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The invitro and in vivo specificity of the family of peptide:N-acetylgalactosaminyltransferases (GalNAcT) is analyzed on the
basis of the reactivity and/or inhibitory activity of peptides and protein segments. The transferases appear to be multi-sub-

strate enzymes with extended active sites containing a least nine subsites that interact cooperatively with a linear segment

of at least nine amino acid residues on the acceptor polypeptide. Functional acceptor sites are located on the surface of

the protein and extended conformations ( p-strand conformation) are preferred. The acceptor specificity of GaINAc-T can be
predicted from the primary structure of the acceptor peptide with an accuracy of 70 to 80%. The same GalNAc-T enzymes
catalyze the glycosylation of both serine and threonine residues. The higher in vitro catalytic efficiency toward threonine
versus serine is the result of enhanced binding as well as increased reaction velocity, both effects being the result of steric
interactions between the active site of the enzyme and the methyl group of threonine. Results from substrate binding
studies suggest that GalNAc-T catalyzed transfer proceeds via an ordered sequential mechanism.
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Introduction quently resulting in molecules where the saccharide struc-

. . . . I ntri more than half of the molecular mass.
Mucin-type O-linked oligosaccharide structures are tures contribute more than half of the molecular mass

common constituents of many secretory and cell surface
proteins [1,2]. They are characterized by the N-acetyl-  [Initiation of mucin type O-linked oligosaccharide
galactosamine which invariably links the oligosaccharide biosynthesis

chain to the polypeptide backbone by means of an O-link-
age to a serine or threonine residue in the protein [3].
Mucin-type O-linked structures may occur either as single
entities at one distinct site on polypeptides or, perhaps
more frequently, as clusters attached to specific sequence
segments [e.g., 4-16]. Such sequence segments, first identi-
fied in mucins and commonly referred to as “mucin do-
mains,” are rich in serine, threonine, and proline, while they
contain relatively few charged or strongly hydrophobic
amino acids and few strong determinants of secondary
structure [15-20]. Generally, mucin domains consist of re-
peating amino acid sequence segments each of which may
contain a number of glycosylated serine and threonine resi-
dues [15-17]. Within a given mucin repeat segment, the
saccharide structures can be located as close to each other
as being attached to contiguous amino acids [4,21,22], fre-

The biosynthesis of mucin-type O-linked oligosaccharides
is initiated by the transfer of an N-acetylgalactosamine
from UDP-GalNAc to a serine or threonine residue on an
acceptor polypeptide. This reaction is catalyzed by a family
of enzymes collectively referred to as UDP-Gal-
NAc:polypeptide N-acetylgalactosaminyltransferases (Gal-
NAc-T). At the time of writing this review, several distinct
GalNAc-T sequences have been identified in mammals
[23] and expression of five of these, namely GalNAc-T1,
GalNAc-T2, GalNAc-T3, GalNAc-T4, and GalNAc-TS,
has been described [24-29]. The sequences of the five en-
zymes all encode active GalNAc-transferases with what
appears to be distinct but largely overlapping substrate
specificities [28-30]. While the sequence similarity between
these five GalNAc-transferases is rather limited, it is nev-
ertheless significant and indicates common origin and com-
mon functionality. As shown in Figure 1, in the sequence
- _ comparison of nine enzymes, the segments corresponding
o ihom conesperdence shoud ve sadtssed Ae P ENATMEr "0 iions 115156 and 285375 in the human GalNAC.
49001-4940; E-mail: ake.elhnammer@am.pnu.com T1 display a selectively high degree of identity, which sug-

91



—_
~
[\9)

IDENTITIES IN WINDOW

-
(&)
AN EREERNANNE A RER AN AN N U U NG N NN NE AN NN NN NNNE AN NNENENE |

SUM OF

o

AN RN N N NN RS RN

100 200 300 400 500 600

CENTER OF WINDOW

Figure 1. The amino acid sequences of human GalNAc-T1, bovine
GalNAc-T1, rat GalNAc-T1, mouse GalNAc-T1, human GalNAc-T2, hu-
man GalNAc-T3, mouse GalNAc-T3, mouse GalNAc-T4, and C. elegans
GLY3CE were aligned using the CLUSTAL algorithm as first described
by Clausen and Bennett [30]. The resulting identity graph—with the
sequence positions numbered according to the human GalNAc-
T1—was then scanned using a window of 41 amino acids within which
the number of identities was summed, with conservative replacements
counting as 0.2 identity. The two peaks showing <50% identity, i.e.,
Sumy, = 21, correspond to segments 115-156 and 285-375.

o

gests that they constitute part of the active site. The seg-
ment 316-376 shows 80-85% sequence similarity. This seg-
ment has been designated as the “GalNAc-T motif” and is
proposed to be important for substrate binding [31].

