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ABSTRACT. The structures of three nine-residue peptide substrates that show differential kinetics of O-linked
glycosylation catalyzed by distinct recombinant uridine diphosphistacetylgalactosamine:polypeptide
N-acetylgalactosaminyltransferases (GalNAc transferases) were investigated by NMR spectroscopy. A
combined use of NMR data, molecular modeling techniques, and kinetic data may explain some structural
features required for O-glycosylation of these substrates by two GalNAc transferases, GalNAc-T1 and
GalNAc-T3. In the proposed model, the formation of an extended backbone structure at the threonine
residue to be glycosylated is likely to enhance the O-glycosylation process. The segment of extended
structure includes the reactive residue ifi-Bke or an inversey/-turn conformation and flanking residues

in a-strand conformation. The hydroxyl group of the threonine to be glycosylated is exposed to solvent,
and both the amide proton and carbonyl oxygen of the peptide backbone are exposed to solvent. The
exchange rate of the amide proton for the reactive threonine correlated well with substrate efficiency,
leading us to hypothesize that this proton may serve as a donor for hydrogen bonding with the active site
of the enzyme. The oxygens of the residue to be glycosylated and several flanking residues may also be
involved in a set of hydrogen bonds with the GalNAc-T1 and -T3 transferases.

The molecular parameters that govern the specificity and that sequences flanking serine and threonine residues sig-
kinetics of mucin-type O-linked glycosylation of serine and nificantly affect catalytic activity of GalNAc transferases
threonine with N-acetylgalactosamine by uridine diphos- (4, 5, 8-10, 12.
phate-N-acetylgalactosamine:polypeptids-acetylgalac- O-Glycosylation is carried out by a large family of
tosaminyltransferases (GalNAc transferasesain poorly enzymes (for review, see refd) that recently has been
understood. O-Glycosylation of glycoproteins is influenced characterized by biochemical and cDNA cloning techniques.
by protein trafficking, parameters of substrate protein folding, Recombinant forms of these enzymes have been investigated
and levels of enzyme activityl( 2); in contrast, the relative  for relative catalytic efficiency and substrate specificit)(
importance of acceptor substrate primary amino acid se- The results of initial studies show that distinct GalNAc
guence to this reaction has been widely debaedl(). A transferases have both common and distinct activities and
consensus primary amino acid sequence for O-glycosylationspecificities with different substrates. This fact partially
has not been found; however, there is substantial evidenceexplains previous difficulties in defining distinct parameters

of acceptor substrates that influence O-glycosylation.
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or valine. There is great variability in the length and primary conformation as well as any particular conformer may or
sequence of different tandem repeats; however, these motifanay not represent specific structural features required for
have been found in many mucin-like proteins described to substrate-enzyme interactions. Nonetheless, the seeds of
date @). Itis hypothesized that one function of the tandem self-stabilized protein structure that contribute to interactions
repeat motif is to serve as a scaffold for extensive O- between substrate and enzyme during enzymatic catalysis
glycosylation of these proteins. In this case, each repeatedare probably contained in short primary amino acid sequences
unit is predicted to contain sequences that are effective of peptide substrates. Therefore, comparative analysis of
substrate sites for GalNAc transferases, which, when placedstructures for effective substrates and inactive analogues with
in tandem array, may be capable of producing a structure similar amino acid sequences, combined with kinetic data
that receives a high density of O-glycosylation. for enzymatic catalysis, should provide useful insights into
The repeated nature of mucin-like tandem repeats and thethe molecular mechanisms of substrate recognition by the
presence of multiple acceptor substrate sites for GalNAc GalNAc transferases. Previous investigations of O-linked
transferases provide a useful paradigm to evaluate theglycosylation sites have been mostly restricted to compari-
influence of acceptor substrate sequence on GalNAc trans-sons of substrate primary amino acid sequenseg( There
ferase activity. O-Glycosylation of the tandem repeat domain has not been a systematic investigation of the spatial
of MUCL1 by total GalNAc transferase activity has previously structural features of active and inactive peptide substrate
been investigated in human tumor cels §). Two-thirds analogues. In this report, we present NMR-derived structural
of MUCL1 is composed of multiple copies of the tandem data for three nine-residue peptides and an analysis of the
repeat (from 18 to over 100, depending on allele length, catalytic efficiency of three recombinant GaINAc transferases
which is highly polymorphic) of the sequence GVTSAP- with these peptide substrates.
DTRPAPGSTAPPAH. Previous in vitro studies with the
pancreatic tumor cell extracts showed that two of three MATERIALS AND METHODS

