otherwise non-HAT peptide, the
GAL4 DNA binding domain. As shown in Fig. 3, the C-terminal 334 amino acids of
NCOAT were sufficient to introduce HAT activity to the GAL4-DNA binding domain
when the peptide was expressed in mammalian cells. GAL4 alone had no significant ac-
tivity in either assay. Furthermore, this domain of NCOAT alone, when expressed as a
GAIL4 fusion, exhibited a full retention of activity when compared with that of the full-
length NCOAT or to the positive control for this assay, p300. The same 334-amino acid
peptide, when expressed in bacteria as a GST fusion protein failed to show HAT activity,
just as seen when the full-length enzyme was expressed in bacteria. However, once again
full enzymatic activity was observed after incubation of this peptide with a mammalian
whole cell lysate (Fig. 34, lane 8). These results indicate that the AT domain of NCOAT
lies in the C-terminal third of the enzyme and that this domain can act autonomously

when expressed in a mammalian cell system.
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F1G. 3. The region of NCOAT responsible for HAT activity lies in the C ter-
minus. A4, filter binding assay. GAL4-mNCOAT exhibited activity rivaling that for the
GST fusion used previously. The same construct lacking the C terminus of the enzyme
showed background levels of activity, while a GAL4 fusion with only the C-terminal
third was fully active. A bacterial construct of the C-terminal third was also tested in the
presence or absence of mammalian whole cell lysate (asterisk). Splice variant proteins
and a caspase 3-cleaved enzyme were similarly tested. GK, Goto Kakazaki; SD,
Sprague-Dawley. B, select reactions were repeated using core histones and viewed by
autoradiograph. NC, negative control. C, NCOAT variants. Alignment of three rat
NCOAT clones derived from F344 (parental), Goto Kakazaki (GK), and Sprague-
Dawley rat brains revealing protein isoforms resulting from alternative splicing.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Activity (c.p.m.)

GST GAL4 1-695 ©583- GAL4  583-917 GK SD  NCOAT
NCOAT NCOAT NCOAT 917  ONLY bNCOAT ~ NCOAT NCOAT CASP3

¥

1
Byt

p300 GST GALY GAL4 GAL4 GAL4 NC

NCOAT NCORT CA AT ONLY

o 0 M 100 DN MU0 1600 10 200 R0 WD %0 MW
]l | ! J 1I 1 ! ! ! ! I3 | | i ! i ! L | | ! ! 5 ! J
| | [ | | | (IR | |
| | | | 1 [ | |
| | || | | | | { |
| | [ : i | [ | 1
B
|
| | [ | | | [ ! |
1 | I | | | [ | | |
| 1 [ | { | [ I I | | I
13y 60T 8 1 9y 10 VRSN N A (AR
) i Lond | | | S N | | )

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

35



36

Identification of Two Splice Variants Containing HAT Activity but Not Hexosa-
minidase Activity—Over the course of our study, the rat NCOAT cDNA was cloned by
reverse transcription-PCR from RNA derived from the brains of Spraque-Dawley and
Goto-Kakazakirats. We noted two subtle size variants. One cDNA corresponded in size
to the full-length mouse NCOAT, while the two variants were smaller. These reverse
transcription-PCR products were sequenced. Whereas the full-length rat NCOAT (Gen-
Bank™ accession number NM_131904) was nearly identical to its mouse counterpart
(GenBank™ accession number AF132214), the shorter variants had missing sequences
corresponding to exon 8 in the Goto Kakazakirat and exons 8 and 9 in the Sprague-
Dawley rat (Fig. 3C). Because the missing regions in these variants correspond exactly to
exon boundaries, we believe they may result from alternative splicing of the gene. These
variants were expressed as proteins of 90 kDa for the Goto Kakazaki variant due to the
deletion of amino acids 250-345 and 84 kDa for the Sprague-Dawley variant due to the
deletion of amino acids 250-398. Each of these variants was tested for hexosaminidase
activity and was found to be catalytically inactive (data not shown). Both variant en-
zymes, however, were able to completely catalyze the addition of acetyl groups to the his-
tones when compared with the full-length enzyme (Fig. 34). This finding lends to the va-
Lidity that the HAT active site resides in the C terminus of the enzyme, since the resultant
proteins are able to retain full activity. These findings also raise the possibility that organ-
isms may utilize alternative splicing to regulate the levels of the enzymatic activities of
this bifunctional enzyme within a particular cell type or cell compartment. Interestingly, a
splice variant resembling our C-terminal truncation missing the AT domain, has been dis-
covered as well and retains considerable activity in hyaluronidase assays (31), further in-

dicating the significance of splicing to favor one cellular activity over the other.
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In addition to splicing, O-GlcNAcase has also been shown recently to be a compe-
tent substrate for caspase 3 cleavage, and that the processed product retains O-GlcNAcase
activity (27). Ithas been reasoned that cleavage of the protein is an additional mechanism
to control by separation the functions of the hexosaminidase domain from the potential
AT domain (27). To independeritly address this possibility, we treated NCOAT with cas-
pase 3 prior to our assays. Successful cleavage was monitored by SDS-PAGE and
Coomassie staining. Such treatment did not affect tﬁe HAT activity of NCOAT (Fig. 34,

lane 9).

The HAT Activity of NCOAT Is Unchanged after Treatment with Streptozoto-
cin—We and others have previously shown that the hexosaminidase activity of the en-
zyme can be inhibited in vitro with the diabetogenic drug, STZ (13, 25, 32, 33). Since
STZ is a GlcNAc analog, its ability to inhibit the O-GlcNAcase function of NCOAT is
not surprising. To rule out the possibility that STZ, which is an NO donor (34), can be
targeted to the NCOAT protein, then exert an inhibitory effect on both enzymatic func-
tions, we treated NCOAT with 0.1 M STZ for 1 h at 37 °C prior to performing either
HAT assay. This concentration of STZ, which is sufficient to abolish hexosaminidase ac-
tivity (25, 32), had a negligible effect on the acetyltransferase activity of NCOAT (Fig. 4,
A4 and B). The slight decrease in activity observed by scintillation counting appears solely
the consequence of the incubation conditions or to a trace amount of nonspecific in-
volvement, since CBP and p300 also show a marginal loss of HAT activity when pre-
treated with STZ. The inhibitory effects of STZ on NCOAT were concluded therefore to
be specific only for the hexosaminidase activity of the enzyme and not the result of a non-

specific, global effect such as oxidative damage to the enzyme. It seems likely that the
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FIG. 4. The HAT activity of NCOAT is unaffected by treatment with strepto-
zotocin. 4, filter binding assay. Either CBP (lanes I and 2) or NCOAT (lanes 3 and 4)
were left untreated or incubated with STZ prior to performing the HAT assay. Histone
substrate in the absence of enzyme (lane 5) was also pretreated with STZ (lane 6). B,
visualization of the HAT assays using core histones and autoradiography. Molecular
mass markers in kDa are at the /eff of the gel. NC, negative control.
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GlcNAc analog streptozotocin is acting directly on the O-GlcNAcase active site and that
the C-terminal acetyltransferase domain is, in the active enzyme, completely distinct in
function from the N-terminal O-GlcNAcase domain. Such functional independence 1s
consistent with our observations using splice variants, caspase, or the HAT domain alone
and also support splice variation and caspase cleavage as plausible methods of cellular

control of these activities.

Identification of Residues Essential for HAT Activity—The C-terminal acetyltrans-
ferase domain of NCOAT was further characterized. Eight of the ten acetyltransferases
that SMART computer analysis identified as having similar domain composition to
NCOAT have been crystallized, and a detailed map of their active site secondary struc-
tures is known. A comparison of the active sites of these enzymes shows that, while con-
taining only low levels of sequence identity (=15%) and similarity (<50%), they share a
highly conserved structural fold (8). Such low levels of sequence homology make identi-
fication of new acetyltransferases by sequence alone difficult. A more defining feature of
acétyltransferases is their overall active site core architecture. This core structure includes
four universally present motifs, designated motifs C, D, A, and B (Fig. 5), whose lengths
and sequences are variable. The intervening loops are also variable, nevertheless, the
overall structure of these AT is superimposable in each case (6-8, 35,36). All ATs con-
tain the same arrangement of a-helixes and B-sheets as indicated in Fig. 4A. Using secon-
dary structure prediction programs (19, 28, 29), the C terminus of NCOATs from five dif-
ferent species can be predicted to contain this exact motif pattern (Fig. 5), providing fur-
ther evidence that the AT active site of NCOAT lies in the C-terminal third of the enzyme

as indicated by measurements of activity. Within this stretch, there are seven invariant
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residues among the secondary structure alignments. Three of these are glycines, there is
one invariant leucine, two aspartic acids (at positions 853 and 884 for mouse NCOAT),
and one tyrosine residue (at position §91), which is exchanged with an adjacent phenyla-
lanine in the Caenorhabditis elegans NCOAT. The amino acid conservation at these sites
suggests their functional importance to the activity of the enzyme.

Examination of the residues identified to be necessary for catalysis in the majority
of these eight crystallized acetyltransferases reveals that a carboxylate-containing residue
lying on the back end of the -sheet C-terminal to helix A is the critical residue responsi-
ble for the initial base step of the enzymatic reaction. In this step, a proton is abstracted
from the substrate lysine e-amino group in the enzyme-lysine-coenzyme A ternary com-
plex (37). Human PCAF and yeast Gen5 are exceptions in this case, with these enzymes
having their critical base carboxylate in the middle of the B-sheet N-terminal to helix A
(38, 39). Interestingly, it has been reported that, despite this difference in sequence posi-
tion, these critical base residues superimpose identically in the three-dimensional struc-
tures of each of these enzymes (35). After the deprotonated lysine directly attacks the ace-
tyl group of acetyl-CoA, a general acid is needed to donate a proton to the CoA sulfur
atom, to facilitate the departure of the thiolate leaving group. In all but two cases (8, 40)
the catalytic acid is a tyrosine situated near the middle of helix B (8, 39).