In contrast to N-linked sugars, O-linked oligosaccharides
are conjugated post translationally to the acceptor pro-
teins: Available data suggest that the transfer of the anchor-
ing N-acetylgalactosamine occurs either in an intermediate
compartment between the endoplasmic reticulum and the
Golgi apparatus [32-34] or in the cis portion of the Golgi
stack [35-41]. However, only limited information is avail-
able concerning the transfer reaction in situ. A UDP-Gal-
NACc transport system, analogous to other nucleotide sugar
antiporters identified in the secretory pathway, has been
shown to be present in a highly enriched rat Golgi mem-
brane preparation [42-43]. This system may then be re-
sponsible for transporting the UDP-GalNAc required for
the reaction from the site of its synthesis in the cytoplasm,
to the luminal compartment where the glycosylation is pre-
sumed to take place. Other details of the in vivo transfer of
N-acetylgalactosamine, such as the local topology of the
glycosylation machinery, the format of acceptor presenta-
tion within the glycosylation compartment and the actual,
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in situ, conditions for the reactions, remain unknown.
Moreover, the individual, specific roles of the several Gal-
NAc-T enzymes identified to date have not yet been recog-
nized. Although the five mammalian GalNAc-transferases
expressed to date appear to have somewhat different in
vitro acceptor specificities, those differences are essentially
quantitative since most acceptors tested are glycosylated
by all five enzymes, albeit with differing catalytic efficien-
cies [28-30]. Also, Nehrke et al. [44], while studying the in
vivo acceptor specificity of GalNAc-T, found that a re-
porter molecule containing a single glycosylation site de-
rived from the human von Willebrand factor was equally
glycosylated—with >95% efficiency—by Cos 7, L6 and by
10(3) cells, even though GalNAc-T1, -T2, -T3, and -T4 are
expressed at quite different levels in the three cell lines.

Catalytic properties of GalNA c-transferases
Specificity toward the donor substrate

GalNAc-T-catalyzed glycosylations have been studied
quite extensively in vitro. Like many other glycosyltrans-
ferases, the GalNAc-transferases have a narrow specificity
for their donor substrate, UDP-GalNAc. For GalNAc-T1
this specificity appears to be essentially absolute; other
nucleotide sugars have an affinity almost three orders of
magnitude lower than that of UDP-GalNAc (Fig. 2).
Moreover, the reaction product UDP competitively inhib-
its the transfer reaction with a K; which is identical within
experimental error to the K, for UDP-GalNAc (1.7 vs.
1.5 uM), suggesting that the major force responsible for
the binding of the nucleotide sugar to the enzyme is con-
tributed by the nucleotide portion of UDP-GalNAc and
that the interaction with the sugar moiety is essentially a
matter of steric fit. The enzyme GalNAc-T3 has a donor
substrate specificity similar to that of GalNAc-T1, while
another transferase, GalINAc-T2, has a somewhat broader
specificity in that it is capable of also using UDP-Gal (30).
GalNACc-T1 binds to columns with immobilized donor sub-
strate in the presence of Mn**, even in the absence of
acceptor [45]. In contrast, the enzyme binds to columns
with immobilized acceptor substrate only in the presence
of the donor substrate, or UDP. This suggests that Gal-
NACc-T1 catalyzed glycosylation reactions proceeds via an
ordered sequential kinetic pathway, analogous to that ob-
served with the xylosyl-transferase enzyme which initiates
proteoglycan synthesis [46].

Specificity toward the acceptor substrate

The specificity of GalNAc-transferases toward the acceptor
substrate is less transparent. Early studies, using crude en-
zyme preparations or whole cell lysates, as well as more
recent investigations using purified or recombinant Gal-
NAc-transferases either intact or in truncated forms, have
shown that GalNAc-T is able to transfer N-acetylgalac-
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Figure 2. The donor substrate specificity of GalNAc-T1 was investigated by studying the effect of increasing concentrations of uridine and various
nucleotides and nucelotide sugars on the activity of the enzyme. Standard assay conditions were employed [18].

tosamine not only to intact and to partially degraded pro-
teins, but also to a number of synthetic peptides of various
lengths and diverse compositions [18,47-63]. The influence
of polypeptide length on the catalytic activity of GalNAc-
transferase was first investigated by Janis Young and co-
workers [50,51]. They demonstrated the necessity of the
a-amino group on the acceptor amino acid to be blocked for
acceptors to be functional, and observed that proline resi-
dues located at certain positions toward the carboxy termi-
nal with respect to the acceptor amino acid, can have a
dramatic influence on the catalytic activity. Other investiga-
tors have confirmed these findings and also found that
charged amino acids and/or amino acids with bulky side
chains at positions close to the acceptor have a deleterious
effect on acceptor efficiency [53-55,57-59,63,64]. Presum-
ably because of their bulkiness, glycosylated amino acids
close to the acceptor amino acid also reduce the glycosyla-
tion efficiency [62].