threonines (those at GVTSA and GSTAP, but not at PDTRP) _ _ : .
and neither of two serines in the native tandem repeat " ePtide Synthesis and Sample Preparatidie peptides

sequence of MUCL are glycosylated. There was also were synthesized ona0.25 mm_ol scale synthesis by staqdard
evidence that the two sites were glycosylated at different FMOC solid-phase methodologies on an ABI (Foster City,
relative rates and that amino acid sequence, peptide lengthCA) Model 430A synthesizer. Side-chain deprotection and
and relative position of the residue to be glycosylated clgavagg from'the resin were achleved'l'n a smgle-step
dramatically affect the ability of the peptides to serve as 2cidolysis reaction. The peptides were purified by analytical
acceptor substrates for GalNAc transferases. Subsequennd Preparative reverse-phase HPLC on columns packed with
studies have shown that these tumor cell extracts containeaclg’bonqed silica anq were characterized by amino acid
multiple GalNAc transferases, which show both distinct and 0MPositional analysis and fast atom bombardment mass
common features in substrate specificity and kinetic proper- SPECtrometry.
ties (12, 19. Studies with three different human recombinant ~ Expression and Purification of Recombinant GalNAc
GalNAc transferases showed that all three enzymes glyco-Transferases Recombinant GalNAc transferasd2( were
sylated the MUC1 tandem repeat peptide at three sitesproduced in a baculovirus expression system and purified
GVTSAPDTRPAPGSTAPPAH under extended reaction as previously described. Enzyme assays were as previously
conditions (time), albeit at different reaction sites. Other described 12).
studies suggest that additional enzymes with novel substrate H NMR SpectroscopyAll 2D NMR experiments were
specificities for the other two potential glycosylation sites performed on a Varian Unity 500 NMR spectrometer.
in the MUCL1 tandem repeat exist and are expressed in vivo Peptide concentrations were approximately 5 mM and were
(29). dissolved in the DMS@}s, solvent used previously in studies
Determination of sites and relative kinetics of glycosylation of mucin-related peptide®(). Sodium 3-(trimethylsilyl)-
of different sites by distinct GalNAc transferases for MUC1 [2,2,3,32Hg]propionate was used as an internal reference at
is of more than academic interest, since different glycoforms 0.00 ppm. Probe temperature was regulated at 802 °C,
of MUCL1 are produced by different normal tissues and cell and samples were not spinning. No line broadening or long-
types. Some of these glycoforms of MUC1 may result from range ROE information was observed that would indicate
glycosylation of distinct positions along the tandem repeat. peptide aggregation in these samples. All spectra were
Differences among organs, cells, and tumors probably havecollected in phase-sensitive mode, except COSY, which was
functional significance and may be useful in designing acquired in magnitude mode. Spectral widths were 6000
diagnostic and therapeutic reagents for cancers that expressiz in F1 andF2 with 2K complex points collected iR2
MUC1 (8, 14, 13. A recent report demonstrates that site- and 512 complex points collected Fil. Data were zero-
specific glycosylation of MUCL1 influences the binding filled once inF1 and apodized with Gaussian functions in
affinity of some monoclonal antibodie2(@). F1 andF2, except for COSY data, which were apodized
Our lack of knowledge of the structure of the active site with sine bells. TOCSY spectra were acquired with an 80
of GalNAc transferases and of the precise topography of ms spin locking time, and ROESY spectra were acquired
O-glycosylation sites on acceptor substrates makes anywith 100 and 200 ms mixing times. All initial processing
analysis of structural features responsible for O-glycosylation of 2D data was done with VNMR (Varian, Inc.). Two-
hypothetical. Moreover, short conformationally unrestricted dimensional data sets were imported into NMRCompass
peptides are generally considered to be an ensemble of(MSI, Inc.) for assignment and interpretation. Assignments
interconverting conformers in solution that yield an averaged for the 'H NMR resonances for each of the peptides were
weighted conformation on the NMR time scale. Such made according to the standard procedu2&s (3Jy, values
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Were_o_btained from DQF-COSY spect@s. Temperature Table 1: Kinetic Parameters for Catalysis of Glycosylation of
coefficients for NH*H movement were obtained from 2D peptide Acceptor Substrates by Purified Recombinant Polypeptide
COSY spectra acquired from 2CQ to 40°C in 5°C intervals GalNAc Transferases