Since the invariant aspartic acids and the tyrosine in these enzymes lie at corre-
sponding positions in the predicted secondary structures of NCOATs (Fig. 5), we wished
to determine whether these residues indeed were necessary for catalysis, as they are in
their crystallized counterparts. Each aspartic acid was independently mutated to an aspar-
agine, and the tyrosine to a phenylalanine, so that the mutant proteins could be tested for

acetyltransferase activity. In the filter binding assay, the counts observed for each mutant
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protein matched that ofthe background (Fig. 64). These mutant enzymes displayed no
change on hexosaminidase activity (Fig. 6B), demonstrating again the independence of
the two domains and suggesting that the lack of HAT activity observed by the mutation of
these residuesis not the result of a gross alteration of total protein conformation. Each
mutant enzyme was also unable to label any of the core histones as visualized by autora-
diograph (Fig. 6C). These results demonstrate the dependence of NCOAT on these resi-
dues for its ability to catalyze acetyltransfer. Because their respective positions in the pre-
dicted secondary structure of NCOATSs are comparable with the essential catalytic acid
and base in other AT enzymes, it is reasonable to expect that either Asp®> or Asp®** for
mouse NCOAT is the catalytic acid in the reaction and the tyrosine at position 891 is the
general base. Currently, however, in the absence of crystal structure, their exact roles can-

not yet to be certified.

Discussion
Several transcriptional activating cofactors have been recently identified that contain a
domain conferring HAT activity in vitro. HAT activity is required to open the chromatin
structure as part of the process of gene activation. Recently, we added O- GlcNAc modi-
fication of the transcription apparatus by OGT as part of the repression process (12),
therefore making the removal of these sugars also necessary for transcriptional activation
to occur. Here, we demonstrate that O-GlcNAcase, the only enzyme encoded in the ge-
nome that can remove these sugars, is bifunctional; it contains a domain with intrinsic

HAT activity. Because the protein has these two enzymatic activities, we have renamed it

NCOAT.
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Saccharomyces cerevisiae cells have been shown to use HATs and HDACs to
regulate gene transcription (41). In these single cell organisms, however, the post-
translation modification of proteins with O-GlcNAc has not been observed. Nevertheless,
yeast cells use a combination of proteins, including Ssn6-Tup1, in the repression of sev-
eral genes (42, 43). Interestingly, Ssn6, while having no known enzymatic function, has
TPR domains very similar to OGT. More recently, it has been shown that Ssn6, through
its TPR domains, associates with corepressors and HDACs (44), further suggesting a
similarity of OGT to Ssn6. We speculate that an Ssn6-like TPR protein fused with a gly-
cosyltransferase domain to form OGT during evolution. This fusion may have been ne-
cessitated by the need for more stringent repression of gene expression when organisms
became multicellular with differentiated cell functions. The enzymatic function of OGT
would provide an additional covalent modification needed to cooperate with HDAC in
corepression complexes. To activate genes repressed by OGT and HDACs, both the en-
zymatic removal of the sugars and addition of acetyl groups would therefore be required.
That both functions reside in one protein, NCOAT, lends further credence to the impor-
tance of both modifications in metazoan gene expression.

We further characterized the HAT domain of NCOAT. It has the ability to acety-
late all four core histones when either free or bound by DNA in the context of oligonu-
cleosome arrays. Moreover, it does so with a specific activity rivaling that of the global
transcriptional coactivators, p300 and CBP. The capacity of this dual function enzyme to
catalyze its two activities, not surprisingly, appears to be under tight control, as displayed
by the discrepancy between the levels of intrinsic activities of the same enzyme expressed
in a mammalian versus a bacterial system. The recovery of optimal activity by the bacte-

rially expressed enzyme when incubated with a mammalian whole cell lysate is sugges-
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tive of a currently uncharacterized post-translational modification(s) that correlate with
the activation of the enzymatic domains so that they function proficiently. We have also
discovered two naturally occurring splice variants of NCOAT, which lack hexosamini-
dase activity but retain HAT activity, implying that alternative editing at the RNA level
may also govern the two relative activity levels of NCOAT in a cell. Furthermore, an ad-
ditional level of NCOAT control can result from separation of the two activities by a
proapoptotic factor, caspase 3.

The entirety of the HAT domain lies in the C-terminal third of the protein where,
although it shows weak sequence homology, NCOAT is predicted to contain the charac-
teristic four-helix bundle, which comprises the conserved core within acetyltransferése
active sites. This places the active site of the HAT domain at the opposite end of the pro-

tein from the N-terminal hexosaminidase domain. While the two domains may reside in
the same protein, in the active state(s) of the enzyme the AT domain does not rely on the
N-terminal O-GlcNAcase domain. STZ treatment only affects the O-GlcNAcase domain,
while leaving the AT domain functional. The splice variants lacking the hexosaminidase
activity retain HAT activity. Liberation of the AT domain by caspase 3 or expression of
the C-terminal third of the protein alone in mammalian cells results in a fully functional
acetyltransferase. The bacterially expressed C-terminal third is able to fully recover activ-
ity when incubated with a mammalian whole cell lysate, indicating that at least one of the
proposed activating post-translational modifications lies within this region. While we
have not yet determined the nature of these covalent modifications, this apparent depend-
ence on modification emphasizes the tight control exerted on NCOAT by upstream sig-

naling pathways.
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Within the C-terminal active site we have identified three residues that are critical
for efficient acetyl transfer. For mouse NCOAT these are Asp®, Asp®™, and Tyr®'. The
acetyltransferases found by SMART analysis to resemble NCOAT are known to utilize
one of two distinct mechanisms. The principle mechanism involves an ordered Bi-Bi re-
action in which an active site carboxylate base deprotonates the substrate lysine g-amino
group, then, in a single step, the acetyl group is transferred from the reactive thiqester
group of acetyl-CoA to the uncharged substrate lysine. An active site tyrosine (with ex-
ception) then donates a proton to facilitate CoASH departure (38, 45, 46). The other
mechanism involves the acetyl transfer from CoA to an enzyme nucleophile, creating a
covalent intermediate, and then to the substrate (40, 47). We were unable to detect evi-
dence for such a self-acetylated intermediate. A mutation to the only free cysteine in the
active site, the most likely site to accept an acetyl group, does not impair HAT activity
(data not shown). We therefore propose that NCOAT undergoes the single step reaction
described for those members of the Gen5, HAT1, and GNAT family of acetyltransferases.
This mechanism, and the placement of conserved residues in positions corresponding to
those shown necessary for catalysis in these enzymes, suggest that the tyrosine at position
891 acts as the general acid involved in NCOAT acetyltransfer. Likewise, the aspartic ac-
ids at position 853 or 884 are promising candidates as the necessary catalytic base.

Given the mechanism, and the fact that NCOAT can acetylate all four core his-
tones, like p300 and CBP, other substrates for NCOAT acetylation potentially exist as
they do for these other enzymes. Much like the diversity of O-GlcNAcylated proteins,
which exist both in the nucleus and cytoplasm (48), NCOAT may be critical for an in-
creasing number of cellular events requiring acetyl modification. The diverse nuclear as

well as cytoplasmic activities that are modulated by acetylation make this AT domain
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perhaps as important as the O-GlcNAcase domain, justifying the change of the name of
this bifunctional protein to NCOAT.

In summary, NCOAT contains versatile enzymes. Its O-GlcNAcase can activate
proteasomes (49), but another compelling idea about the function of NCOAT is in the re-
versibility of gene repression. The recent finding that OGT is specifically recruited by
mSin3A along with HDAC to contribute to the corepression of eukaryotic gene expres-
sion (12) implies that derepression requires the converse enzymes, an O-GlcNAcase and
HATS, to reverse the protein modifications involved in repression. Although the AT ac-
tivity of NCOAT has yet to be tested in vivo, we have come closer to this goal by showing
that NCOAT specifically modifies some important lysine residues in reconstituted oli-
gonucleosomes. Thus NCOAT contains two activities required to activate gene transcrip-
tion. How NCOAT finds its way to repressed genes undergoing a switch to activation will

become the subject of much future research.
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Abstract

Nuclear cytoplasmic O-GlcNAcase and acetyltransferase is a bifunctional nucleo-
cytoplasmic protein with both O-GlcNAcase and histone acetyltransferase domains. The
O-GlcNAcase portion catalyzes the removal of O-GlcNAc modifications from proteins
and resides in the N-terminal third of the enzyme. The recognition of the substrate
GlcNAc suggests that the O-GlcNAcase is related in structure and catalytic mechanism to
chitinases, hexosaminidases, and hyaluronidases. These families of glycosidases all pos-
sess a catalytic doublet of carboxylate-containing residues that orient and‘ 1/1se the N-acetyl
group for catalysis. Indeed, we show that the O-GlcNAcase does also possess the cata-
lytic doublet motif shared among these enzymes and that the two essential residues noted
above are aspartic‘ acids at positions 175 and 177, respectively, in mouse O-GlcNAcase.
In addition, a conserved cysteine at 166 and a conserved aspartic acid at 174 were also
found to play a role in catalysis. Given this information, we propose that the O-
GlcNAcase active site resembles those of the above glycosidases and that O-GlcNAcase
carries out catalysis through a transition state in the same substrate-assisted acid-base
manner used by these enzymes. Further evidence of this transition state was provided by
streptozotocin, a selective inhibitor of the enzyme and GlcNAc analog. Streptozotocin
appears to be converted by the enzyme to a more stable transition-state analog, an inhibi-
tory compound which is up to 10> more potent than the original ligand, thus providing

insight into the mode of catalysis of the O-GlcNAcase enzyme.
Introduction

O-GlcNAcylation is a ubiquitous post-translational modification in which the

monosaccharide N-acetylglucosamine (GlcNAc) is linked by the enzyme -N-
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acetylglucosaminyltransferase (OGT) to specific serine or threonine hydroxyls on target
protein (1). These modifications can be selectively removed by the enzyme B-N-
acetylglucosaminidase (O-GlcNAcase), which hydrolyzes the glycosidic bond and liber-
ates the free protein and GlcNAc (2-4). O-GlcNAcase activity can be selectively inhib-
ited by the diabetogenic drug streptozotocin (STZ) (5), a GlcNAc analog that can cause
the accumulation of O-GIcNAcylated proteins in a cell and result in cell death (6). Al-
though STZ is a GIcNAc analog and can reasonably be predicted to target the O-
GlcNAcase active site, currently its exact mechanism of action on O-GlcNAcase is un-
known.