A considerable amount of work has been devoted to
trying to discover a specific amino acid sequence or a char-
acteristic motif—analogous to the Asn-X-Ser/Thr motif
recognized by the oligosaccharyltransferase catalyzing the
attachment of N-linked oligosaccharides—that would de-
fine the acceptor sites for GalNAc-transferase [65]. At-
tempts to identify such “motifs” have been made through
studies of amino acid sequences surrounding glycosylated
serines and threonines in native glycoproteins and through
in vitro glycosylation studies using proteins and peptides as
acceptors [63,064,66-69]. Little, if any, consensus has
emerged from these studies. Invariably, many glycosylated
serine and threonine residues are surrounded by residues
not corresponding to any of the consensus motifs, while the
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in vitro work showed that GalNAc-T1 is capable of glyco-
sylating serines and threonines surrounded by a bewilder-
ing variety of sequences. On the other hand, many of the in
vitro studies do show that even though GalNAc-T’s have a
wide in vitro acceptor specificity, they still display consider-
able differences in their catalytic efficiency toward differ-
ent acceptors [18,50,51,53-55,58,59]. Both the composition
and sequence of at least four amino acids located at either
side of the acceptor have a profound influence on the effi-
ciency of the glycosyl transfer. Also, distribution of certain
amino acids at specific positions with respect to the ac-
ceptor serine or threonine appears to be associated with
high acceptor efficiency [18,54,55,58,59].

In an attempt to delineate the acceptor specificity of
GalNAc-T, Elhammer et al. [18] analyzed the amino acid
sequences surrounding 196 serine and threonine residues
glycosylated in vivo. Although no specific sequence(s) or
acceptor motifs emerged, the analysis revealed clear non-
random distributions of the individual amino acids at sites
encompassing up to four residues at either side of the gly-
cosylated amino acids. Serine, threonine and proline, for
instance, were significantly surabundant at all nine subsites
while essentially all strongly hydrophobic and strongly hy-
drophilic amino acids occurred at very low frequencies.
Still, no evidence was found for an absolute requirement
for any given amino acid at any subsite, besides the obvious
need for an acceptor serine or threonine. These results
indicated that GalNAc-transferase has an extended bind-
ing site for the acceptor substrate and that the interaction
of the enzyme with its acceptors is most appropriately de-
scribed by a cumulative subsite mechanism, where the in-
teractions of all the subsites with their corresponding
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amino acids in the acceptor sequence independently con-
tribute to the catalytic efficiency, but where none of the
interactions (again with the exception of the acceptor
amino acid) is an absolute requirement. An extended bind-
ing site interaction with the acceptor is also convincingly
shown by the importance of sequences upstream and
downstream of the acceptor amino acid: several in vitro
studies demonstrate a clear loss of transfer efficiency upon
truncation of the acceptor sequence [50,51,58,59,63]. More-
over, in an in vitro study of the glycosylation of human
chorionic gonadotropin, Sugahara et al. [70] found that the
acceptor site for the glycosylating enzyme(s) extends 4-5
amino acids in each direction from the acceptor serines.
They also found, by mutational analysis, that the type of
amino acid(s) within the acceptor sequence, with the ex-
ception of proline, is not critical for glycosylation and that
each (tandem) repeat domain in the carboxy-terminal por-
tion of the protein is glycosylated independently of the
state of glycosylation of the other domains.

The specificity of enzymes utilizing a cumulative subsite
mechanism can be characterized by a numerical analysis of
the frequencies of individual amino acids at each subsite in
the acceptor sequence. A set of specificity parameters, de-
fined for each amino acid at each subsite, allows one to
calculate the probability that any given amino acid se-
quence would be recognized by the enzyme. Using such
specificity parameters, Elhammer et al. [18] developed an
algorithm capable of predicting probable sites for glycosy-
lation by GalNAc-T. The accuracy of the method is about
75-85% [19,21,71,72]. In support of the validity of the pre-
dictive algorithm, it was discovered in the course of the
analysis of specificity by the cumulative subsite mechanism,
that while proteins synthesized in the secretory pathway
that are not glycosylated contain very few or no predicted
sites for O-glycosylation, other proteins synthesized either
in the eukaryotic cytosol or by prokaryotes, may contain a
number of potential sites. The latter sites are of course not
utilized in vivo but can be glycosylated in vitro. Although
some of these predicted sites are cryptic, i.e., they are not
available for glycosylation in vivo or in vitro—presumably
because they are buried in the interior of the protein—they
are still functional acceptors for GalNAc-T in that they can
be glycosylated in vitro upon destruction of the tertiary
structure of the protein, for example by reduction and car-
boxymethylation of the cysteines. Thus, one concludes that
the probable sites predicted by this method are indeed
functional glycosylation sites and that the specificity pa-
rameters determined in the analysis of in vivo glycosylated
sequences outlined above provide a valid description of the
specificity of the enzyme. The results also illustrate that
sites for O-glycosylation must be exposed on the surface of
the acceptor in order to be glycosylated in vivo, a fact
consistent with the post-translational localization of this
reaction. The majority of predicted sites on mammalian cell
surface and secreted proteins are glycosylated in vivo, i.e.,
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in general these proteins contain few unutilized or cryptic
sites. Moreover, proteins that are unglycosylated in the
native state often contain few if any predicted sites [18],
suggesting that proteins not destined for glycosylation in
vivo may in fact have been selected against the inclusion of
glycosylation sites in their sequence.