(r > 0.99). _ _ GalNAc-TL  GalNAc-T2  GalNAc-T3
Structure Determination Protocol. Three-dimensional v v v
structures of the peptides were generated from the NMR data  acceptor Km (pmol/ Kn (pmoll Km (pmol/

set (NOE distance constraints afilfl, coupling constants) peptide sequence (mMM) min) (mM) min) (mM) min)
using the following protocol: (i) determination of allowed | GyTSAPDTR 005 033 NP ND  0.005 0.097
ranges for thep, v, andy, angles that are consistent witha 1I-GVTSAGDTR ND ND ND ND ND ND
given set of NMR data; (i) refinement of thg v, andy, lII-PDTRPAPGS ND ND ND ND ND ND
angle ranges and stereospecific assignments gf-imeth- aND, no activity detected. A positive control acceptor peptide
ylene protons; (iii) generation of 3D structures consistent (MUC2, see refl2) that is an efficient substrate for all three of these
with the NMR data; (iv) energy minimization of NMR- ~ &nzymes was used to verify enzyme activity.
matched structures and selection of low-energy structures; ] )
and (v) analysis of the selected structures. Starting with the lowest energy structure as a referenc_:e f_or
On the first two steps of the protocol, the COMBINE the_z first group, all other structures were compared with it
procedure 24) was used to determine and refine the ranges Using the RMSD of all non-hydrogen atoms. The value of
for the ¢, y, andy; angles for each residue in the peptide the _RMSDS 1.0 A was taken as a criterion of a _structu_ral
and to make stereospecific assignments ofgmeethylene similarity. From structures that were not included in the first
protons. The ranges for the, v, and y; angles were  9roup, the lowest energy conformation was taken as reference
determined by the computer program, FiISINOE2B)( The for a second family. _The procedure was_repeated until all
input data for FiSINOE-3 included the set of upper limits Structures were assigned to groups. Finally, the lowest
for the intraresiduedys, dos) and sequentialdgn, don, dan) energy structures from each of the groups were analyzed for
distance constraints as well &, coupling constants. The Possible hydrogen bonds. The presence of a hydrogen bond
mathematical expectations, standard deviations, and range¥/@s assumed if a distance between a proton and an oxygen
allowed for theg, y, andy; angles were obtained as output Was less than 2.1 A and if an angle formed by the NH group
data from FiSINOE-3. The range allowed for each torsion With oxygen was greater than 125
angle was considered as a confidence interval, determinedRESUL_l_S
as a product of the half-width (3.0) and the standard deviation
of the angle from its mathematical expectation (i.e., statistical Enzyme Kinetics Recombinant GalNAc transferase en-
3o criterion was used for selection). To refine the ranges zymes were purified12) and employed to derive kinetic
for the ¢, vy, and y1 angles and to make stereospecific values for selected mucin peptide substrates. Three nine-
assignments of thg-methylene protons, the HABAS pro- residue peptides were tested for GalNAc transferase activ-
gram @6) was employed. HABAS used the allowed torsion ity: the acceptor substrate with the wild-type sequence,
angle ranges estimated by FiSINOE-3, the intraresidue andGVTSAPDTR (l); the analogous peptide GVTSAGDTR (ll),
sequential NOE distance constraints, and the coupling with substitution of G for P at position 6; and the wild-type
constants as input data. peptide PDTRPAPGS (lll), which includes a threonine that
The intervals allowed for torsion angles and the stereospe-is not glycosylated in vitro by recombinant GalNAc-T1, -T2,
cific assignments determined by the COMBINE procedure, or -T3. Table 1 presents kinetic data derived from plots of
in conjunction with the distance constraints, were then used 1/V vs 1/[S] for selected peptide substrates with the three
as input data for the DIANA progran®{) to generate 3D recombinant enzymes: GalNAc-T1, GalNAc-T2, and Gal-
structures consistent with the NMR data. The standard NAc-T3. Values ofK,, andVma Obtained with the peptide
selection of minimization levels and parameters for the GVTSAPDTR indicate that this is an efficient substrate for
DIANA program with REDAC strategy 48), within the GalNAc-T1 and -T3; however, this nine-residue peptide is
SYBYL 6.3 software package (Tripos Associates, Inc., St. not an effective substrate for GaINAc-T2. It is notable that
Louis, MO), were used to generate 50 structures consistentthe Ky, values for these short (nine-residue) peptide acceptors
with the NMR data set. are approximately 10-fold lower than those for slightly longer
All structures determined by the DIANA program were peptides (with two additional amino acids at the amino
energy-minimized with SYBYL using the Powell method terminus, reported in refl2) for both GalNAc-T1 and
with a maximum of 5000 minimization cycles. Calculations GalNAc-T3. The lack of catalysis by GalNAc-T2 suggests
were performed using Kollman “all-atom” force field and that this enzyme requires additional sequence at the amino
Kollman charges with distance-dependent dielectric constantterminus to catalyze glycosylation of the substrate. Analysis
equal to 4. of the reactive products by mass spectrometry confirmed that
Tightness of structures within each structural family was the GVTSAPDTR peptide was glycosylated on only one
evaluated by RMSD between coordinates of the backboneposition (data not shown): a single glycosylated threonine