Close to 200 proteins to date have been shown to be O-GlcNAc-modified (7),
with these proteins playing a role in a number of processes of fundamental iniportance to
cell survival, including cell cycle control and cell division (8-11), import and export
through the nuclear pore (9,12), transcription (13-17), translation (13), prot»eosomal deg-
radation (18), and others. The role that this modification plays is not completely under-
stood in many cases; however, evidence suggests that it plays many of the same roles that
phosphorylation does such as the regulation of protein-protein interactions (9, 19, 20) and
protein stability (15, 21) and the induction of conformational changes that result in an
alteration of protein function. Unlike the many phosphatases that exist in a cell, however,
O-GlcNAcase is the only nuclear and cytosolic enzyme known to be capable of removing
O-GlcNAc additions. The O-GlcNAcase enzyme resides in the N-terminal portion of a
larger protein termed nuclear cytoplasmic O-GlcNAcase and acetyltransferase (NCOAT)
which contains an acetyltransferase (AT) domain in the C terminus (22). At least in some
circumstances, NCOAT associates with OGT to form the O-GlcNAczyme, an enzyme

system involved in the control of transcription.
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To date, the O-GlcNAcase domain has not been sufficiently characterized and has
been assigned to glycoside hydrolase family 84 with enzymes of similar sequence (23,
24). Tt is likely, though, that the O-GlcNAcase is highly related in both catalytic mecha-
nism and active site composition to those glycoside hydrolases in families 18, 20, and 56.
These enzymes, chitinases, 3-hexosaminidases, and hyaluronidases, respectively, have
been more extensively characterized; several members have had their crystal structures
solved. These structures as well as mutagenesis and product analyses have demonstrated
that these enzymes, which are similar to O-GlcNAcase in that they recognize GlcNAc as

their core substrate, have a conserved and highly proficient mechanism of catalysis (25).

These enzymes catalyze their respective reactions through an acid-base mecha-
nism, which requires both a proton donor and a nucleophile. In the course of the reaction,
the 2-acetamido group of the substrate itself becomes the required nucleophile (26, 27),
thereby participating in the reaction. The O-GlcNAcase enzyme behaves in this same
substrate-assisted mechanism. While mutagenesis evidence is provided for this mecha-
nism, the putative transient transition state of the normal O-GIcNAc substrate is unstable
and cannot be isolated. However, the GlcNAc analog, STZ, because of its chemical struc-
ture, competitively inhibits the enzyme, which converts the compound into a stable tran-
sition state analog. This paper utilizes these two independent methods to probe into the

mechanism of catalysis of the O-GlcNAcase portion of NCOAT.

Experimental Procedures
Plasmids and Site-directed Mutagenesis—The construction of a pUC118-pTM

hybrid expression vector containing the full-length and splice variant mouse NCOAT
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(mNCOAT) was designed as described previously (22). The NCOAT gene was modified
by site-directed mutagenesis using a four-primer cassette strategy to introduce the substi-
tution and the following selection sites: BamHI for C1668S, Clal for D174N and D175A,
and Asel for D177N. PCR amplifications were performed using pBluescript-mNCOAT
as template and the following oligonucleotides (restriction sites in bold, mutated residues
underlined): for C166S; 5’-CTCTCAGTTTGGATCCAGGTCGTTTGC-3’; for D174N;
5>-TTGCTTTTTGACGATATCGATCATAATATG-3’; for D175A; 5°-
TTGCTTTTTGATGCTATCGATCATAATATG-3’; for D177N; 5°-
TTGCTTTTTGATGATATTAATCATAATATG-3’. Flanking oligonucleotides were as
follows: upstream, 5’-CATGGATCCGAGATGTATTCAGTGG-3’, and downstream, 5°-
TCTTCAATAGATTCCACTGG-?} ’. PCR and recombinant DNA manipulations were
performed according to standard procedures. For C166S and D177N, each ligation mix-
ture was transformed into DH5« cells (_Invitrogen) and screened for the correct insert.
The D174N and D175A mutant ligations were transformed into DM1 cells (Gibco) for

selection by Clal.

Protein Expression—The wild type, mutant, and splice variant transformants
were grown overnight at 37 °c in 500 ml TB medium containing 50 mg ampicillin. The
plasmid DNA from the lysed cell culture was collected by a cesium chloride/ethidium
bromide gradient and purified by ethanol precipitation. Plasmid DNA was transfected
into BSC-40 cells by electroporation using 20 ng of DNA. Cells were cultured overnight
in Dulbecco's modified Eagle's medium (Gibco) with 10% fetal bovine serum, 50 mg

penicillin, and 400 mg gentamicin. Plates were then infected with VTF-7 vaccinia virus
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for 2 h in 2 ml serum-free media, after which 10% fetal bovine serum-containing media
was returned; the cells were then cultured overnight before harvesting.

Protein Purification—Harvested cells were lysed as described previously (22)
and then stored at -80 °c until use. An aliquot of the lysate was loaded onto glutathione-
Sepharose beads (Amersham) and incubated at 4 °c for 1 h. After washing, the glu-
tathione-S-transferase (GST) fusion proteins were eluted from the beads for 1 h at room
temperature using 30 mM reduced glutathione. Purified fusion proteins were visualized
by 8% SDS-PAGE followed by Coomassie staining, and equal quantities of protein were

used in subsequent assays as confirmed by Bio-Rad protein assay. Purified NCOAT to be

incubated with STZ was left resin bound for washing.

O-GlcNAcase Assay and STZ Treatments—The hexosaminidase assay was per-
formed as described by Dong and Hart (4). When varying substrate levels were called for,
these were diluted appropriately to maintain an equal reaction volume. For each reaction,
10 pl (1 pmol) of purified wild type, splice variant, or mutant NCOAT were used per 100
ul reaction. Where indicated, 10 pl 0%0. 1-M N-ethylmaleimide (Sigma) were added to a
90-ul protein suspension in 50 mM sodium cacodylate buffer to maintain a consistent
100-p total reaction volume. For STZ treatments, a stock solution of 1 M STZ (or an ap-
propriate 10X solution for the inhibition kinetic studies) was dissolved in H,O; 10 pl
were added to resin-bound protein, keeping a total final volume of 100 pl. Reactions
were carried out for 30 min at 37 °c, after which the beads were washed and placed in the
hexosaminidase assay. The beads were washed and trypsinized using 2 pl trypsin (2 pg)

i 100 pl 25-mM NaHCOs for 4 h at 37 °c. The supernatants were collected and reincu-»
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bated with NCOAT as above. 0.1 M STZ alone was also trypsin treated and incubated
with fresh NCOAT. For molecular weight determinations, either 0.1 M fresh, trypsin-
treated, or enzyme-treated STZ was prepared as a 100-pl solution and injected into a lig-
uid chromatograph tandem mass spectrometer (PE Sciex). Molecular weights were also
determined for 100 pl STZ boiled in water for 5 min and for 100 pl STZ dissolved in
NaOAc pH 4.2 buffer for 30 min at room temperature. To monitor structural changes, the
same reactions were repeated with the following exceptions to obtain higher quantities
for study. Bulk 500-ml cultures of NCOAT were lysed, and the entire lysate was purified
on 1 ml of resin. 1 ml of 1 M STZ was used for incubation. Following washes, bound
STZ was 1ibérated by heat denaturation at 100°¢ for 5 min. The protein-STZ solutions
were then passed through Micropure-EZ enzyme removers (Amicon). 1 mM fresh STZ or
enzyme-incubated STZ was suspended in 100% D,O for one dimensional NMR analysis
using a Bruker Avance (DRX) 600-MHz spectrophotometer equipped with a TXI probe
and using 128 scans at 298 °K. Samples were then lyophilized and suspended in deuter-
ated dimethylsulfoxide for additional one- and two dimensional NOESY analysis using
100-msec mixing times, 128 scans, and 256 increments under identical conditions. Data
were processed using Bruker’s XWIN-NMR v3.5 software and further processed by

NMRPIPE (NIH).

Free Cysteine Identification—To locate free cysteines, biotinylated N-(hexyl)-3’-
(2°-pyridyldithio) propionamide (HPDP) (Pierce) was prepared fresh as a 4-mM solution
in dimethylsulfoxide from a 50-mM stock in dimethyiformamide. Purified wild type
NCOAT was eluted in 50 pl of glutathione elution buffer, and 50 pl of biotinylated

HPDP stock solution was added. Reactions were incubated in the dark at room tempera-
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ture for 1 h with shaking. Samples were then digested with the addition of 2 pl trypsin
(Roche) for 4 h at 37 °c. Biotinylated fragments were passed over a 100-pl avidin column
(Pierce) for 1 h at 4 °c with shaking. Bound peptides were eluted with 50 mM dithiothrei-

tol for 1 h at room temperature. The eluant was analyzed by matrix-assisted laser desorp-

tion/ionization mass spectroscopy.

Acﬁ've Site Characterization—TFor pH analyses, stock solutions of 50 mM sodium
cacodylate buffer were made and adjusted so that each pH value indicated was the final
pH after 10 pl of elution buffer (Tris-HCI, pH 8.0) was added to 90 pl of sodium cacody-
late buffer. For kinetic analyses, 0.25 pl, 0.5 pl, 1 pl, 2 pl, 3 pl, and 4 pl of 0.1-M pNP-
GlcNAc were added to independent reactions. V.4 and K, were calculated using non-
linear curve fitting with GraphPad Prism version 4.00 for Windows (GraphPad Software,
San Diego California, www. graphpad.comj. Bio-Rad protein assay for enzyme concen-
tration allowed for the calculation of k., value on the specific activity of each purified
protein at V., for pNP-GIcNAc, assuming an M; of 130,000 for the GST fusion protein.
The addition of sodium azide was performed by making stock solutions of 50 mM so-
dium cacodylate with 0.5 M, 1T M, 1.5 M, 2 M, 3 M, or 4 M NaNj prior to performing the

hexosaminidase assay.

