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Kinetic Modeling Confirms the Biosynthesis of Mucin Core 2-Gal(1—3)
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ABSTRACT. Glycoproteins containing heavily O-glycosylated, mucin-like domains serve important biological
functions in which the O-linked glycans play a major role. Although not well understGeglycan
structures are known to vary reproducibly as a function of their position in the peptide sequence. Toward
understanding such behavior, an analysis of the in vivo CofeGal(1—3) a-GalNAc-O-Ser/Thr) site-
specific glycosylation pattern of the porcine salivary gland mucin 81 residue tandem repeat has been
undertaken. When a kinetic modeling approach is utilized, the in vivo Core 1 glycosylation pattern could
be reproduced by incorporation of the inhibitory effects of neighboring residue glycosylation plus and
minus three residues of the site of glycosylation. The obtained positional weighing parameters suggest
that the porcine salivary gland Core 1 transferase (UDP-galactose:glycopme@itNAc £3-galacto-
syltransferase) is most sensitive to the presence of glycans C terminal to the site of glycosylation. The
analysis further suggests that neighboring peptide ceBalNAc residues are primarily responsible for

the effect. These findings further support the notion that the formation of the Core 1 structure, an important
initial step inO-glycan biosynthesis, may be regulated to a large extent by neighboring residue glycosylation.
As a result, the development of approaches for predi€hggycan core structures in a site-specific manner
may now appear a distinct possibility.

Glycoproteins containing heavily O-glycosylated, mucin- mechanisms for this modulation of tl@-glycan structure
like domains play important and diverse biological roles such by peptide sequence is poorly understood, although our
as protecting cell surfaces, modulating eeléll interactions, previous PSM studies suggest that the presence of neighbor-
targeting cellular proteins, regulating inflammatory and ing glycans may play a significant rolel7, 18). As
immune responses, and in tumorogenisis and metastasis (fotonfirmation, we have recently shown that the site-specific
example, 1-7). In these glycoproteins, O-glycosylated glycosylation of the PSM tandem repeat by purified mam-
domains typically play critical functional roles, which rely  malian UDP-GalNAc:polypeptider-GalNAc transferases
on their extended structures and ability to bg decorated by(ppGaINAc transferase) T1 and T2 can be largely reproduced
an array of glycan structures,(9). In some instances, a tjlizing a kinetic model where the rate of glycosylation is
unique placement of specifid-glycan structures along the  jecremented as a function of the neighboring glycosylation
peptide sequence may be required for full biological activity g;ate (9. We now report that a similar kinetic model can
(2, 10-16). Recently, we have demonstrated that the \on04,ce the in vivo substitution pattern of the peptide

O-glycan structures in the porcine salivary gland mucin a-GalNAc residue by;-Gal [by the action of UDP-galactose:

(PSMY tandem repeat vary reproducibly as a function of :
. L ; glycoproteinei-GalNAc [3-galactosyltransferase (Core 1
their position in the peptide sequenck), Therefore, the transferase)] forming the so-called Core 1 basic structure,

glycosyltransferases that form the |n|t|a_1l cofeglycan _ eB-GaI(1—3) a-GalNAc-O-Ser/Thr. These findings strongly

structures as a rule can be expected to display reproducibl support the idea that the formation of the Core 1 structure

and specific sensitivities to the peptide sequence. The PP o . : ; '
an important initial step irD-glycan biosynthesis, may be

T Supported by the National Institutes of Health, National Cancer highly modulated, if not regulated, by neighboring glyc-:o-.
Institute, RO1-CA-78834. sylation. These results suggest that approaches for predicting
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1 Abbreviations: PSM, porcine salivary gland mucimGalNAc, EXPERIMENTAL PROCEDURES
o-N-acetylgalactosaming:-Gal, f-galactoseksaicanao first-order rate . e
constant for addition of Gal to GalNAc, see eq 1 in the Supporting 1€ S'te'SPeC'f'C PSM tandem repeaGalNAc and Core
Information; Weanam and Weacanan, GalNAc and Gal-GalNAc- 1 glycosylation data obtained from three A blood-group

disaccharide positionah) weighting functions described in eqgs 2 and i i i
3 in the Supporting Informatiorf(GalNAc + GalGalNAc), modified 1m7m.:_1§ p:]gfivhavsdt?ern Erc?vtlouilyr rep(()jrtevd,r ;arbleir?di?/];drefl
exponential glycosylation density function described by eq 4 in the 1/- IN€natve a ore 1 data averaged over three ua