heavy atoms of the structures within the set compared towas observed at GVTSA for both GalNAc-T1 and GalNAc-
the corresponding average structure. The average structurd 3, as determined by MS/MS analysis of the fragmentation
was calculated by superimposing and averaging the corre-pattern produced following-elimination of the glycosylated
sponding atomic coordinates of each structure within the residue (data not shown). It is interesting that substitution
structural family. of G for P at position 6 of peptide | (GVTSADTR)
The energy-minimized, NMR-matched structures were significantly reduced the ability of this peptide to serve as a
divided into groups (clusters) according to their overall shape. substrate of these enzymes, consistent with previous reports
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FiIGURE 1: Summary of NMR data observed. Schematic diagram With the NMR data. Superimpositions were made by the backbone
shows the magnitude of various NOE connectivities (strong, N€@vy atoms of the peptides.
medium, weak, and very weak). An empty space indicates that the Aft inimizati tructural famili f th
intensity of the corresponding cross-peak is undistinguishable from er energy minimization, structural families o e
background. The single and double primes are used to differentiate€ffective substrate I, poorly glycosylated substrate Il, and
two j3 protons without stereospecific assignments. Asterisks indicate nonglycosylated peptide Il were evaluated by tightness of
lack of one proton. The colon indicates overlapping cross-peaks the structures and by overall shape of the average structures.
that were not resolved. In case of proline, NH refersSHJ. The The low-energy (less than 15 kcal/mol), NMR-matched
values of the3Jy, coupling constants are expressed in round o . ' L .
numbers. The slow<0.003 ppm/K) and medium rates (in the Structures within each structural family were divided into
interval between 0.003 and 0.005 ppm/K) of the amide proton clusters to define distinct structural features.
movements are represented by closll)l énd open [{l) squares. A structural family for substrate | (GVTSAPDTR) (Figure
The rhombus¢) denotes the fast rate-0.005 ppm/K) of the amide  2) was well-defined and showed highly consistent structures
proton movements. among members. The two other structural families (GVT-
(8). This observation prompted us to investigate the structure SAGDTR and PDTRPAPGS) were less consistent (Figure
of the GVTSAPDTR peptide and the analogous GVT- 2). The mean pairwise RMSD for the backbone heavy atoms
SAGDTR peptide. NMR spectroscopy and molecular mod- of the structures and the corresponding average structure for
eling techniques were used to deduce structural features thasubstrate | was 0.72 0.30 A. The mean pairwise RMSD
may contribute to the relative effectiveness of these peptidesvalues for substrates Il and Ill were 2.380.67 and 1.24t
as substrates. Since a threonine residue within sequenc®.41 A, respectively. The GVTSAPDTR peptide has two
PDTR was not glycosylated, the structure of the nine-residue distinct structural segments. The five residues at positions
peptide PDTRPAPGS containing this sequence at a differentg — 1, g, g+ 1, g+ 2, and g+ 3 have a high propensity
relative position was also investigated. for extended backbone conformations. (Position g refers to
NMR Conformational Analysis and Molecular Modeling the residue to be glycosylatee; and + refers to residues
The effective substrate |, the poorly glycosylated substrate that are N-terminal or C-terminal to a reactive hydroxyamino
II, and the nonglycosylated peptide Il were analyzed by acid, respectively.) Chemical shifts of amide protons in this
NMR. Semiquantitative estimates of intensities for sequen- fragment, especially Thr3, are sensitive to temperature in a
tial and intraresidue cross-peaks, values of vicinal coupling manner that is consistent with exposure of the protons to
constants®J,y, and thermal protection measurements for solution. The rate of amide proton movements for Ser4 and
amide protons of these peptides are summarized in FigureAla5 are slightly lower, which may indicate partial involve-
1. These data were processed by the COMBINE procedurement in intramolecular hydrogen bonding. The most popu-
(24) and the DIANA programZ7) to determine sets of 50 lated structural cluster of GVTSAPDTR exhibited extended,
structures consistent with NMR-derived constraints. S-like conformations for the residues Val2, Thr3, and Ser4,
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with the backbone NH groups fully exposed to solvent. A the fragment GVTSAP(G) within structural families | and
second, slightly less populated structural cluster contained|l were equal to 0.5% 0.24 and 0.87 0.17 A, respectively.
an inversey-turn conformation. Thig-turn forms a bump-  This indicates that the fragment GVTSAP within structural
like bulge centered on Thr3 with a backbone conformation family | is better stabilized internally than GVTSAG in
of ¢ = —83° andy = 66° and with flanking residues in an  peptide Il. In contrast to peptide I, none of the structural
extended conformation. The distance between the CO groupclusters for peptide Il demonstrated fully extendetlke
of Val2 and the NH group of Ser4 is close enough for H-bond conformations for Thr3 and the flanking residues. Instead,
formation. the three largest clusters of peptide Il revealed a mig,of