Results

The Active Site For O-GlcNAcase Activity Lies in the Enzyme’s N Termi-
nus—Previous characterization of the neutrally acting O-GlcNAcase had revealed that

the enzyme’s in vitro enzymatic activity can be inhibited to a substantial degree by the
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sulthydril alkylating reagent N-ethylmaleimide, indicating that there is a free, critical cys-
teine in or around the enzyme’s active site (4). In order to identify this residue and zero in
on the region of NCOAT that possesses the active site, we cloned and expressed the
mouse NCOAT and treated it with a sulfhydril-specific reagent, biotinylated HPDP, to
biotinylate any accessible free cysteine residue in the native enzyme. Treatment of
NCOAT with this reagent, just as with N-ethylmaleimide, was able to inhibit enzymatic
activity, suggésting again that, among others, the cysteine residue required for catalysis
was modified (data not shown). A tryptic digest, followed by affinity chromatography
with avidin, allowed for the purification of those peptides that had previously contained a
free cysteine thiol. The HPDP-cysteine bond, being a disulfide linkage, is readily reversi-
ble with dithiothreitol. The resulting purified, free peptide mixture was analyzed by ma-
trix-assisted laser desorption/ionization mass spectroscopy and revealed the presence of
two peaks corresponding to peptides between residues 157-167 and 875-886 in the amino
acid sequence of mouse NCOAT, both containing a singlei cysteine (Fig. 14). Since
mouse NCOAT contains 19 cysteines, at least one additional non-disulfide-bonded cys-
teine must exist. However, since this residue(s) is not readily accessible to HPDP, it was
deemed equally unreachable by N-ethylmaleimide and was therefore ignored.

The cysteine residues found in these two peptides, Cys'®® and Cys®"®, were inde-
pendently mutated to serines. The wild type and mutant proteins were then cloned and
expressed, with expression and purity confirmed by Coomassie staining (Fig. 1B). The
proteins were then used in a neutral hexosaminidase assay utilizing the colorimetric com-
pound pNP-GlcNAc as substrate. The mutation of Cys®’® to serine (C878S) gave rise to
an enzyme with level of O-GlcNAcase activity comparable with that of the wild type en-

| zyme, as measured by the spectrophotometric absorbance of the liberated p-nitrophenol

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

FIG. 1. Relative enzyme activities of the Cys-to-Ser mutants and splice vari-
ants of NCOAT. A4, mass spectra showing the two isolatable peptides with free cys-
teines. B, the expression and purity of glutathione S-transferase-tagged NCOAT proteins
were confirmed by Coomassie staining. Wild type enzyme (WT). C, O-GlcNAcase ac-
tivity was tested by incubation at 37 °c for 30 min with the colorimetric substrate para-
nitrophenyl-GlcNAc. Each reaction was terminated with 0.5 M sodium carbonate buffer
and activity was measured as a change in absorbance by spectrophotometer at 405 nm.
Each unit is described as the amount of para-nitrophenol cleavage when 1 mmol of
para-nitrophenyl-GlcNAc is used in the presence of 1 pmol of enzyme. para-nitro-
phenol cleavage in the absence of any enzyme is used as negative control (NC). The
wild type (WT) and C878S mutant were also pretreated with 10 mM N-ethylmaleimide
(NEM) for 30 min at 37 °c prior to the assay.
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group at 405 nm (Fig. 1C). In contrast, the C166S mutant displayed little to no activity
over that of the substrate alone in the absence of enzyme. We concluded therefore that
Cys'® is the target residue when sulfhydril reagents are used to inhibit O-GlcNAcase
function. Additional evidence is provided by the fact that N-ethylmaleimide can still in-
hibit the enzymatic function of the C878S mutant protein, where the only remaining, ac-
cessible free cysteine thiol is that at Cys166 (Fig. 1C).

We have previously reported the identification of two naturally occurring splice
variant isoforms of NCOAT that retain acetyltransferase activity (22). The first results in
a protein missing amino acids 250-345 due to the removal of exon &, and the other lacks
amino acids 250-398 in the protein due to the specific deletion of exons 8 and 9. These
variant proteins were cloned; expressed (Fig. 1B); and similarly assessed in the O-
GlcNAcase assay, with their relative activities compared to that of the full-length en-
zyme. As shown in Fig. 1C, neither variant possessed any appreciable hexosaminidase
activity over the background, and this loss of activity could not be overcome with in-
creasing substrate concentration. The lack of enzymatic activity in these two constructs
may be the result of a misfolded product or may be due to the absence of a modification
requisite for activity. However, the N termini of NCOATS across species (between amino
acids 54 and 391 for mouse NCOAT) are conserved; in addition there is significant ho-
mology between amino acids 63 and 331 of NCOAT and the Mu toxin of Clostridium
perfringes, a hyaluronidase precursor. Therefore, it is quite likely that these‘ two variants
lack enzymatic activity due to the absence of a portion of their active site. Together, these
data strongly suggest that the O-GlcNAcase active site can be assigned to a region be-
tween the cysteine residue at amino acid 166 and the common missing sequence in the

two variants tested, residues 250-345. At this time, we have not explored the outer
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boundaries of the active site or the minimal region therein that is necessary and sufficient

for full activity.

Mutation of the Aspartic Acid Residues at Positions 174, 175, and 177Impair in
Vitro O-GlcNAcase Activity—Since NCOAT shares a core substrate, N-acetylglucos-
amine, with chitinases, hexosaminidases, and hyaluronidases, we speculated that NCOAT
shares the catalytic mechanism that is invariant among these family 18, 20, and 56 glyco-
sidases (25, 28, 29). The mechanism is depicted in Fig. 24. In order to determine the sites
of the residues required for catalysis, the first being the acid/base and the second being
responsible for orienting the 2-acetamido group, a number of previously characterized
glycosidases were examined (30-32). In each of these enzymes, it was individually re-
ported, the residue responsible for orienting the N-acetyl nucleophile was an aspartic
acid, and the catalytic acid/base was either an aspartate or a glutamate; these two key car-
boxylates are separated by a single hydrophobic amino acid (y). Examination of a large
number of yet uncharacterized chitinases and hyaluronidases revealed the presence of this
same pattern, a catalytic doublet with the motif D-y-D/E (Fig. 2B). This doublet is not
present in hexosaminidases; instead the two essential carboxylates are found adjacent to
one another in the primary sequence (33, 34). The significance of this difference is not
yet fully understood.

The D-y-D/E motif not surprisingly can be found in each representative NCOAT
examined (Fig. 2B). The motif consists of two aspartic acids at positions 175 and 177 in
the mouse and rat NCOAT, directly within the putative active site and immediately
downstream of the cysteine residue demonstrated above to be involved in catalysis. We

performed site-directed mutagenesis to address the possibility that these two residues are
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F1G. 2. Residues essential for O-GlcNAcase catalysis. 4, acid-base substrate-
assisted catalytic mechanism for family 18, 20, and 56 glycosidases. Two carbonyl-
containing amino acids are ideally situated in the active site to allow both the substrate
and one water molecule to enter between them (/). The first acts as a general acid, donat-
ing a proton to the oxygen on the C1 carbon and cleaving the glycosidic linkage. The
second orients the N-acetyl group into position for nucleophilic attack at the anomeric
center, resulting in the formation of a high-energy oxazolinium ion intermediate (7).
The transition state is then hydrolyzed when the first carbonyl abstracts a proton from an
incoming water molecule, with the resulting hydroxyl ion attacking the anomeric center,
hydrolyzing the bicyclic intermediate, and liberating the free GIcNAc (/). B, mapping
the residues essential for catalytic activity in family 18 chitinases and family 56 hyalu-
ronidases. The position of the D-'¥-D/E motif is shown for several representative chiti-
nases and hyaluronidases. The location of the nucleophile-positioning residue is repre-
sented by @ and that of the catalytic acid/base by M. Those enzymes where the roles of
these residues have been confirmed are indicated with an asterisk; all other enzymes
were chosen arbitrarily to demonstrate the presence of this motif among other family
members. The presence of this motif is also shown in select NCOATS. The site of the
previously mutated cysteine is shown with a 4. C, relative O-GlcNAcase activity of
wild type and aspartic acid mutant enzymes at pH 7.0. Wild type and mutant NCOAT
were expressed and assayed at pH 7.0 and 37 °c for 30 min as described.
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important for catalysis. Asp'"" was changed to an asparagine, a conservative mutation
that removes the charge and is non-ionizable. Asp'” was replaced with an alanine rather
than an asparagine, however, due to previous reports suggesting that both the size and the
charge of this residue are implicated in its role of orienting the 2-acetamido group for nu-
cleophilic attack (Fig. 24). A D-to-A mutation eliminates both of these features. In addi-
tion, a third aspartic acid, Asp'™, was also changed to an asparagine. Since this is also a
conserved residue across NCOATs (Fig. 2B), it may also be involved in catalysis; how-
ever its mutation should exhibit an effect much less debilitating than that of the proteins
with mutations in the two catalytically essential residues.

