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ABSTRACT. The human glycoprotein MUC1 mucin plays a critical role in cancer progression. Breast, ovarian,
and colon cancer cells often display unique cell-surface antigens corresponding to aberrantly glycosylated
forms of the MUCL1 tandem repeat. In this repdft\- and'3C-labeled forms of a recombinant MUC1
construct containing five tandem repeats were used as substrates to define the order and kinetics of addition
of N-acetylgalactosamine (GalNAc) moieties by a recombinant active form of the human enzyme UDP-
GalNAc:polypeptideN-acetylgalactosaminyltransferase | (ppGalNAc-T1; residuesb89). Heteronuclear

NMR experiments were performed to assign resonances associated with the two serines (Ser5 and Serl5)
and three threonines (Thr6, Thrl4, and Thrl19) present in the 20-residue long MUC1 repeat. The kinetics
and order of addition of GalNAc moieties (Tn antigen) on the MUC1 construct by human ppGalNAc-T1
were subsequently dissected by NMR spectroscopy. Threonine 14 was shown to be rapidly glycosylated
by ppGalNAc-T1 with an initial rate of 2&xM/min, followed by Thr6 (8.6«M/min). The enzyme also
modified Ser5 at a slower rate (1uM/min), an event that started only after the glycosylation of Thri4

and Thr6 side chains was mostly completed. Serl5 and Thrl9 remained unglycosylated by ppGalNAc-
T1. Corresponding O-glycosylation sites within all five tandem repeats were simultaneously modified by
ppGalNAc-T1, suggesting that each repeat behaves as an independent substrate unit. This study
demonstrated that the hydroxyl oxygens of Thrl4 and to a lesser extent Thr 6 represent the two dominant
substrates modified by ppGalNAc-T1 within the context of a complex MUC1 peptide substrate. More
importantly, the availability of defined isotopically labelled MUCL1 glycopeptide substrates and the relative
simplicity of their NMR spectra will facilitate the analysis of other transferases within the O-glycosylation
pathways and the rational design of tumor-associated MUC1 antigens.

Golgi-resident glycosyltransferases are responsible for thetransferases are differentially expressed, in terms of develop-
attachment of O-linked oligosaccharide chains to serine andment and tissue distributiod), The most frequently studied
threonine residues of proteins. The initial step in the substrate for this class of enzymes is the 20-amino acid long
O-glycosylation pathway involves the transfer of &R tandem repeat of human mucin MUC1, a glycoprotein that
acetylgalactosamine (GalNAagesidue from UDP-GalNAc s found on the surfaces of most epithelial cells. Specifically,
to a protein. This event is catalyzed by a family of enzymes, the extracellular domain of MUC1 consists primarily of a
the UDP-GalNAc:polypeptid&l-acetylgalactosaminyltrans-  variable number (46100) of tandem repeats with the
ferases (ppGalNAc-transferased), (of which there are at  sequence PAPGSTAPPAHGVTSAPDTR. This sequence has
least 14 isoforms in humans alon®).(These ppGalNAc-  five potential O-glycosylation sites (three threonine and two

T This work is funded by grants from the Canadian Breast Cancer serine residues). Interestingly, the MUCL tandem is aber-
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association with the Canadian Cancer Society. M.1. is the recipient of consequence that tumor cells present MUC1 glycoforns (

a Senior Investigator Award from the Canadian Institutes of Health g) that bear predominantly less elaborate, truncated oligosac-
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GalNAc-MUC1-5TR, protein consisting of five MUC1 tandem repeats structures found within the tandem repe@t(1), specifi-
preceded by a vector-encoded Hiag and the same protein glycosy- !