In contrast, the substrate fragment PDTR, which includes inversey-turn, and polyproline Il-like conformations for Thr3
residues at positions¢ 3, g+ 4, g+ 5, and g+ 6, adopts and the flanking residues. The structural motif consisting
a much more compact structure. The relative insensitivity of an inversey-turn for the reactive threonine with flanking
to temperature of chemical shifts for the amide proton of residues iff-conformations, as observed in the second cluster
Arg9 (within the interval 0.00040.0007 ppm/K) is consis-  of peptide |, was assigned to only 10% of the structures
tent with hydrogen-bond formation or inaccessibility to within structural family II.
solvent. Likewise, the guanidinium group of Arg9 has rates
of proton exchange lower than 0.0016 ppm/K. The low- DISCUSSION
field positions of the chemical shift for these protons
combined with low rates of exchange are consistent with
the hypothesis that they are involved in intramolecular
hydrogen bonding. The low rate of amide proton movement
for Thr8 (0.0023 ppm/K) may indicate partial involvement

in hydrogen bonding or inaccessibility to solvent molecules. GalNAG-T2 with the short peptide substrates used in these

The set of short-range cross-peak intensities, including a . N thouah thi . ble of al
cross-peak between the proton of Asp7 and the amide protonexperlmen S, éven though this enzyme IS capable of glyco-

of Arg9, and values of thély, coupling constants of the sylating this site on longer peptide substrat&g).( This
fragmer%t Pro6-Arg9 suggestuthe existence of a compact confirms a previous hypothesis that the molecular recognition

turn-like conformation. Representative structures of the two of MUC1 tandem repeats by GalNAC-T2 is distinct from

most populated clusters both demonstrated close proximitythat by GalNAc-T1 and GalNAc-T3. o

of the CO groups of Pro6 and Asp7 with NH groups of Thr8 NMR data showed the presence of two distinct structural
and Arg9, respectively, with a high probability of hydrogen Motifs within. GVTSAPDTR. One motif contains five
bonding. The guanidinium group of Arg9 could be involved esidues at position g 1, g, g+ 1, g+ 2, and g+ 3 and

in hydrogen bonding with either the CO group of Pro6 or 'S characterized by an extended backbone conformation. In
the carboxyl group of the side chain of Asp7. contrast, the four residues at positions-@, g+ 4, g+ 5,

The NMR patterns and conformational features of the and g+ 6 form a relatively compact substructure stabilized
P(G)DTR fragment in substrates I, II, and Ill are very similar, DY @ set of intramolecular hydrogen bonds. No long-range
suggesting that the P(G)DTR fragment forms internally interactions between these two structural regions were
stabilized structures. The distances betweé&€ra®ms of observed. NMR data showed that the reactive threonine