The specificity parameters obtained in the above analy-
sis allow one to design efficient synthetic peptide acceptors
and inhibitors by selecting for each subsite amino acids
with the highest specificity. In this way, one can find ac-
ceptors that are not segments of native proteins or other-
wise derived from native sequences, and yet have a high
predicted probability of glycosylation. One such acceptor is
the peptide PPASTSAPG, the design of which represents a
direct application of the glycosylation specificity parame-
ters discussed above (see ref. [18]). Evaluation of this pep-
tide in in vitro glycosylation experiments revealed that it is
indeed an efficient acceptor for GalNAc-T-catalyzed glyco-
sylation. In fact, with a catalytic efficiency of 1,330 M1
sec™1, it readily outperforms most peptides based on native
acceptor sequences (53,57). One acceptor peptide,
PPDAATAAPL, has been found with a higher in vitro
catalytic efficiency, but its sequence represents a modifica-
tion of the native sequence, PPDAASAAPL, from human
erythropoietin, where threonine has been substituted for
the serine in the central, acceptor position. While essen-
tially all GalNAc-T acceptors identified to date have ac-
ceptor K, ‘s in the low mM range, the peptide
PPDAATAAPL has a K, almost an order of magnitude
less (Tables 1 to 4) when assayed with GalNAc-T1, but not
with GalNAc-T2 or GalNAc-T3.

The acceptor specificity of the GalNAc transferases has
also been analyzed by others. Algorithms have been devel-
oped that to a modest extent may increase the success rate
of predicting potential glycosylation sites. This increase,
however, comes at the price of introducing a large number
of additional parameters [19,71,72]. The methods are
largely heuristic and provide little additional insight into
the mechanism of acceptor specificity. It is important to
note that all of these analyses are based on the implicit
postulates that the glycosyl transferases have an extended
acceptor binding site, that the acceptor specificities are the
result of the cooperative enhancements contributed by all
subsites, and that the same enzyme is responsible for the
glycosylation of both serines and threonines.

The analysis by Chou et al. [71] also implies that there
may be an interaction between the subsite occupied by the
acceptor amino acid and the other subsites, thereby pre-
dicting that optimal glycosylation of serines may require
the presence of a set of amino acids at the nonacceptor
subsites which may be different from that required for the
glycosylation of threonines. Since the increase in predictive
ability achieved by implying an interaction between the
acceptor subsite and the other subsites is statistically insig-
nificant, the interaction, if it occurs at all, should be rather
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minor. A strong interaction between the different subsites
is also implied by the “multiple motif” specificity model
[63,66—-69] which posits that when a given subsite is occu-
pied by a certain amino acid, then glycosylation can only
occur when the other subsites are occupied by certain cor-
responding amino acids. In other words, occupancy at a
given subsite alters the specificity of the other subsites. The
glycosylated protein data base so far failed to reveal any
statistically significant cross-correlation between frequen-
cies of occurrence of given amino acids at any two subsites,
thereby suggesting that interaction between the different
subsites likely is minor, if not negligible.

The amino acid sequences in the immediate neighbor-
hood of the acceptor threonine or serine do not indicate
the existence of subclasses of acceptor substrate specifici-
ties discernible by correlational analyses. And yet, there
exists a clear dichotomy of proteins glycosylated by the
GalNAc transferases: one class of protein substrates con-
tains domains with multiple repeats of acceptor segments,
while proteins in the other class bear only isolated acceptor
segments, often consisting of not more than one glycosy-
lable amino acid residue. Glycosylation of proteins in the
first class is largely random and often only partial but still
yielding fully functional derivatives, while the function of
the proteins in the second class depends critically on their
glycosylation. Since the reactivity of these two substrate
classes is not distinguished by the amino acids bracketing
the acceptor threonine/serine function, it is tempting to
speculate that in the case of the single-site acceptor pro-
teins, the GalNAc transferases may recognize not only the
acceptor enneapeptide segment, but also some structural
elements distal to it. Future studies will perhaps shed some
light on the existence of these secondary binding sites and
the important role that protein conformation may play in
the regulation of O-glycosylation.

Relative catalytic efficiency toward serine and
threonine-containing acceptors.