The mutant enzymes Wefe similarly cloned and expressed, with purity again visu-
alized by Coomassie staining (Fig. 1B). Each enzyme was then used in the hexosamini-
dase as‘say under the same neutral conditions. Under these conditions, the D175A and
D177N mutants were nearly devoid of activity; however, the D174N mutant was able to
retain activity, although at nearly one-quarter that of the wild type enzyme (Fig. 2C).
Each mutant protein retained full histone acetyltransferase activity (data not shown).
These results are indicative of the relative importance of each residue in O-GlcNAcase

174

catalysis. Both Asp'”® and Asp'”’ are absolutely critical, while Asp'” plays a significant

but not essential role.

pH Profile Analysis of the Wild Type and Mutant Enzymes—The pH profiles of
the wild type and each aspartic acid mutant NCOAT were determined by the measure-
ment of the para-nitrophenol cleavage from pNP-GIcNAc in the hexosaminidase assay in
buffers at the indicated pH values. The results are shown in Fig. 34. The pH optimum for

the wild type enzyme was found to be between pH 6.5 and 7.0, in agreement with previ-
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ous characterization of NCOAT’s being a neutrally acting enzyme (4). The D174N mu-
tant maintained a reduced level of activity at the wild type enzyme’s optimal pH as well
as in the basic pH range. However, it achieved greater levels of activity than the wild type
did at more acidic pHs and exhibited a shift in pH optimum to the pH 5-5.5 range. Pro-
teins evolvespecialized environments surrounding their catalytically functional groups,
most often to maintain a particularly charged state so that the enzyme can function at its
optimal pH (35). Asp'’ is likely involved in the maintenance of this micro-pH environ-
ment so that O-GlcNAcase activity is optifnal at a neutral pH. The two catalytically es-
sential aspartic acids must remain properly charged in order to carry out their roles when
substrate enters. The first, Asp”s, must be unprotonated to assume a basic role and hy-
drogen bond the amide proton to facilitate the formation of the oxocarbenium intermedi-
ate; the second residue, Asp'’’, must be protonated to serve the initial acid function (29,

36). We therefore propose that Asp174

plays a role in mediating the charges in the active
site microenvironment, ensuring the enzyme is ready to function when substrate enters.
The D175A and D177N mutants, catalytically defunct at neutral pH, both regain
an appreciable level of activity in pH solutions below 5.5, displaying their importance in
maintaining positive charges for catalysis. The result is predictable for the D177N mutant
since it acts as the catalytic acid in the first step of the reaction, the hydrolysis of the
sugar linkage (Fig. 24). The replacement of an alanine for the aspartate at position 175
may affect the charge of the Asp'”’ side chain, thus altering the pH optima for this mutant
enzyme as well. These two mutants also effectively eliminate the basic limb of the pH
profile seen with the wild type enzyme. These shifts in pH profile serve as confirmation

that each residue plays a catalytic role. Interestingly, rather than having a bell-shaped

curve indicative of the ionization of two residues in the active site, which is seen in a
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F1G 3. pH profiles and kinetic analyses for wild type and mutant NCOAT. 4,
catalytic activity for wild type and mutant NCOATs were measured in 50 mM sodium
cacodylate buffer with 5% bovine serum albumin ranging from pH 4.0 to 9.0 using
para-nitrophenyl-GlcNAc as substrate as described in “Experimental Procedures.” B,
Michaelis-Menten kinetics of hydrolysis of para-nitrophenyl-GlcNAc by wild type and
mutant NCOAT. Wild type and mutant NCOAT were independently incubated with the
indicated increasing concentrations of para-nitrophenyl-GleNAc. C, kinetic parameters
of wild type and mutant NCOAT with para-nitrophenyl-GlcNAc (pNP-GIlcNAc) sub-

strate *-
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large number of glycosidases (29), the pH profile of the wild type enzyme has a discern-
able shoulder in the basic pH range. This phenomenon is typically associated with the
existence of a third ionizable residue in the enzyme’s active site (29, 37), consistent with

our finding that Asp'™ is involved in catalysis in addition to Asp'”® and Asp'”.

Kinetic Analysis of the Wild Type and Mutant Enzymes—To further characterize
the exact roles of these three aspartic acid residues in catalysis as well as that for the

166 residue, the kinetic parameters of each enzyme were determined. The results of a

Cys
Michaelis-Menten plot using increasing pNP-GlcNAc substrate are shown in Fig. 3B.

The resulting data were used to determine the V4, K, and km; values for the wild type
and each mutant enzyme (Fig. 3C). Our model based on the characterization of similar

enzymes predicts that both Asp'” and Asp'”

should be integral in both substrate binding
and catalysis. Indeed, the proposed N-acetyl-orienting residue, when changed to an
alanine, has a 4-fold increase in K, and an 80% decrease in k.., when compared to those
values for the wild type enzyme. The predicted acid/base catalyst Asp'”’, when mutated
to an asparagines, has a K, eight times that of the wild type and a decrease in k., to 10%
of the wild type. These changes can be seen on varying scales with a select number of
analogous mutations in several similar enzymes (32, 38, 39). While Asp'”® and Asp'”’ are
required for both substrate binding and catalysis, the aspartic acid mutant D174N pos-
sessed only a 2-fold difference in K, value from that of the wild type, demonstrating that
substrate binding is only slightly affected with this mutation. We believe that, since
Asp'’*is involved in maintaining Asp'” and Asp'”’ in their unprotonated and protonated

forms, respectively, and since these residues must be in these states in order to allow sub-

strate entry (29, 36), it is likely that the mutation of Asp'’* to an asparagine results in an
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impairment of the enzyme in keeping these residues in their substrate-ready state. There-
fore, we postulate that the small K, effect seen in the D174N mutant is due to an indirect
effect on substrate binding and is not necessarily the result of Asp'’* needing to make
specific substrate contacts. The C166S mutant did not show an appreciable change in its
K., indicating that it plays no role in substrate binding. Each of these latter two mutants
had a generously lower k., value (32% and 40% that of the wild type, respectively),
however, indicating that both Asp174 and Cy5166 again play a role in catalysis but are not

an absolute requirement for activity.

Chemical Rescue of the D1754 Mutant NCOAT—We hypothesize that Asp'” has
arole in assisting the N-acetyl group for nucleophilic attack and the generation of an oxa-
zolinium ion intermediate. If this hypothesis is correct, the D175A mutant enzyme might
be chemically rescued with the addition of an exogenous nucleophile. In this test, the ad-
dition of a strong anion should allow the D175A mutant enzyme to recover an apprecia-
ble level of activity while exhibiting little effect on the wild type and other mutant pro-
teins. This phenomenon has been documented previously for analogous mutations in
similar retaining glycosidases (29, 37, 40). The transition state can still be achieved when
the acid/base residue is present; however, the reaction’s completion is impaired in the
D175A mutant. The chemical rescue is therefore due to the anion species attacking the
anomeric carbon of the oxazolinium intermediate (Fig. 24, step II) without the need for a
general base (29, 37). The addition of the exogenous nucleophile increases the enzyme’s
k... because it is the second catalytic step, the hydrolysis of the oxazolinium ion interme-

diate, which is rate-limiting (29, 37).
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Because sodium azide is small, it may fit into the vacant anion binding site left by
the change of the aspartate carboxylate to the methyl group of alanine (37). As predicted,
the addition of any concentration of NaNj to the reaction mixture had no effect on the
wild {ype enzyme when compared to reactions carried out in the absence of azide (Fig.
4). Similarly, the D174N mutant activity remained unchanged when NaN; was added.
The D177N mutant, the acid/base residue in the reaction, did regain up to a 5-fold level
of activity in a dose-dependent manner with the addition of sodium azide, with the
maximal effect at 2 M or greater. The activity increase is the result of the strong negative
charge of N3', which as stated above can replace the need of the hydroxyl in attacking the
anomeric carbon to reopen the transition state. The first step of the reaction, the acid at-
tack on the C1 oxygen, is still impaired in the D177N mutant, but may proceed to some
extent if a good anomeric leaving group, like para-nitrophenol, is present (37). Thus the
4- to-5-fold recovery of activity is significant but is still only one-fourth that of the wild
type enzyme. The partial recovery of activity then serves as additional support for the no-
tion that Asp'’" is the catalytic acid/base for O-GlcNAcase activity.

The major effect of the exogenous nucleophile, azide, was on the D175A mutant.
This recovery with azide was also dose-dependent, with an 8-fold rescue of activity seen
with the addition of 4 M azide. The azide gives a 70% recovery of activity to the D175
mutant when compared to the wild type enzyme. The chemical recovery of such a sig-
nificant amount of activity in the D175A mutant in the presence of an exogenous nucleo-

phile serves to confirm Asp'”’

s role in mediating the nucleophilic step and the genera-
tion of the oxazolinium ion intermediate to be hydrolyzed during catalysis.

Incubation with NCOAT Makes STZ a More Potent Inhibitory Compound— Inhibi-

tors have become invaluable tools in the study of catalytic mechanisms in glycosidase
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FIG. 4. Activity of wild type and mutant NCOAT in the presence of increas-
ing concentrations of azide. The activity of the wild type (¢), D174N (m), D175A
(A) and D177N (X) mutants was measured as a function of para-nitrophenol hydroly-
sis in the presence of the indicated concentrations of sodium azide.
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enzymes, the most potent of which are compounds that mimic the enzyme’s transition
state. These analogs bind with higher affinity within the active site and competitively in-
hibit the enzyme. For example, allosamidin, a pseudotrisaccharide, is a transition-state
mimetic and a selective inhibitor of family 18 chitinases (27) also NAG-thiazoline is a
potent inhibitor of lysosomal B-hexosaminidases because it simulates the oxazoline reac-
tion intermediate (26). Both have been used gainfully to provide evidence for the sub-
strate-assisted mechanism proposed for their respective enzymes and as a means for con-
firming the intermediate structure. The selective O-GlcNAcase inhibitor, STZ, displays
classic competitive inhibition kinetics (Fig. 54). Since STZ is a GIcNAc analog, it or a