lated at three positions per tandem repeat; NOESY, nuclear Overhausefally the Tn [GalNAc1-O)Ser/Thr], sialyl-Tn [NeuSAc-
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spectroscopy: UDP-GalNAc, uridine-BiphosphoN-acetylgalac- gens. These cancer-associated MUCL1 epitopes may serve as

tosamine. antigens in the development of cancer vaccirgdlp).
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The general pattern @-glycosylation of the MUC1 repeat A
by ppGalNAc-transferases had been established in the past/6SSHHEHEESSGLVPRGSHMPAPGSTAPPAHGVTSAPDTR
by Edman degradation and/or mass spectrometric analysis PAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTR
(13—15). However, more detailed kinetic studies on the site- PAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTR
specific selectivity of these enzymes for complex substrates PAPG
such as the MUC1 tandem repeat can be achieved through
the development offN- and3C-labeled MUC1 analogues ? 1|0 1|5 zuo
in conjunction with the use of multidimensional NMR —-PAPGSTAPPAHGVTSAPDTR-
methods. Moreover, the study of downstream O-glycosyla-
tion events will require the availability of both well-defined B
glycosylated substrates and soluble recombinant glycosyl- oG4
transferases1@). We report the design and insertion of a o - 110
synthetic gene coding for a MUCL1 polypeptide comprising G12 -
five tandem repeats into a bacterial expression vector, leading B
to the production of isotopically labeled forms of this
unglycosylated MUC1 analogue. In addition, we report the
construction of an expression vector for the production of a o T19
soluble form of the most commonly studied human ppGal- S5 - 115
NAc-transferase, ppGalNAc-T1, in the methyltrophic yeast T6 © -
Pichia pastoris(17, 18). More importantly, the availability
of N- and*3C-labeled MUC1 analogues and of ppGalNAc- Hi1e
T1 allowed us to perform the first high-resolution NMR- o T14 )
based kinetic analysis of the initiating step in the O-glyco- S15 ° Vi3 i ¢]
sylation pathway. D18 o -120 p

EXPERIMENTAL PROCEDURES i m

Expression and Purification of MUC1-5TRA 293-
nucleotide double-stranded synthetic gene containing five
copies of the MUC1 tandem repeat (MUC1-5TR) with A10 o i
Escherichia colioptimized codons andlidd (5'-terminal) e R20 - 125
andBanHlI (3'-terminal) restriction overhangs was synthe- A2 o _
sized by Midland Certified Reagent Co. (Midland, TX). The i
gene was inserted at the complementary restriction sites into A16 i
the pET-15b expression vector (Novagen, Madison, WI), ° A7 i
which encodes an N-terminal Hisnetal affinity tag; the r
primary sequence of the expressed protein is shown in Figure —————
1A. The resulting construct was used to transform competent9 8
E. coliBL21(DE3) cells (Novagen). A colony picked from H1 ppm

n LB—carbenicillin mL r pl w
a carbenic (50ug/mL) agar plate was used to Ficure 1: Description of a recombinant human mucin MUC1

|nOCL_JIate a_40 mL starter culture n I:B:arbenl(:l!lln construct used as a substrate for the human enzyme ppGalNAc-
medium. This culture was grown overnight at 3Z with T1. (A) (top) Amino acid sequence of the MUC1-5TR construct.
shaking, until turbid, at which point a 20 mL inoculum was Vector-encoded residues are in italic type. A single MUC1 tandem

transferreda 6 L of prewarmed (37C) LB—carbenicillin repeat sequence is shown (bottom), with potential glycosylation

broth and the incubation was continued until its & sites in boldface type. (BH—**N HSQC spectrum (128 complex

. . t; increments of 896 data points, 16 scans) of MUC1-5TR (1.5 mM)
value reached 0.6. Induction of MUC1-5TR was achieved i, 10 mMm sodium phosphate buffer, pH 5.5, 0.01% (w/v) NaN

by adding isopropyp-p-thiogalactopyranoside (IPTG) to a  and 10% (v/v) RO, 25°C.

final concentration of 0.5 mM and incubating overnight (14

h) with shaking at 25C. Bacterial pellets were recovered from E. colicells in high yield (up to 15 mg/L of cell culture)

by routine centrifugation and MUC1-5TR was purified by compared to past expression systems that have included the
IMAC under denaturing conditions. Briefly, bacterial lysates use of baculoviru$§f9 insect cells19), transient expression
were prepared by stirring the pellets in 5 volumes (100 mL) in mammalian cellsZ0), and a previous attempt at expression
of lysis buffer (PBS8 M urea, and 0.5 M NaCl, pH 7.4) for  in E. coli (21). Uniformly isotopically labeled MUC1-5TR