Supporting Information. PSM preparations were utilized in these calculations.
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Kinetic modeling was performed using a modification of
the approach developed for ppGalNAc transferases T1 and
T2 (19) as described in detail in the Supporting Information.
In the model, a global first-order rate constantfeGal add-
ition to a-GalNACc, Keacanae IS multiplied by a factor,
f(GalNAc + GalGalNAc) (ranging in value from 1 to 0),
that is inversely proportional to the neighboring residue gly-
cosylation state plus and minus three residues of the site of
addition (see egs-14 in the Supporting Information). As a

result, the rate constant for glycosylation is decreased as a

function of neighboring residue glycosylation. User adjust-
able positional-weighting coefficient®sanacn aNdWeacanan
(where residue = —3 to —1 and-+1 to +3) are used to re-
flect the positional sensitivities of the Core 1 transferase to
o-GalNAc and the Core 1 disaccharide (GalGalNAc) at each
position, respectively. Values foNcanam and Waaicanan
range from O to 1.0, representing no sensitivity to full sensi-
tivity to glycosylation at the position. The time course of
glycosylation of o-GalNAc by g-Gal was obtained by
numerical simulation of glycosylation kinetics (see eq 5 in
the Supporting Information) using Lotus 123 spread sheet
software release 9.7 (Lotus Development Corp., Cambridge,
MA).

In this model, there are 13 adjustable variables (12
positional-weighting coefficient®/canan andWesacanan and
1 rate constarisacanad for the fitting of 29 unique experi-
mental data points. The implementation of this model in-
volved the manual adjustment of the above variables until a
satisfactory fit with the experimentally derived in vivo Core
1 glycosylation pattern was obtained. The fitting procedure
began with systematically varying the positional-weighting
functions (see below) and maximizing the fit (as monitored
by the standard deviation SD and correlation coefficiént
for each weighting scheme by iterations on thgcanac
value at a fixed arbitrary time poiAtTo further simplify
the fitting procedure, the positional-weighting parameters
were varied in 0.25 unit increments. Additional specific
assumptions made in the implementation of this model are
described in the results.

RESULTS

PSM Oligosaccharide Characterizatiomhe O-linked
glycans attached to the PSM 81 residue tandem repeat ma
range from mono- to pentasaccharide, representing the T
through sialylated A blood-group antigenic determinates (see
Figure 1;20—22). The site-specific in vivo glycosylation
pattern of the PSM tandem repeat from a series of A blood-
group minus pigs has recently been determirigf). (In this
paper and in an earlier stud¢8§), it was observed that the
basica-GalNAc and Core 1 substitution pattern$Gal-
(1—3) a-GalNAc-O-Ser/Thr) appeared to be nearly identical
among individual pigs, while the subsequent formation of
the H and A structures varied among individuals. This
suggests similar expression levels of the core transferase
and variable expression levels of the H and A blood-group
synthesizing transferases among individuals. Analysis of the
extent of Core 1 substitution revealed a weak inverse
correlation (particularly with respect to Ser-linked glycans)

2 Note that the model fitting could have been equally performed using
an arbitrarily fixed rate constant and performing iterations on the time-
point value.
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o-GalNAc-O-SerThr  Mono (Tn}

o-GalNAc-O-Ser/Thr  Di (T)

p-Gal (1-3)”

o-Fuc (1-2) ,-GalNAc-O-Ser/Thr  Tri (H)

“5-Gal (1-3)

Core 1 Glycans

w-Fuc (1-2) /u-GaINAc—O-Ser/T hr
“B-Gal (1-3)
w-GalNAc (1-3)

Ficure 1: O-linked glycan structures found on the PSRO{22).