| derivative of STZ may target the O-GlcNAcase active site of NCOAT and become a tran-
sition state analog. When STZ is dissolved in water, 1t rapidly and spontaneously liber-
ates its NO group (<5 min) (41), a reaction that can be observed by various methods, in-
cluding mass spectroscopy. In addition, STZ is a known methyl donor (42), releasing the
terminal CHj; from the native compound at some point during incubation, either prior to
exposure or in the presence of the active site. Regardless of the time of its release, the
compound isolated from the enzyme contains no NO or CH;s. NO and CHj are replaced
by p1'otoﬁs (Fig. 5B, steps L, II). If the enzyme attempts to catalyze STZ as if it were nor-
mal substrate, the catalytic mechanism displayed in Fig. 24 predicts that the reaction is
not favored to advance past the transition state, as depicted in Fig. 5B. That is, Asp'’’ will
donate a proton to the oxygen atom on the C1 carbon, liberating a water molecule. The
oxygen formerly in the N-methyl-nitrosourea chain of the STZ attacks the C1 carbon; the
partial charges observed in the normal reaction’s transition state (Fig. 24, step II), can
now be transferred between the neighboring amines (Fig. 5B, step IV), which have much

higher nucleophilic character than the ether oxygen (or the methyl group in the natural
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FI1G. 5. Streptozotocin as an inhibitor of O-GlcNAcase activity. 4,
Lineweaver-Burk plot demonstrating STZ as a competitive inhibitor of O-GlcNAcase
activity. B, hypothetical reactions and products when STZ is incubated with NCOAT.
When STZ is dissolved in H,O, NO is lost and replaced by a proton (/). STZ also re-
leases its CHs (/I). STZ is targeted to the O-GlcNAcase active site, where the enzyme
attempts to catalyze it. As in Fig. 2, the active site acid donates a proton to the oxygen
atom on the C1 carbon; also the oxygen atom of the urea side chain performs a nucleo-
philic attack on the anomeric center, generating a bicyclic intermediate (/7). The partial
charge on the oxygen is transferred between the neighboring amines (/7). When the ac-
tive site base now deprotonates H,O, the rate of attack by the resulting hydroxyl on the
C1 carbon is reduced since charge on ether oxygen is not favored (7). The resulting
product mimics the natural ligand transition state (V7).
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substrate) does. The compound is more stable as a result because hydroxyl attack on the
C1 carbon will only break the C1-O bond when the less basic ether can draw the charge
from its preferred resonance between nitrogen groups (Fig. 5B step V). If Fig. 5 is correct,
then the resulting enzyme-assisted product should resemble the natural ligand transition
state (with an NH, taking the place of a CH3), resulting in a withdrawal of charge on the
oxygen atom. Such an analog would be catalyzed to completion at a much slower rate
and would thereby inhibit the enzyme. More importantly, the stability of this compound
could allow for the isolation and validation of Fig. S.

Withers and colleagues observed such a phenomenon with the inhibitory reactant
and NAG-thiazoline product of B-hexosaminidase (26). We incubated 0.1 M STZ with
resin-bound NCOAT, washed the unbound compound from the protein, and released the
bound product from the trypsin-digested NCOAT. The resultant compound, without NO
and CH; (Fig. 5B), could inhibit a fresh batch of NCOAT in 2 min at a concentration es-
timated to be less than 1 pM; however, it took 40 min to fully inhibit activity using up to
100 mM fresh STZ (10’ times more potent) (Fig. 6). Trypsinized NCOAT incubated with
fresh enzyme had no effect on activity (data not shown). Whether STZ was boiled,
treated with trypsin, or preincubated in an acidic buffer, the compound had the same in-
hibition kinetics that fresh STZ had when it was then incubated with NCOAT prior to the
assay (Fig. 6).

STZ Inhibits O-GlcNAcase Activity by Being an Enzyme-assisted Transition State
Analog—The stability of the putative transition-state compound allowed us to determine
its molecular mass. The same reactions were repeated, but the compound released aftef
incubation with enzyme was analyzed by mass spectroscopy. As shown in Fig. 74, fresh

STZ has a molecular weight of 265.2 (observed as 266 by mass spectroécopy). STZ with
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FiG. 6. Rate of O-GlcNAcase inhibition using fresh versus enzyme pre-
treated Streptozotocin. The time course of inhibition using fresh STZ is indicated by
@, STZ treated with trypsin only by B, Boiled STZ by A, STZ incubated in acidic
buffer to liberate NO by X, and STZ incubated with NCOAT and then liberated with
trypsin and treated with fresh enzyme by M. Trypsin-treated enzyme alone had no effect
on future samples.
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water loss is also observable [molecular weight (MW) 248]. STZ dissolved in water only
or subjected to trypsin treatment yielded a subfraction of compound with an MW of 237,
consistent with NO loss (Fig. 7, B, and C). Since trypsinization is carried out under basic
conditions, which would deter H -induced NO release from STZ (43), we presume the
NO-minus fraction to be a light- or time-dependent product or the result of the reaction
temperature (37 °c), regardless of the alkaline conditions. We could not detect CHj loss
(252 or 223 MW) by mass spectroscopy under these conditions, so conclusions about ex-
actly when it is liberated could not be determined; however, as stated above, the inhibi-
tory compound isolated from the enzyme had no detectable CH; group (Fig. 7D, Fig. 8, B
and D). When STZ was incubated with NCOAT and then liberated by trypsin, the domi-
nant peak was 206 MW (Fig. 7D), as predicted for the transition-state analog shown in
Fig. 5, step VI. In addition, the native 266 peak is reduced to background, consistent with
the proposal that the enzyme is in fact catalyzing the original STZ compound. The two
point mutants, D175A and D177N, which are virtually incompetent catalytically, could
not generate a peak corresponding to 206 MW when incubated with STZ. While un-
bound STZ is washed away, a small population of bound yet uncatalyzed ligand is pre-
sent. Though they were present in a reduced quantity, the primary species observable
with the spectrometer were that of the native compound and that without H,O (Fig. 7, E
and F). These data reinforce the notion that NCOAT itself is responsible for converting
STZ to a new species with a molecular mass compatible with the reaction shown in Fig.
5.

Structural data using NMR were obtained on the 206-MW compound formed by the
enzyme from STZ to assist our MS deductions. Again, the same reactions were com-

pleted, but scaling up required that the enzyme be denatured by heating. Boiling did re-
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FIG. 7. Molecular weight changes of streptozotocin after incubation with
NCOAT. 4, mass spectra of fresh STZ. with its typical ionization products. B, STZ
treated with trypsin only. C, STZ boiled for 5 min. D, mass spectra observable when STZ
is incubated with NCOAT and then liberated. E, the mass spectra of STZ incubated with
the D175A mutant. F, spectra after incubation with the D177N mutant NCOAT.
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FiG. 8. NMR structural analysis after streptozotocin is incubated with
NCOAT. 4, one-dimensional NMR spectra for fresh STZ. B, one-dimensional NMR
spectra for STZ incubated with NCOAT and then liberated with heat denaturation. C,
two-dimensional NMR spectra for fresh STZ. N-methylurea protons are indicated with
the accompanying inset. D, two-dimensional NMR spectra for STZ incubated with
NCOAT and then liberated. Amine protons are indicated with the accompanying inset.
Cross-talk peaks of interest in the two-dimensional spectra are indicated by an asterisk.
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sult in the rapid release of NO (Fig. 7C) but otherwise gave results nearly identical to
those seen for the trypsin spectra seen in Fig. 7B. Since there is not much difference be-
tween the starting and the enzyme-treated 206-MW compounds with respect to the posi-
tions of the exchangeable OH and NH protons, the differences in the NMR spectra would
be expected to be subtle. Given the structure of the two compounds, however, two dis-
tinct observations could be anticipated. First, the 206-MW species would have a clearly
discernable disappearance of the CHs peak. Second, the nitrogen-bound protons on the N-
methyl—ﬁrea side-chain would shift their respective positions as a result of their interac-
tion with a new environment of protons. Fig. 8 shows the one- and two-dimensional
NMR spectra of the starting and enzyme-treated compounds. A strong methyl peak is ob-
servable at 3.1 ppm in the fresh STZ sample (Fig. 8, 4 and C). This peak is clearly absent
in the sample treated and liberated from NCOAT (Fig. 8,8 and D). The peaks represent-
ing the sugar ring, between 5.1 and 3.3 ppm in each sample, also shift accordingly. The
nitrogen-bound protons visualized at their respective 6.7- and 7.8-ppm positions in the
untreated sample (peak assignments determined by one-dimensional NMR) markedly
shift to 6.2 and 8.2 ppm in the STZ sample analyzed after treatment with NCOAT. In ad-
dition, the proton that replaces the NO group (H2 in panel C) exhibits cross talk with the
methyl group in the untreated sample (indicated by an asterisk), as would be expected
from its proximity (Fig. 8 C). This cross-talk peak is missing in the treated sample; how-
ever, the NH, protons begin to display interaction with other sugar ring protons (Fig 8D).
These latter observations are consistent with these protons being drawn closer to the
sugar ring during the enzyme-assisted bicyclization process. The NMR data are not con-

clusive alone; however, when taken with the MS data and functional enzymology, they
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lead to the preeminent conclusion of the formation of the proposed transition state analog

by the action of the enzyme on STZ (Fig. 5).

Discussion

While STZ inhibits O-GlcNAcase activity (5), its existence has been known much
longer than that of O-GIlcNAcylation. Therefore, many valid attributes of this relatively
simple compound have been ascertained that may contribute to its diabetogenicity (42,
44, 45). Nevertheless, the inhibition of O-GlcNAcase may be the principle means of its
biological action. For this to be the case, several important properties must be explained.
First, STZ itself is not a potent inhibitor of O-GlcNAcase. Second, intact STZ exists tran-
siently in solution, having a half-life of only minutes (43). However, the inhibition of the
O-GlcNAcase can last at least a day in vivo (46). The observation that STZ is converted
by the enzyme to a transition-state analog that is stable to heat treatment and trypsin di-
gestion of the enzyme may explain these paradoxes of potency and stability.