Pro (Gly in I) and Arg residues for the average structure of 'esidues had a marked propensity to assume extended
families I, II, and 11l were equal to 8.1, 8.4, and 8.6 A. The backbone cpnformanqns_, wh(_areas the nonreactive threpnlnes
mean pairwise RMSD values for the backbone heavy atomsWere more likely to exist in twisted backbone conformations.
calculated for the fragment PDTR within structural families ~ The importance of an extend@dike conformation at an
| and Il were equal to 0.3k 0.08 and 0.36+ 0.11, O-glycosylated residue has been recognizd(7, 11, 29
respectively. Thus, the conformational preferences of the Previously proposed models of peptide-transferase interaction
PDTR fragment are independent of its relative position within posited that extendeg-like substrate conformations are
the substrate peptide, strongly suggesting the existence ofavorable for enzymesubstrate binding; 11). Our results
specific interactions that provide internal stability for this are consistent with this hypothesis. The most populated
region of the peptide. structural cluster of the peptide GVTSAPDTR exhibited
Substitution Gly for Pro6 in the poorly glycosylated extendeds-like conformations for the residues Val2, Thr3,
peptide GVTSAGDTR affected the conformation and flex- and Ser4. However, for the second cluster, we observed a
ibility of the N-terminal fragment. The Thr3 residue of the structural motif comprised of an invergeturn conformation
G-substituted peptide does not exhibit a distinct propensity for Thr3 with the flanking residues in an extendgestrand-
to adopt either an elongated or twisted backbone conforma-like conformation. Thus, the peptide backbone of GVT-
tion, with the amide proton showing intermediate sensitivity SAPDTR exhibited g-like or an inversey-turn conforma-
to temperature. The conformational propensities within tion of the residue to be glycosylated. The peptide backbone
structural families | and Il can be characterized by distanceshas a very similar shape in both conformations, although
between the N- and C-termini of the average structures. Forthe threonine protrudes more in the inveyséurn than in
the effectively glycosylated substrate I, the distance betweenthe j-like conformation.
N- and C-termini was equal to 23.1 A, whereas the distance Our observation of predominantly extended backbone
was only 18.0 A for the poorly glycosylated substrate Il. conformations at positions ¢ 1, g, g+ 1, g+ 2, g+ 3,
This reflects the more extended structure of the well- and g + 4 is consistent with the general finding that
glycosylated peptide GVTSAPDTR. The mean pairwise substitution of a proline residue at these positions enhances
RMSD values for the backbone heavy atoms calculated for catalytic efficiency b, 7). We propose that an extended

Comparative analysis of two differentially glycosylated
peptide substrates leads us to propose that structural features
of the acceptor substrate GVTSAPDTR enhance its ability
to be glycosylated through the catalytic activity of GalNAc-