2 h at room temperature, then clarified by centrifugation at proteins were prepared under essentially the same conditions,
1500@ for 30 min, and loaded oata 5 mL NINTA— except that M9 minimal medium2@) supplemented with
agarose (Qiagen, Mississauga, ON, Canada) column pre0.1 mM CaC}, 1 mM MgSQ, 0.01 mM FeCJ, 2 mg/L
equilibrated with lysis buffer containing 10 mM imidazole. thiamin, and 2 mg/L biotin was used for the induction phase.
The column was washed with 10 column volumes (50 mL) *°N-Labeled protein was prepared by use of 5 g/L glucose
of the equilibration buffer, and pure MUC1-5TR was and 1 g/L*™NH,CI (**N, 98%+; Cambridge Isotope Labo-
subsequently eluted with lysis buffer containing 200 mM ratories, Andover, MA) as the respective carbon and nitrogen
imidazole. The eluate was dialyzed exhaustively against 20 sources, whered8N,'3C-labeled material was produced by
mM NH4HCO; prior to lyophilization. The purified proteins  additionally substituting 2 g/L [U3Cg]-glucose {3C, 99%;
were stored at-20 °C until use. The protein was purified Cambridge Isotope Laboratories) as the carbon source.

a2z
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Isotope-labeled MUC1-5TR was purified to homogeneity by ~ Enzyme Radioassa¥he enzymatic activity of recombi-
the same methods described for unlabeled proteins. Puritynant ppGalNAc-T1 was assayed under standard conditions
of proteins was judged to be at least 95%, as determined byby incubating the appropriate enzyme preparations (typically
SDS-PAGE and electrospray ionizatioimass spectrometry  1—5 uL of media concentrate, or 0-2.5ug of total protein)
(Molecular Medicine Research Centre Mass Spectrometry at 37 °C with 10 mM MnCh, 0.7 mM UDP-[13H(N)]-N-
Laboratory, University of Toronto). acetylgalactosamine (3.8 mCi/ mmol), 25 mM MES buffer,
Expression and Purification of Recombinant ppGalNAc- pH 6.5, 3 mM AMP, and 50 mM GalNAc adjusted to a final
T1. A search of the public dbEST database of human volume of 25uL. A donor substrate concentration of 10 mM
expressed sequence tags (ESTs) was performed against thd DP-GalNAc was used for determining kinetic parameters.
ppGalNAc-T1 protein sequence (GenBank Accession Incubations were performed for-1L5 min and quenched by
No. NP_065207) with the tBLASTx algorithm (http:// the addition of 1 mL of ice-cold dd#D, prior to solid-phase
www.ncbi.nlm.nih.gov/PubMed/blast). Several ESTs were extraction by a Sep-Pak method as described previo28Jy (
identified and subsequently obtained from the American Type In the case of reactions with MUC1-5TR, samples were
Culture Collection (Manassas, VA). The catalytic domain rebuffered with 0.5 mL of buffer A [30 mM imidazole, 0.9
of the enzyme (amino acids 4®59) was successfully M NaCl, 150 mM sodium phosphate, and 0.15% (v/v)
amplified by PCR from clone E3 (IMAGE clone ID polyoxyethylene-sorbitan monolaurate (Tween-20), pH 8.0]
2969475) in two separate reactions with two different primer and the protein was captured by use ofi200f magnetic
pairs (reaction 1,'SAATTCGGACTTCCTGCTGGAGAT- nickel-agarose beads (Qiagen). The beads were washed
GTTCTAGAGCC-3 and 3-ACTCAGAATATTTCTG- twice with 0.2 mL of buffer B [20 mM imidazole, 0.3 M
GCAGGGTGACGTTTCG-3 reaction 2, 5CGGACTTC- NaCl, 50 mM sodium phosphate, and 0.05% (v/v) Tween-
CTGCTGGAGATGTTCTAGAGCC-3and 3-CTAGAC- 20, pH 8.0] and eluted in 5@L of buffer C [250 mM
TCAGAATATTTCTGGCAGGGTGACGTTTCG-3. The imidazole, 0.3 M NaCl, 50 mM sodium phosphate, and
resulting PCR products were mixed together in an equimolar 0.05% (v/v) Tween-20, pH 8.0]. The level of incorporation
ratio, denatured at 96C for 10 min, and then allowed to  of radiolabeled monosaccharides was determined by scintil-
reanneal by slow cooling to room temperature. The resulting lation counting (2 mL Ultima Gold scintillation fluid;
hybrid duplex was ligated into vector pPIG2 (Invitrogen, Beckman LS6500 multipurpose scintillation counter).
Burlington, Ontario) that had been precut whetoRI and NMR Glycosylation Assayslycosylation of*>N-labeled
Xbal. The construct (pPIC&-T1) was isolated following MUC1-5TR by recombinant ppGalNAc-T1 was monitored
transformation of competeft. coli strain DH5x (Invitrogen) by collecting a series ofH—'N HSQC experiments on a
and selection on LBcarbenicillin (50ug mL™?) agar plates, ~ Varian Inova 500 MHz spectrometer. Samples contained 0.4
and was verified by sequence analysis of the entire insertmM MUC1-5TR, 10 mM UDP-GalNAc, 10 mM MES, pH
region. The recombinant gene product was expressed in6.3, 1 mM MnC, 10 mM MgCh, 0.01% (w/v) NaN, and
Pichia pastorisstrain KM71H using the EasySelect kit 1% (v/v) ppGalNAc-T1 concentrate in a final volume of 0.6
(Invitrogen) in accordance with the manufacturer’s protocols. mL. The time for each experiment was approximately 28
Postinduction media supernatants, containing secreted ppmin, and the assay consisted of 32 successive HSQC
GalNAc-T1, were concentrated up to 50-fold by ultrafiltration experiments, with a total time of approximately 15 h. Spectra
(nominal cutoff 10 kDa) by use of an Amicon stirring unit were processed with the NMRPipe softwa?d)(and peaks
(Millipore, Etobicoke, Ontario). were picked with NMRDraw. Glycosylation of individual
NMR SpectroscopNMR spectra were recorded on 500 residues by ppGalNAc-T1 were represented graphically by
or 600 MHz Varian INOVA spectrometers equipped with a plotting the ratio of the peak volumes for glycosylated
triple-resonance pulse-field gradient probe. Spectra wereresidues to the total volume of peaks for both glycosylated