The results of this study have allowed for the positive identification of the O-
GlcNAcase active site region. The active site resides in the N-terminal third of the
NCOAT protein; it is likely, given the conservation among NCOAT proteins and the
strong similarity to the Clostridium perfringens hyaluronidase precursor, Mu toxin
(BLAST score 97.4), that the entire O-GlcNAcase active site lies in a stretch between
amino acids 63 and 283, a span that had previously been predicted to be the enzyme’s
active site in a review by Hanover (47). This likelithood not only explains why N-
ethylmaleimide can inhibit O-GIcNAcase activity, since there is a free cysteine at posi-
tion 166 within the active site, but would also explain why each splice variant protein

tested was inactive in the O-GIcNAcase in vifro assay, since they both lacked a region
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between residues 250 and 345 that partially overlaps the active site (Fig. 1). Interestingly,
Structural Classification of Protein analysis predicts NCOAT to have a motif resembling
a triose phosphate isomerase barrel starting at residue 64 (48). The triose phosphate
isomerase o/fg motif is found in over 25 protein superfamilies, and its presence has been
confirmed (routinely lacking the eighth B-strand) in the active site structures of family 18,
20, and 56 glycosidases (31, 32, 49). Secondary structure predictions can be used to iden-
tify the probable presence of each independent o- and B-motif starting from residue 64
and continuing to residue 359 (data not shown). Finally, this active site assignment is
consistent with several other previous findings. First, an identified splice variant of this
enzyme, which lacks the C-terminal third and the HAT domain of the enzyme, is able to
remain active in hyaluronidase assays (50). A similar C-terminal truncated NCOAT was
constructed and tested during these experiments and was found to retain one-third of the
activity of the wild type (data not shown). Second, it had been found that NCOAT is a
competent substrate for caspase-3 qleavage and that the resultant protein, processed into
two nearly equal halves, is still functional in O-GlcNAcase assays (2).

To further characterize the active site, we have also examined the role(s) of can-
didate residues in the active site that have been shown to be involved in catalysis in
analogous enzymes. Since NCOAT recognizes N-acetylglucosamine as its core substrate,
its mechanism of catalysis is likely the same as or markedly similar to those of other en-
zymes which catalyze the hydrolysis of GIcNA,c such as chitinases (hydrolyze polymers
of B-1,4-linked GlcNAc), hexosaminidases (remove B-1,4-linked GlcNAc from nonre-
ducing ends of oligosaccharides), and hyaluronidases (cleave the glucuronic acid p-1,3-
GlcNAc disaccharides in hyaluronan). The mechanism of catalysis is highly conserved

among these enzyme families and requires the presence of two principally essential resi-
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dues (Fig. 2). We noted that, among chitinases (family 18 glycosidases) and hyaluroni-
dases (family 56), these two key residues, the nucleophilic attack mediator and catalytic
acid/base, are routinely carboxylic acid-containing residues in a catalytic doublet sepa-
rated by a single hydrophobic amino acid. This shared catalytic motif is also present
among NCOATs. In mouse NCOAT, this catalytic doublet consists of two aspartic acid
residues at positions 175 and 177 in the primary sequence. Not coincidentally, these two
residues also lie in the predicted f4-strand of the triose phosphate isomerase barrel, a lo-
cation corresponding to those of analogous residues in family members that have been
crystallized (39, 49, 51).

When either Asp'” was converted to an alanine or Asp'’’ was changed to an as-
paragine, the resulting mutant enzyme was catalytically dead in the in vitro O-GIcNAcase
assay. The mutant enzyme’s K, increased significantly, and the k., reduced dramatically
in each case; these findings indicate that these two residues are both intimately involved
in substrate binding and catalysis. As further confirmation that each of these residues is
indispensable for catalysis, each enzyme was able to recover activity when acidic pH
buffers were used in the assay. When an exogenous nucleophile was added, the Asp177
mutant recovered 40% activity, indicative of the residue’s importance in at least one step
of the acid/base reaction. Asp'” was able to recover up to 70% of the activity when a 4-
M solution of an exogenous nucleophile was added to the system, while its activity was
essentially dead in the solution’s absence; these findings strongly suggest a nucleophilic
role for this amino acid. Taken together, these data lead us to propose that these two resi-
dues in NCOAT play the roles of the two catalytically necessary residues in those en-
zymes in glycosidase families 18 and 56 and that NCOAT follows the same catalytic

mechanism that these same enzymes do (Fig. 24).
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Finally, the Asp'” residue, lying immediately N-terminal to the catalytic doublet,
is conserved among NCOATs. The mutation of this residue to an asparagine impairs the
enzymatic activity at neutral pH and converts the enzyme toward an acidic optimum.
Several glycosidase families have conserved catalytic carboxylates in their active sites in
addition to those involved directly in catalysis (40, 52). Upon characterizétion, these con-
served carboxylates were found to pléy a role in maintaining the proper charge on other
residues within the active site. It is likely that this Asp'", due to its proximity to both of
the essential carboxylates in the catalytic doublet, similarly is involved in regulating the
pK, of the active site hydrophobic environment and aids in keeping both members of the
catalytic doublet in a substrate-ready state.

The role of the free cysteine residue is more problematical. It was previously
demonstrated that sulthydril-specific reagents could inhibit the enzymatic activity of
NCOAT (4). This observation is indicative of a free cysteine important to the normalv
functioning of the enzyme. Since a cysteine modification results in the conversion of the
S-H to an S-R, where R depends on the sulthydril reagent used, it is possible that this R
group, which 1is larger than an H, may impart electronic, polar, or steric constraints not
consistent with the normal active site architecture. By replacing an active site cysteine
(Cys'®®) with a serine, we addressed directly the importance of this residue in catalysis.
This residue is not involved in O-GlcNAc substrate binding, as indicated by its K,

- value’s rivaling that of the wild type enzyme. However, the one-third reduction in k..
when compared to wild type verifies its role, direct or indirect, in catalysis. Currently,
with thev absence of crystal structure, a distinct role for this residue in catalysis cannot be

assigned.
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While the mutagenesis and structural studies on other glycosidases provide evi-
dence for the catalytic mechanism of the O-GlcNAcase, additional evidence is obtainable
using an inhibitor of the enzyme. STZ, a GlcNAc analog and specific, competitive inhibi-
tor of O-GlcNAcase activity (Fig. 5), was used to acquire a stable transition state mimetic
inhibitory compound. NCOAT itself is capable of transforming STZ to this stable com-
pound, which has a molecular weight of 206 and a structure consistent with that of the
bicyclic compound predicted by the catalytic mechanism, with no NO or CH3 groups pre-
sent. Both residues 175 and 177, which are required by the enzyme for proper catalysis
with the native substrate, are also required to convert STZ to its more potent transition
state analog. Similar to the work on other glycosidases and their respective transition
state analog inhibitors, these studies with STZ serve to endorse our model for the cata-
Iytic mechanism of NCOAT. These findings also demonstrate exactly how STZ performs
its inhibitory function on NCOAT. It is not via an oxidative damage mechanism or S-
nitrosation since STZ free of NO can still inhibit the enzyme (Fig. 6, 7, B and C) and
since the liberated NO is removed from the system through washing. These data leave the
enzyme-assisted formation of a transition state analog from STZ as the most plausible

mechanism of inhibition.

Chemical inhibition of O-GlcNAcase by STZ reproduces several hallmark fea-
tures of diabetes and Alzheimer’s disease (46, 53). For diabetes, both B-cell death and
insulin secretory defects result from STZ treatment (54). While STZ releases NO (43)
and methyl groups (43), high amounts of oxidative damage or DNA alkylation would be
required to induce apoptosis, and the B-cell specificity remains unexplained. Because
high levels of OGT exist in B-cells (5) and because O-GlcNAc accumulation in these

cells occurs in a glucose-dependent fashion at physiological concentrations (6), we favor
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the inhibition of O-GlcNAcase as the premier basis for STZ-induced B-cell failure. OGT
is also expressed highly in the pituitary and hippocampus (54), and this suggests how
STZ might target these tissues as well. The new data presented in this paper further this
contention by indicating how the inhibition of O-GlcNAcase by STZ could be sustained
and potent. The potent transition-state analog produced from STZ in the cell could persis-
tently inhibit newly synthesized O-GlcNAcase when freed during normal protein turn-
over/degradation. f-cell death and diabetes as well as hippocampal cell death and Alz-
heimer’s disease could then result from the inhibition of O-GlcNAcase, the only nucleo-
cytosolic enzyme capable of removing the glucose-dependent O-GlcNAc modifications

that participate in so many vital cellular processes (proteasome, gene repression (18, 22)).
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SUMMARY
The Nomenclature of Nuclear Cytoplasmic O-GlcNAcase and Acetyltransferase

O-GlcNAcase was initially characterized in 1994 by Dong and Hart (4). They re-
ported its specificity for O-GlcNAc substrates and biochemically characterized its activ-
ity in the presence of metal ion effectors by varying pH and a range of common glycosi-
dase inhibitors. Independently, in 1998, the same enzyme was described by Heckel ef al.
(38), who purified the enzyme from the screening of meningioma expressing libraries,
and therefore referred to the enzyme as meningioma expressed antigen 5. Due to the na-
ture of the meningiomas in study, the enzyme was examined for hyaluronidase activity
and was found to competently cleave hyaluronic acid substrates. Since hexosaminidases
and hyaluronidases both recognize and catalyze GIcNAc substrates, these independent
findings are not surprising. The name O-GlcNAcase has taken precedent over men-
ingioma expressed antigen 5 for the “hyaluronoglucosaminidase” characterized by both
groups. The results of the works presented here demonstrate that O-GlcNAcase also pos-
sesses a separate acetyltransferase activity for histone substrates. In order to prevent the
prioritized assignment of one of these activities over the other in terms of overall cellular
importance, we hereafter refer to the enzyme as NCOAT (nuclear cytoplasmic O-

GlcNAcase and acetyltransferase) to clearly portray its two activities.
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Characterization of the O-GlcNAcase Active Site of NCOAT