Several investigators have reported that GalNAc-trans-
ferase glycosylates serine-containing acceptors less effi-
ciently than threonine-containing ones [18,53,55-57]. On
the basis of such observations it has even been suggested
that GalNAc-T1 is, in reality, a threonine-specific enzyme
and that there may exist separate transferases specific for
threonine and for serine [53,55]. A comparison of the rates
of glycosylation of the threonine and serine containing de-
rivatives of two acceptor sequences, PPASTSAPG/
PPASSSAPG and PPDAATAAPL/PPDAASAAPL, ie.,
of substrate molecules that are identical except for the
acceptor amino acid, reveals a definite selectivity for
threonine, with in vitro catalytic efficiencies some 30 to 130
times higher for threonine than for serine (Tables 1 to 4).
Nevertheless, all three GalNAc-T enzymes studied are
clearly capable of efficiently glycosylating serine residues
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Table 1. Kinetic parameters of peptide glycosylations catalyzed
by GalNAc-T1

Acceptor peptide K, Viax X 103 VoK
mM st M1is7t
PPAS-T-SAPG 6.9 £0.2 9,181 = 210 1,330
PPAS-alloT-SAPG ~50 ~40 ~0.8
PPAS-S-SAPG 7216 109 = 21 15
PPDAA-T-AAPL 0.2 £ 0.04 4,901 = 192 24,505
PPDAA-alloT-AAPL ~17 ~100 ~6
PPDAA-S-AAPL 1.8+ 05 435 * 87 247

Table 2. Kinetic parameters of peptide glycosylations catalyzed
by GalNAc-T2

Acceptor peptide K., Viax X 103 VoK
mMm st M1is7t
PPAS-T-SAPG 32x04 2,456 * 139 765
PPAS-S-SAPG 134 0.8 195 *= 18 15
PPDAA-T-AAPL 32+x04 2,105 = 200 658
PPDAA-S-AAPL 146 = 0.7 328 = 10 22

Table 3. Kinetic parameters of peptide glycosylations catalyzed
by GalNAc-T3

Acceptor peptide K, Viax X 103 VoK
mM st M-1s1
PPAS-T-SAPG 3.0x+03 1,994 + 214 671
PPAS-S-SAPG 147 = 2.7 77x5 5
PPDAA-T-AAPL 12*+01 840 x 51 677
PPDAA-S-AAPL 40.2 =111 489 *+ 31 12

and the relative efficiencies toward serine and threonine
remain the same during all stages of the enzyme purifica-
tion. Furthermore, the catalytic efficiencies of the serine-
containing forms of the above two peptides are comparable
to that of some other threonine-containing acceptor pep-
tides whose sequences had been derived from native ac-
ceptor “motifs” [69; Table 5]. Also, compilation of all
glycosylated sites reported in the literature reveals that the
overall number of glycosylated serines and threonines is
about equal, suggesting that the two amino acids are
equally efficient acceptors in vivo [18,19]. These results
suggest that the differences between the catalytic efficien-
cies toward serine and threonine containing acceptors ob-
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Table 4. Catalytic efficiencies, V,,, /K., and Threonine versus Serine acceptor specificity ratios

GalNAc-T1 GalNAc-T2 GalNAc-T3
Acceptor peptide Vinax K Thr/Ser VinaxKn Thr/Ser VinaxKn Thr/Ser
M1is7t M-1is7t M-1s7t

PPAS-T-SAPG 1,330 765 671

89 51 134
PPAS-S-SAPG 15 15 5
PPDAA-T-AAPL 24,505 658 677

99 30 56
PPDAA-S-AAPL 247 22 12

served in vitro, may be of little consequence in vivo. In fact,
when expressing an engineered acceptor in COS7 and
MCEF-7 cells, Nehrke et al. [73] found poor correlation be-
tween residues efficiently glycosylated in vivo and in vitro.

An obvious reason for the efficient glycosylation of ser-
ines in vivo could be the presence of an as yet undetected
serine-specific transferase different from the threonine-
specific enzyme. Though still not impossible, the existence
of an enzyme that glycosylates exclusively serine residues
is somewhat unlikely in view of the fact that in spite of
considerable efforts no evidence, direct or indirect, was
ever found to point toward the occurrence of such an en-
zyme [57]. It certainly is not necessary to invoke the exist-
ence of such an enzyme, since GalNAc-T1, as discussed
above, is capable of efficiently glycosylating serine residues
in vitro, albeit at a slower rate than threonine. Also, the two
other GalNAc-transferases tested, GaINAc-T2 and Gal-
NAc-T3, both show the same relative, but not absolute
preference as GalNAc-T1, for threonine containing ac-
ceptors (Tables 2 and 3). Along these lines, it also has been
reported recently that the mammalian GalNAc-T4, and
nine GalNAc-transferases identified in Caenorhabditis ele-
gans, all glycosylate threonine in vitro at a much higher rate
than serine, but not exclusively [74].