Core 1 glycans, defined by th(1—-3) linked Gal, are indicated.
The Core 1 glycosylation patterns characterized in this paper were
derived from three A blood-group minus animals that lack the A
blood-group tetrasaccharid&?). A sialic acid residue in the form

of N-glycolylneuraminic acid¢-NeuNGI) may also be 2,6-linked

Tetra (A)

to the peptide core--GalNAc residue of each glycan.

with the density of Ser and Thr residues in the tandem repeat
(see Figures 5B and 7A of rdf7). These findings suggest
that the Core 1 transferase may be inhibited by neighboring
glycosylated residues. Because there is apparently one
mammalian Core 1 transferase (UDP-galactose:glycoprotein-
o-GalNAc 33-galactosyltransferase)3—25),2 it is reason-
able to attempt to model the in vivo PSM Core 1 pattern
using the kinetic modeling approach recently developed to
model ppGalNAc transferases T1 and T®)

Model Fitting the In Vio PSM Core 1 Glycosylation
Pattern.To model the in vivo Core 1 glycosylation pattern,
a number of simplifying assumptions were made as fol-
lows: (1) thatksacanacis identical for both Ser- and Thr-
linked glycans (although a provision for differing rate
constants is present); (2) that the in vivo Core 1 pattern
represents a single arbitrary time point relatively advanced
in the biosynthetic time course and calculated trajectory; (3)
that the Core 1 transferase acts only after the full in vivo
level of peptide-linked-GalNAc is reached (i.e., there is
no temporal competition among ppGalNAc and Core 1
transferases); (4) that there is no competing sialylation of
the a-GalNAc residue; and (5) that further substitution of
the Core 1 disaccharide will be invisible to the model (i.e.,
further substitution, occurring later in the biosynthetic

%athway, does not compete temporally with the Core 1
nformation). To simplify the initial fitting procedure, the

positional-weighting value®Vsanacm andWesaicainan, repre-
senting the inhibitory effects of GalNAc and the Core 1
disaccharide, were assigned to identical values. This latter
assumption reduced the number of unique fitting parameters
to seven, excluding the arbitrarily chosen time point, which
remained fixed. The validity of many of these assumptions
was further tested as discussed below.

After a systematic search process (see Figure S2 in the
Supporting Information), a set of positional-weighting pa-
rameters was obtained that was found to optimally reproduce
the in vivo Core 1 glycosylation pattern (Figure 2). Best
results were obtained fONganacn and Waaicanan Weights

3 Note that the second-described Core 1 transferase, Core 25,2 (
is not an active transferase because it has the identical amino acid
sequence as the recently described Core 1 associated molecular
chaperone, Cosmic24) that is required for the proper folding of the
originally reported Core 1 transferases).
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Ficure 2: Results of the numerical simulation of the PSM tandem repeat in vivo Core 1 glycosylation pattern. (A) Optimized residue
positional-weighting parameteré/canaan andWeacanan, €mployed in the calculation. (B) Amino acid sequence of the PSM 81 residue
tryptic tandem repeat26). Native mucin contains about 100 contiguous repeats of this sequfcgC) Left panel: Comparison of
simulated (light blue bars) and experimental (dark blue bars) Core 1 glycosylation for Ser and Thr residues. The best fit gives a SD of 9.1
mol % for all residues (8.7 and 9.4 mol % for Ser and Thr separately). Also shown are the native peptided®&dAc values for each

residue (grey bars). Right panel: Plot of the calculated versus experimental Core 1 glycosylation (alfpeifisg14, slope= 0.854).

Separate Ser data (red diamondss= 0.823, slope= 0.872) and Thr data (blue circles, = 0.604, slope= 0.670) are given. (D) Left

panel: Comparison of the normalized (relativeat@>alNAc) Core 1 glycosylation pattern (bars labeled the same as in C). Right panel:
Plot of the normalized Core 1 data (all point3= 0.469, slope= 0.564). Separate Ser datd & 0.407, slope= 0.524) and Thr datar{

= 0.635, slope= 0.667) are labeled the same as in C. Note that data for Thr 79 and Ser 80 are omitted as their in vivo Core 1 data are
uncertain. The exclusion of these data has no effect on modeling neighboring Ser 73 and is undetectable on Ser 2. The calculation was
performed using &cacanac rate constant of 0.04 mole fraction/unit time and at the 70 unit time point (see the Supporting Information).