T1 and GalNAc-T3. There was a lack of reactivity of
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backbone conformation at and around the glycosylated 2). There is recent evidence that the PDTR site is glyco-
residue facilitates interaction between some GalNAc trans- sylated by other polypeptide GalNAc transferases. In a
ferases and the acceptor substrate by enhancing the probHerculean effort, Mller et al. (L9) showed that this site is
ability (and the rate) of formation of intermolecular hydrogen glycosylated in a fraction of MUC1 protein purified from
bonds. All GalNAc transferases characterized to date displaynormal human milk. It has recently shown that the newly
relatively broad activity for substrates in that they will described GalNAc-T413) catalyzes glycosylation of the
glycosylate peptides with diverse amino acid sequencesthreonine in PDTR (Bennet, Hassan, and Clausen, unpub-
flanking the reactive residue7) The lack of specific lished data). These data lead us to propose that some
recognition of amino acid side chains by GalNAc trans- polypeptide GalNAc transferases catalyze glycosylation of
ferases, together with the data presented here, leads us tpeptide substrates with twisted backbone conformations,
propose that GalNAc-T1 and GalNAc-T3 exhibit molecular whereas GalNAc-T1 and -T3 are more effective at glyco-
specificity for conformations assumed by the peptide back- sylating substrates with extended backbone conformations.
bone of different acceptor substrates. The acceptor substrate These differences in propensity to catalyze glycosylation of
enzyme interaction probably involves hydrogen bonding peptides with different backbone structures may explain in
between the GalNAc transferase and some components ofpart the surprisingly large number of polypeptide GalNAc
the extended backbone frame. transferases with distinct and overlapping substrate specifici-
A comparison of the NMR data for the peptide substrates ties (13).
and enzyme kinetic data shows that the rates of exchange of Previous investigationgl( 5, 8-10) showed a correlation
the amide protons of the reactive threonines are correlatedbetween substrate efficacy and the length of the fragments
with the relative rates of glycosylation. The amide proton flanking the reactive threonine residue. Increased enzyme
of the reactive Thr residue in GVTSAPDTR demonstrates a activity with peptide substrates was seen when at least five
higher temperature coefficient and, thus, greater accessibilityto six residues were adjacent to both sides of the reactive
to solvent than the corresponding amide proton in the threonine, as compared to shorter peptides. It was suggested
inefficient substrate GVTSAGDTR. Thus, in the effective that the binding site of the GalNAc transferase recognizes
substrate, this proton is exposed and may serve as a donoextended substructures in these adjoining residues.
for hydrogen bonding with the enzyme. In contrast, the  The peptide substrates based on the MUC1 tandem repeat
amide protons of threonines that are not efficiently glyco- used in these studies were designed to investigate some
sylated have relatively low temperature coefficients, sug- aspects of substrate conformation that relate to the minimal
gesting these protons are involved in intramolecular hydrogenrequirements for O-glycosylation of a particular site on this
bonding that adversely affects their potential for binding tandem repeat. These findings may be applicable to other
enzyme to facilitate catalysis of the glycosylation reaction. substrates with similar structural character. Undoubtedly,
The finding that prolines near the reactive residue are glycosylation is also influenced by other structural parameters
favorable for substrate efficacy supports a previously stated conferred by substrates of different primary sequence and
hypothesis that backbones of effective substrates accephigher order structures that can be assumed by native protein
hydrogen bonds from GalNAc transferases at the carbonyl substrates.
oxygen {7) rather than donating bonds at the amide proton  On the basis of the comparative analysis of NMR data,
as we propose here. The hypothesis that there is hydrogerenzyme kinetic data, and molecular modeling for well-
bonding between enzyme and substrate carbonyl oxygen isglycosylated and nonglycosylated analogues, we propose here
plausible and not mutually exclusive with the hypothesis that a structural model to explain the O-glycosylation of the
there is interaction between amide proton and enzyme.GVTSAPDTR substrate by GalNAc-T1 and -T3. We
Regardless of these hypothesized intramolecular interactionshypothesize that most GalNAc transferases interacting with
one major effect of the occurrence of proline at positions g peptide substrates require at least three points of contact to
— 1,09+ 1, g+ 2, and, particularly, at g 3 is a significant stabilize the spatial orientation of the hydroxyl group that is
increase in the propensity of the peptide backbone to adoptthe target of catalysis in the O-glycosylation reaction.
an extended conformation. A second effect that could Presumably, one of these sites is the hydroxyl group that is
enhance substrate efficacy is that prolines may restrict localto be modified. The active site of GalNAc-T1 and -T3
flexibility of the peptide backbone to a conformation that is probably recognizes an extended substructure on the GVT-
suitable for glycosylation. SAPDTR peptide backbone that may include a distinct
The NMR data (including short-range cross-peak intensi- structural bulge formed by the reactive threonine. We
ties and coupling constants) for different peptides tested herepropose that for GaINAc-T1 and GalNAc-T3, a second site
show that the PDTR fragment, which is a tumor-associated is located on the backbone somewhere in vicinity of &,
epitope recognized by a number of monoclonal antibodies g + 4, g+ 5, and g+ 6 positions. Another site could be
(17, 20, has similar structural properties whether it is placed located on the backbone from position-g2 to g — 6. In
at the C- or N-terminus of short peptides. Presumably, this the process of interacting with the GalNAc transferase, the
substructure is stabilized by a set of hydrogen bonds formedmain chain of the central part of the substrate is predicted
by the backbone and side-chain groups of the PDTR residuesto form a set of hydrogen bonds with the enzyme. The amide
The relative stability of this short peptide form suggests that proton of the reactive residue may serve as an anchor position
it may represent a structural component that is a self- for substrate-enzyme interaction by forming a hydrogen
stabilized building block of the mature structure assumed bond with the active site of the enzyme. The oxygens of
by the MUCL protein. The substructure of the PDTR region the reactive residue and several flanking residues may also
of the peptide exists in a predominantly twisted conformation be involved in hydrogen bonding with the GalNAc trans-
and is not glycosylated by GalNAc-T1, -T2, or -T3 (Figure ferase. This binding site would be predicted to extend from
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the catalytic site to approximate® A on both sides. This
hypothetical model will be tested in future experiments.
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