Against this background it appears likely that enzymes
with in vitro relative serine/threonine specificities similar to

Table 5. Kinetic parameters of GalNAc-T1 catalyzed transfer to
peptides containing acceptor “motifs”.

Sequence motif N° K, Vo X 103V, /K,
mM st M-1s1
ELAP-T-APPE 1 1.33 6906 5192
ATAA-T-AATA 2 1.44 547 380
IGVR-T-VAPP 3 23.7 648 27.3
PPKA-T-APPP 3 6.97 974 140
APAP-S-SPPP 4 181 263 145
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those of GalNAc-T1, -T2, and -T3 are responsible for the
bulk synthesis of both glycosylated threonines and serines
in the cell. Perhaps, the acceptor concentrations in the cis-
Golgi compartment where glycosylation takes place, are so
high as to make the in vitro differences in catalytic efficien-
cies irrelevant. Alternatively, the lower acceptor efficiency
of serine may be compensated for by a longer transit time
in the glycosylating compartment. Several mucins, for ex-
ample, require more than an hour to reach the cell surface
and a large portion of this time appears to be spent in
transit between the ER and the trans Golgi, i.e.,in the very
compartment(s) where O-glycosylation probably takes
place [75-78]. To illustrate the subtle complexity of the
question of in vivo specificity, consider the fact that De-
lorme et al. [79] and Elliott et al. [80] observed that—in
close analogy with the observations in vitro—the threonine
residue at position 126 of recombinant erythropoietin ex-
pressed in COS1 and CHO cells was glycosylated more
efficiently than a serine replacing it. In contrast, Nehrke et
al. [73] found that upon expression in COS7 and MCF-7
cells, a recombinant reporter molecule containing one site
for O-glycosylation, was glycosylated with equal efficiency
whether the site was occupied by a threonine or serine
residue. Possible cause for this difference in behavior could
be a structural alteration by the serine in erythropoietin,
but not in the reporter molecule. Alternatively, the expla-
nation may be as simple as differing transit times in the
glycosylating compartment(s). In fact, Nehrke et al. [73]
noted that in vivo glycosylation of low-efficiency sites
could be improved by culturing the cells at a lower tem-
perature, thereby increasing the dwelling time of the re-
porter molecule in the glycosylating compartment(s).
Another possibility is that in vivo acceptors are folded and
presented to the enzyme in such a way that the efficiency
of serine glycosylation is selectively enhanced.

The cause of the higher in vitro specificity toward
threonine-containing acceptors is as yet unclear. An exami-
nation of kinetic data for the two acceptor pairs
PPASTSAPG/PPASSSAPG and PPDAATAAPL/
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PPDA ASAAPL suggests that if the K, values reflect bind-
ing affinities, then the enhanced catalytic efficiency toward
threonine may be due at least partially to a higher binding
affinity toward threonine containing acceptors, even
though the K, ‘s for PPASTSAPG and PPASSSAPG are
almost identical. The fact that the K;‘s for the inhibitor
peptides based on the acceptor PPDAATAAPL are very
similar to the K., for PPDAASAAPL, indicates that the
increased affinity may be due to some specific interaction
of the acceptor subsite with the methyl group of the threon-
ine side chain. (Table 6). Since the substitution of a-amino
butyric acid in the position of the acceptor amino acid does
not improve the affinity of the peptide for the enzyme
(Table 6), it is not the interaction of the subsite with the
methyl group of threonine per se which is directly respon-
sible for the increased free energy of binding of the peptide
to the enzyme. In other words, it is unlikely that the higher
efficiency is the result of the enzyme containing a high-af-
finity binding site specific for a methyl group. Rather, the
presence of the methyl group of threonine at the active site
must somehow enhance the interaction of the hydroxyl
group of threonine with the enzyme. The interaction of the
methyl group with a bulky group on the enzyme may create
a steric hindrance to the free rotation of the hydroxyl-bear-
ing carbon and thereby promote the formation of a stable
hydrogen bond between the hydroxyl group and the en-
zyme. Whatever the exact cause of threonine specificity, the
results from these binding experiments are fully consistent
with the hypothesis of cumulative subsite interactions be-
tween the enzyme and the acceptor and argue against rec-
ognition of specific acceptor motifs. Could it be that the
binding of the threonine-containing peptides to the enzyme
is stronger because threonine, but not serine, is able to
induce in solution a peptide conformation already approxi-
mating that of the enzyme-bound peptide? Energy-mini-
mized modeling studies of the acceptor peptide
PPDAATAAPL and of homologues where the acceptor
threonine is replaced by serine, cysteine, alanine, or 3-hy-
droxyproline (see Tables 1 and 6), indicate that all these
peptides—with or without threonine—have a tendency to

Table 6. Dissociation constants of peptides acting as competi-
tive inhibitors of GalNAc-T1 catalyzed glycosylations.