of 0.25, 0.25, 0.25, 0.75, 0.5, and 0.5 for th8 to —1 and below 15-20 mole percent after reversing the experimental
+1 to +3 positions relative to the site of glycosylation Ser and Thr data in the sequence (data not shown). A failure
(Figure 2A). These weights give a model versus experimentto reproduce the out-of-sequence experimental data would
standard deviation of 9.1 mol %, which is comparable to be expected if Core 1 glycosylation was indeed modu-
the estimated experimental error of the in vivo determinations. lated by neighboring glycosylation effects. Hence, the opti-
A comparison of the experimental and model Core 1 glyco- mal fitting parameters obtained are not likely an artifact of
sylation for each Ser and Thr residue in the PSM tandem the PSM sequence (see Table 2 in the Supporting Information
repeat is given in the left panel of Figure 2C. Each residue’s of ref 19 for an analysis of the distribution of Ser and Thr
native a-GalNAc glycosylation is also given in the figure. residues in the sequence) nor of the fitting procedure.
(Refer to Figure 2B for the complete sequence of the PSM  To further evaluate the goodness of fit, corresponding plots
tryptic tandem repeaPg, 27).) A plot of the model versus  of the Core 1 substitution patterns normalized to the initial
in vivo Core 1 glycosylation gives & of 0.81 and slope of  a-GalNAc substitution were obtained (Figure 2D). With
0.85 (right panel of Figure 2C). Separate statistics for Ser- normalization, a less biased and more critical analysis of the
and Thr-linked glycans are given in the caption of Figure 2. simulation is obtained. However, with normalization, small
Attempts to further improve the fitting by independently differences within experimental error are emphasized for
increasing the weights of the disaccharMéacanan, failed residues with low initialo-GalNAc contents, for example,

to further improve the fit, typically resulting in poorer fits.  Ser 2, 32, 54, and 63. Nevertheless, the plot of the normalized
In addition, poor fitting parameters were obtained when the data (left panel of Figure 2D) demonstrates that the model
monosaccharid&/canan Weights were zeroed, thereby fully — quite satisfactorily represents the experimental glycosylation
placing the neighboring glycosylation effects onto the disac- pattern. The plot of the normalized model versus experi-
charide (data not shown). As a validation of the model, no mental data give & of 0.47 and slope of 0.54 (right panel
fitting parameters could be obtained that gave SD values of Figure 2D).
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An examination of the plots in parts C and D of Figure 2 of Ser- and Thr-linked-GalNAc are identical. This contrasts
reveals that the model is very capable of correctly reproduc- with the earlier model peptide studies, which show Thr-linked
ing the full range of observed Core 1 glycosylation values. a-GalNAc residues to be more rapidly glycosylated than Ser-
For example, the experimentally observed low Core 1 linked glycans 86, 37). However, native PSM does not
glycosylation at Ser 32, 57, 59, 62, and 63 and Thr 22, 29, display such a Thr/Ser Core 1 differential (see parts C and
30, 49, and 50 is predicted, while the high levels of D of Figure 2); hence, the previous observations may be a
glycosylation at the remaining residues are almost completelyresult of the nature of the short8 residue glycopeptides
reproduced. Even for residues where the model and experi-utilized. Interestingly, however, the in vivo fucosylation of
mental values differ by greater than the estimated experi-the PSM Core 1 structure shows a clear sensitivity to Ser-
mental error £10—15 mol %), the model shows the correct and Thr-linked glycans while showing no apparent sensitivity

high or low trend (i.e., Ser 6, Ser 33, and Thr 29). to neighboring group glycosylation 7). Studies in progress
with purified Core 1 transferase on the PSM tandem repeat
DISCUSSION will further address both of the above uncertainties with the

O-glycosylation of Ser and Thr residues is initiated by the Core 1 ransferase.