The knowledge that the sulfhydril-specific alkylating reagent N-ethylmaleimide
inhibits O-GlcNAcase activity suggests that the enzyme has a free cysteine residue in or
around its active site (4). This information was used as the starting point to narrow in on
the active site’s location. The use of a biotinylated sulthydril reagent, N-(hexyl)-3’-(2’-
pyridyldithio) propionamide, allowed us to purify peptides that contained a free cysteine
in the enzyme’s native structure and to utilize matrix-assisted laser desorption/ionization
mass spectroscopy to determine their sites in the primary sequence of the enzyme. Two
free cysteines were discovered and subsequently mutated to serines. Only one of these
two mutant enzymes, the Cys'*®—Ser enzyme, lacked enzymatic activity in the hexosa-
minidase assay, thus providing the first biochemical evidence of the active site’s prox-
imity. When two naturally occurring splice variants were used in the assay, they both
were catalytically defunct, leading us to the conclusion that the enzyme’s active site over-
lapped the cysteine residue at position 166 as well as the common region missing from
the two splice variants, amino acids 250-345. This finding is supported by several inde-
pendent observations and lines of evidence. First, the region between amino acids 63 and
283 for mouse NCOAT displays strong similarity to hyaluronidase active sites as deter-
mined by SMART protein analysis (39). NCOATS across species are also highly con-
served in sequence within this area. Another protein analysis program, Structural Classi-
fication of Protein, predicts NCOAT to have a triose phosphate isomerase o/Pg barrel cor-
responding to this region, with the same secondary structure pattern seen in chitinase,
hexosaminidase, and hyaluronidase active sites (64, 65). Second, an identified splice
variant of this enzyme, which lacks the C-terminal third and the HAT domain of the en-

zyme, retains significant activity in hexosaminidase assays (14). Third, NCOAT is a sub-
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strate for cleavage by the protease caspase-3; the resulting protein, possessing only the N-
terminal 350 amino acids, is similarly active in O-GlcNAcase assays.

Having determined that the location and architecture of the O-GlcNAcase active
site resemble those of chitinases, hexosaminidases, and hyaluronidases allows for the as-
sumption that the catalytic mechanism of NCOAT is particularly similar to these en-
zymes. These enzymes have a conserved mechanism whereby a carboxylic acid-
containing residue donates a proton to the oxygen atom of the O-linkage, breaking the
glycosidic bond. The 2-acetamido side-chain of the GlcNAc substrate then acts as a nu-
cleophile, attacking the anomeric carbon to form an oxazolinium ion intermediate. The
nucleophilic attack is aided by a second carbonyl, which manipulates the side-chain as
well as stabilizes the transition state charge. These two critical residues in these enzymes
reside in a D-y-D/E motif that is found in the mouse O-GlcNAcase at amino acids 175-
177. Mutation of these residues resulted in inactive enzymes, thereby establishing their
importance for O-GlcNAcase activity. By using assays involving increasing substrate
concentration, varying pH, and nucleophilic chemical rescue, we have confirmed the
roles of these two residues; the aspartic acid at 175 plays a role in mediating the nucleo-
philic attack and the aspartic acid at 177 is the critical acid/base. The aspartic acid at po-
sition 175, when mutated to an alanine, resulted in a protein with a shift to an acidic pH
optimum, a 4-fold increase in the enzyme’s K,,, and an 80% decrease in k.4; these find-
ings confirm its role in substrate binding and O-linked GlcNAc catalysis. This mutant
enzyme also had the ability to recover up to 70% of the wild type level of activity when
an exogenous nucleophile, azide, was added to the reaction, validating its nucleophilic
role in catalysis. When the aspartic acid residue at position 177 was mutated to an aspar-

tate, the protein also exhibited a marked shift to an acidic pH optimum. The Asp177——>Asn
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mutant had a K, eight times that of the wild type enzyme and a decrease in k.4 to 10% of
that of the wild type, once again demonstrating its importance in substrate binding and
catalysis. A 5-fold recovery of activity in the presence of negatively charged azide exhib-
ited its role in the basic step of the enzymatic reaction. The cysteine residue at position
166, mentioned above, and a mutation of the aspartic acid at 174 were also tested. The
Cys'*®—Ser mutant was determined to be involved indirectly in catalysis on the basis of
its significant decrease in k., with no change in X,,. The Asp'”*— Asn mutant displayed
kinetic parameters similar to those of the Cys'®®*—Ser mutant and showed a dramatic op-
timal pH shift to the acidic range, demonstrating that it also plays a role in catalysis as
well as in maintaining the charges on the surrounding residues so they can function at
neutral pH. These data provide a platform from which specific drugs may be designed to
inhibit O-GlcNAcase activity, facilitating future studies of any pathway under the influ-

ence of O-GlcNAc modification.

Mechanism of O-GlcNAcase Inhibition by Streptozotocin

Having established the mechanism of O-GlcNAcase catalysis and having deter-
mined the amino acid residues within the active site which are principally responsible for
this mechanism provide a foundation for examining how the diabetogenic drug STZ can
inhibit this activity. Since STZ is a GIcNAc analog, it can reasonably be expected to tar-
get the O-GlcNAcase active site of NCOAT, where the enzyme will attempt to catalyze
the compound as if it were a normal O-GlcNAcylated substrate.

STZ has previously been revealed to spontaneously release NO as well as to do-
nate its terminal methyl group (CHj3) to specific targets (66, 67). The NO and CHj group

loss occurs independently of the presence of NCOAT, with the NO loss starting after 5
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min when added to a neutral or acidic solvent and the CH; group lost over several hours.
The resulting ligand, when incubated with O-GlcNAcase, gets converted into a com-
pound which can inhibit a fresh batch of enzyme at a concentration, 1 pM, which is 10°
times more potent than the native compound. This inhibition takes less than 5 min,
whereas it takes 0.1 M of the original ligand 40 min to completely inhibit the enzyme.
This new chemical compound is the result of the enzyme’s catalytic mechanism, which
converts STZ into a transition state analog which is structurally stable in the enzyme’s
active site. The resulting compound has an ionized molecular weight of 206, consistent
with that predicted to be the case when the enzyme catalyzes the substrate into the transi-
tion state analog, where its only divergence from the natural ligand transition state is the
replacement of a CH3 with an NH,. Structural observations by NMR also reinforce the
conclusion that STZ is converted by the enzyme into the bicyclic transition state mimetic.
Glycomimetics, often designed to resemble the transition state of a catalyzed substrate,
are emerging as important tools in the structure/function study of the enzymes they in-
hibit. They are also evolving as candidates for therapeutic compounds when the enzyme
they inhibit has been validated as disease-causing or restorative when impaired. Gly-
comimetics are currently showing considerable promise as chemotherapeutics for the
treatment of viral infections (68), cancer (69), and osteoarthritis (70) as well as for meta-
bolic disorders such as Tay-Sachs and Sandhoff’s disease (71, 72) and diabetes (73). The
work presented here provides a valuable tool for the study of inducible diabetes in labora-

tory animals.
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Characterization of the Acetyltransferase Activity and Domain of NCOAT
Published results by Comtesse et al. (39) had reported the observation that
NCOAT possesses a domain in its C terminus that has similarity to the active sites of ace-
tyltransferases, though at that time a corresponding activity had not been established. The

results of the work detailed here demonstrate that NCOAT does in fact possess acetyl-
transferase activity in vitro for a synthetic histone H4 tail substrate as well as for all four
core histones, both free and in the context of reconstituted oligonucleosomes. Moreover,
it does so with site specificity, as NCOAT can acetylate histone H3 on lysine 14 and his-
tone H4 on lysine 8 but not on lysine 16.

The active site for this activity was found to reside, as predicted, in the C-terminal
third of the protein, where it displays the exact pattern of a-helices and [3-sheets seen in
the crystal structures for nine different acetyltransferases that are predicted to have simi-
larity to NCOAT. The facts that STZ does not affect acetyltransferase activity and that
the C-terminal third of the enzyme alone is sufficient to catalyze acetyltransfer dictate
that this domain, like other acetyltransferase domains, acts independently of the rest of
the protein.

The acetyltransferase domain of NCOAT was also ascertained to maintain the
same catalytic mechanism that the GenS, HAT1, and GNAT acetyltransferases families
do. These enzymes catalyze acetyltransfer by having an active site carboxylate-
containing residue acting as a base that deprotonates the target lysine residue, which in-
variably enters the active site in its NHs" form. This deprotonation causes the ¢-amino
group of the lysine to attack and bind to the acetyl group of acetyl-CoA. The reaction is
then drawn to completion when an active site tyrosine (with exception) donates a proton

to the coenzyme A sulfur atom to generate the thiolate leaving group. NCOAT’s C termi-
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nus possesses the necessary carboxylate-containing residue and tyrosine in positions
nearly identical to (if not identical to) these enzymes in the predicted secondary structure
of the active site. When placed in histone acetyltransferase assays, the proteins with mu-
tations to these residues, the tyrosine at position 8§91 and the aspartate at either position
853 or position 884, were found to retain little to no activity over background, thereby
establishing these residues as essential for catalysis and validating the above mechanism
as the means by which NCOAT can catalyze acetyltransfer.

NCOAT’s possession of two catalytic activities gives the enzyme the potential to
have a profound impact on gene transcriptional regulation. It is well documented that ar-
eas of repressed gene transcription have a tendency to be hypoacetylated (74-76). In addi-
tion, areas of repressed chromatin also have shown a tendency to be hyperglycosylated
(21); also, O-GlcNAc addition to transcriptional activators such as Spl, cyclic 3°,5’
adenosine monophosphate responsive element-binding protein, and RNA polymerase 1I
has been shown to impair their ability to act as genetic coactivators (23, 77, 78). Unpub-
lished data from our laboratory have shown that OGT can bind very strongly to NCOAT
in pull-down assays using either overexpressed or endogenous proteins. The fact that
OGT has been shown to be recruited to repressed chromatin by mSin3A (21) immedi-
ately leads to the implication that NCOAT will be found at these sites as well. NCOAT
has the ability to remove the repressive O-GlcNAc modifications on transcriptional acti-
vators as well as the ability to acetylate histones and open up the chromatin for transcrip-
tiona] activity, making NCOAT a player of potentially paramount importance in gene

regulation.
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