K,
Peptide mM
PPDA—A—AAPL 1.51
PPDAA—A—AAPL 0.98
PPDAA—aaB—AAPL 1.58
PPDAA—C—AAPL ~4.5
PPDAA—hyP—AAPL 21.2

oaB, a-aminobutyric acid
hyP, 3-hydroxyproline
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form similar structures that contain only a limited number
of secondary structural elements. NMR studies of these
peptides in solution indicate that even if there may be some
weak interactions between amino acids in the amino termi-
nal portion of the peptide PPDAATAAPL, there are no
detectable interactions in other efficient acceptor peptides,
such as PPASTSAPG (A. Kurosaka, B. Stockman and A.
Elhammer, unpublished observations). Taken together
these results are consistent with the proposal that the pri-
mary structure is the major determinant of peptide speci-
ficity and they indicate that GalNAc-T does not recognize
a specific solution secondary structure of the acceptor pep-
tide segment even if the enzyme induces an extended con-
formation in the peptide [18,81], upon binding.

Structural studies on GalNA c-transferase acceptors

The B-carbon in both serine and threonine is able to rotate
around the a-carbon-B-carbon bond. This allows the -hy-
droxyl group of the enzyme-bound peptide to assume an
orientation with respect to the catalytic groups of the en-
zyme that is conducive to glycosylation. However, free ro-
tation will also allow the hydroxyl group to be orientated
in directions that preclude glycosylation. Consequently, the
degree of freedom of rotation in the enzyme-bound pep-
tide likely has a significant influence on the catalytic effi-
ciency of an acceptor since selective immobilization of the
threonine hydroxyl in an optimal position should increase
the rate of glycosyl transfer. We propose that this, in con-
junction with the enhanced binding discussed above, is the
reason for the differing catalytic efficiencies toward serine
and threonine. The kinetic data presented in Tables 1 to 4
are consistent with this hypothesis. Thus, the immobi-
lization of the hydroxyl group by steric hindrance promotes
glycosylation, not only in the binding step, but also in the
catalytic step. Conversely, the hydroxyl group on serine,
which is not subject to this restriction, requires more en-
ergy to bind (higher K;) and even in the bound state it
retains some of its mobility which then results in lower
catalytic efficiency, hence a lower V_,,,. The fact that the
methyl group on threonine does restrict the orientation of
the hydroxyl is clearly demonstrated by the poor reactivity
of peptides in which the acceptor L-threonine had been
replaced by L-allo-threonine (Table 1). These peptides are
essentially inactive, in spite of the fact that allo-threonine
contain both the hydroxyl and the methyl groups that make
threonine a very efficient acceptor. This result is indeed
fully consistent with the proposal that the methyl group is
forced by steric hindrance into the same position in allo-
threonine as in threonine, thereby forcing the hydroxyl of
allo-threonine to be oriented in a direction away from the
catalytic groups of the enzyme. An analogous situation is
created by the introduction of 3-hydroxyproline in the ac-
ceptor position of the peptide (Table 6). Although this
amino acid contains an hydroxyl group on the B-carbon and
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although 3-hydroxyproline has the same stereochemistry as
threonine, the proline ring structure locks the hydroxyl
group in an orientation that is not conducive to GalNAc-T1
catalyzed glycosylation. Consequently, this peptide is
merely an inhibitor instead of being an acceptor.

The specificity of GalNAc-transferase appears to be re-
stricted to aliphatic hydroxyl-containing amino acid ac-
ceptors. Thus, a peptide containing cysteine in lieu of the
acceptor threonine or serine, even when incubated for a
long time in the presence of large amounts of recombinant
enzyme, failed to produce any measurable amount of gly-
cosylated product, suggesting that GalNAc-T1 is incapable
of transferring GalNAc to a thiol group (Table 6). And yet,
this peptide does bind to the enzyme with an affinity com-
parable to that of the corresponding peptides containing
serine or alanine at the acceptor site: the K; for PPDAA-
CAAPL is 45 mM as compared to 1 mM for
PPDAAAAAPL and a K, of 1.8 mM for PPDAASAAPL.
The slightly lower affinity of the cysteine-containing pep-
tide is probably the result of the larger size of the SH group
as compared to that of an OH group. Since the cysteine
residue in the peptide represents the sulfhydryl equivalent
of serine, an amino acid which only has a modest in vitro
acceptor activity, it is tempting to speculate that an ac-
ceptor peptide containing L-B-methylcysteine—the
equivalent of L-threonine—may be slowly glycosylated by
the enzyme.