action of a family of Golgi resident ppGalNAc transferases  In the simulation, it was assumed that full peptide
(presently, ppGalNAc T4T13), many of which possess 0-GalNAc addition was completed prior to Core 1 addition
unigue ranges of peptide substrate preferen@&s Z9). and that substitution by sialic acid did not compete or
O-glycan elongation continues in the Golgi by the action of interfere with the formation of the Core 1 structure. The
a series of specific transferases that sequentially add sugar@bility of the model to reasonably reproduce the in vivo Core
to the growing oligosaccharide side chain. The overall 1 glycosylation suggests that many of these assumptions may
structural diversity observed for O-linked glycans has been possibly reflect the in vivo situation. Therefore, the apparent
attributed to many factors including the expression levels of overlap of the Core 1 and ppGalNAc transferases in the cis
transferases, the concentration of sugar nucleotide substrates;olgi may not necessarily preclude the possibility that
the sub-Golgi localization of transferases, and the competition substantiabi-GalNAc addition can be achieved priorfeGal

of transferases for acceptor (for exam@B€-34). Except addition @1, 38, 39).# The assumption that sialylation does
for the different peptide substrate preferences of the variousnot compete with Core 1 glycosylation is consistent with
ppGalNAc transferases [and their modulation by neighboring sialyltransferases being typically localized to the trans Golgi
glycosylation (9, 35)], none of these factors can readily (32, 40). Likewise, the assumptions regarding the lack of
account for the site-specific glycosylation patterns presently temporal interference of the transferases that act on the Core
observed for longer O-linked glycans. 1 structure also seem reasonable.

In this paper, the in vivo Core 1 glycosylation pattern of  To summarize, the site-specific in vivo Core 1 glycosy-
the PSM 81 residue tandem repeat has been reproduced usingition pattern of the porcine submaxillary mucin tandem
a kinetic model where the Core 1 transferase rate ConStantrepeat has been reproduced by a Simp|e kinetic mode”ng
is decreased as a function of the extent of neighboring approach that takes into account an inhibitory effect of
glycosylation. These results confirm previous suggestions peighboring residue glycosylation. The model suggests that
(17, 18) that Core 1 substitution may be modulated by the peptide-linkedi-GalNAc residue plays the dominant role
neighboring glycosylatpn. Earlier Core 1 transferase studies, i this inhibition. As a result, an important mechanism for
on short model peptide substrates, have also revealedhe opserved modulation of the Core 1 structures in vivo
suspected neighboring glycosylation effects as well other appears to have been elucidated. Although further detailed
peptide-specific effects (i.e., charge and residue ty6) (  |inetic studies with purified transferase are desired to confirm
37). However, the present paper suggests that, at least fory,eqe results in vitro, these findings suggest that the eventual
heavily O-glycosylated mucin domains, neighboring glyco- iy to predict, by numerical kinetic modeling approaches,

sylatlo'n effects seem to domln.ate over the other factors, inq initial coreO-glycan patterns in mucin-like domains may
potentially modulating the formation of the Core 1 structures. be one step closer to fruition. With such models, it may
An analysis of the optimal positional-weighting parameters pecome possible to elucidate the temporal activities and sub-

Weainam @aNdWeaicainan (Figure 2A) reveals that the Core 1 - Golgj localizations of the transferases involved in the initial
transferase is weekly sensitive to the glycosylation of the steps ofO-glycan biosynthesis.

three-residues N terminal of the site of glycosylation. In

contrast, the transferase appears to be highly sensitive to thesypPORTING INEORMATION AVAILABLE

glycosylation of the adjacent residues C terminal of the

glycosylation site. These effects may reflect the apparently Description of the kinetic model and supporting Figures
fixed nature of the conformation ofi-GalNAc residues  S1 and S2. This material is available free of charge via the
attached to mucins and their effect on the conformation of Internet at http://pubs.acs.org.

the peptide core9). It is noteworthy that the present model

was found to produce the best fit under conditions where i

the transferase displayed identical sensitivities to neighboring o:aﬁzggc;tglm’gccgagﬂzria:spgﬁﬁgniqna?k% Inl;mh;\’aﬁ i gr? esgnsvp;?/'féﬁg%
a-GalNAc— and p-Gal(1-3) a-GalNAc—. These results  (38), while ppGalNAc T1, T2, and T3 have been differentially localized
suggest that the effects of neighboringGalNAc— (steric throughout the Golgi in HeLa cell89). The Golgi localization of the

or conformational in nature) dominate and are not signifi- Core 1 transferase has not been described; however, it must reside in
the cis to medial Golgi with or before the major Core Z2N-

cantly increased upon elongation to the disaccharide. Theacetylglucosaminyltransferase (C2GnT), whose substrate is the Core 1
model further suggests that the rates of Core 1 glycosylationstructure 81).
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