Specificity-based design of small molecule inhibitors
of GalNA c-transferases; applications in drug discovery
research

O-linked oligosaccharide structures have been assigned a
range of diverse biological functions [2,82] and they also
play key roles in many pathologies. Conditions associated
with cell-cell interaction mechanisms, such as host cell-
pathogen interactions, leukocyte-endothelial cell interac-
tions, gamete interactions, cancer cell-endothelium cell
interaction during metastasis, and cytotoxic effector cell-
target cell interactions in immune response reactions, are
all prominent illustrations of the important biological roles
of O-linked oligosaccharides [2,83]. Some pathological
conditions are directly linked to over expression of O-
linked oligosaccharide structures. Most human cancer cells,
for example, express specific O-linked oligosaccharide an-
tigens at levels that often are directly correlated with ma-
lignancy [83]. Two such structures, commonly referred to as
the T and Tn antigens, are among the best-characterized
and widely recognized cancer markers [84,85]. The impor-
tance of O-glycans in carcinogenesis and cancer progres-
sion is cogently illustrated by the performance of the cell
surface molecule MUCI in human breast cancer: recent
work has shown that over-expression of this molecule, typi-
cally at ten times the normal level, promotes tumor growth
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and also helps human breast cancer cells avoid elimination
by the effector cells of the immune system [75,86-91].

With this background, one cannot but conclude that
modification or inhibition of O-linked oligosaccharide bio-
synthesis is a prime target for drug discovery. For example,
compounds that inhibit GalNAc-transferase could be used
to attenuate the excessive synthesis of cancer-associated
mucins and thereby predispose the cancer cells to contact
inhibition signals from surrounding tissues as well as to
elimination by the immune system. The same type of com-
pounds also could be used to modify saccharide structures
expressed in normal cells in such a way that the binding of
circulating leukocytes to inflammation sites, or the binding
of pathogens to the surface of host cells, could be fully, or
at least partially, inhibited. Other possible applications in-
clude the treatment of respiratory conditions such as
asthma, emphysema, and cystic fibrosis as well as im-
mune/autoimmune diseases. The fact that there are several
homologous, but subtly distinct, mammalian GalNAc-
transferases [28,31,74]—some of which are expressed in a
tissue and/or cell type-specific manner—offers the possibil-
ity of developing inhibitors directed at a specific enzyme
involved in a particular disease process, thereby avoiding
side effects caused by a broad systemic inhibition of O-gly-
can synthesis.

In preliminary studies evaluating this concept, we were
able to identify a number of small molecules capable of
inhibiting in vitro the GalNAc-T1-catalyzed transfer to
synthetic acceptors. Some of these compounds also showed
activity in cell cultures. In particular, we found two com-
pounds that are able to inhibit completely the conjugation
of O-glycans to the MUCI precursor proteins in the human
breast cancer cell line ZR-75-1. This resulted in a consider-
able attenuation of the expression of mature MUC1 mole-
cules on the surface of these cells (C.A. Baker, T. Peterson,
and A P. Elhammer, unpublished observations).

Conclusions and future directions

In summary, the initiation of mucin-type O-linked oligosac-
charide biosynthesis is catalyzed by a family of peptide:N-
acetylgalactosaminyltransferases with closely overlapping
in vitro acceptor specificities. These transferases are multi-
substrate enzymes with extended active sites containing at
least nine subsites that interact cooperatively with a linear
segment of at least nine amino acid residues on the ac-
ceptor polypeptide. No specific acceptor motifs are recog-
nized by the GalNAc-T’s, but efficient acceptor proteins
are characterized by a restricted distribution of a limited
set of amino acids. Functional acceptor sites must also be
accessible on the surface of the protein and extended con-
formations (B-strand conformation) are preferred. The ac-
ceptor specificity of GalNAc-T can be described by an
array of specificity parameters characterizing the various
amino acids in the nine subsites. These parameters allow
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one to use algorithms to predict sites for GalNAc-T cata-
lyzed glycosylation, currently with an accuracy ranging
from 70-80%. In spite of significant differences in in vitro
catalytic efficiencies, the same GalNAc-T enzymes likely
catalyze the transfer of N-acetylgalactosamine to both ser-
ine and threonine residues in vivo. The higher in vitro cata-
Iytic efficiency observed for threonine as compared to
serine is the result of enhanced binding as well as increased
reaction velocity. Both of these effects are caused by steric
interactions between the active site of the enzyme and the
methyl group of threonine. Results from substrate binding
studies suggest that GalNAc-T catalyzed transfer of N-ace-
tylgalactosamine to acceptor polypeptides proceeds via an
ordered sequential mechanism.

Recent progress in our understanding of the initiation of
O-linked oligosaccharide biosynthesis has been impressive:
Several transferases catalyzing this reaction have been
identified and cloned, the chromosomal localization and
genomic organization have been described for three sepa-
rate enzymes, and a considerable amount of data has been
accumulated on the in vitro substrate specificities of Gal-
NAc-T. Still, interesting and important questions remain
unanswered. With the insight and tools provided by the
studies mentioned above it should now be possible to ad-
dress questions such as optimal reaction conditions, ac-
ceptor specificity and enzyme topology in situ, as well as
the specific function and regulation of the several isozymes
identified to date and structural details of the interaction
between the enzymes and their substrates.
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