recorded at 25°C unless otherwise indicatedH—1°N and unglycosylated forms versus time elapsed at the midpoint
heteronuclear single quantum coherence (HSQC) spectraof the spectrum.
were recorded with 128 and 448 complex points iandts, Enzyme-Linked Immunosorbent Assdyst ELISA ex-

respectively, unless otherwise stated. Resonance assignmenfgeriments, bovine submaxillary mucin (BSM), bovine serum
for backbone'H, 13C,, 3Cs, and >N nuclei were derived  albumin (BSA), Tween-20, and anti-mouse IgG (whole
from three-dimensional (3D) HNCACB and HNCOCACB molecule)-peroxidase were obtained from Sigmaldrich
experiments Z3) of a 13C,'>N-labeled sample. Side-chain (Oakville, ON, Canada). The monoclonal anti-MUC1 anti-
resonances were assigned by use of 3Dedited TOCSY- body Onavi27 (29) was purified from cultured hybridoma
HSQC (50 ms mixing time) and NOESYHSQC (156-320 cells by GammaBind Plus Sepharose (Pharmacia, Baie
ms mixing times) data sets. Sweep widths used for acquiringd’Urfé, QC, Canada) according to the manufacturer’s
NMR data were 11.7, 20, and 52 ppm fbt, N, and*3C instructions, and the monoclonal antibody CC30)(was a
nuclei, respectively. NMR data were processed and analyzedgift from the laboratory of Dr. Raymond Reilly (Faculty of
by use of NMRPipe/NMRDraw24) and Xeasy 25). The Pharmacy, University of Toronto). MUC1-5TR, GalNAc
secondary structures of MUC1-5TR and GalNA¢UC1- MUC1-5TR, or BSM was dissolved in coating buffer [50
5TR were analyzed by calculating chemical shift indices mM NaHCGQ; and 0.02% (w/v) Nahl pH 9.5] and coated
(CsSl) with the weighted function2@, 27) CSI(Ca,CS) = at 4 °C overnight onto Costar 96-well flat-bottom high-
[(ACwi-1 + ACBi-1) +2(ACaii + ACB) + (ACait1 + binding polystyrene plates (Corning; Corning, NY) at@
ACBis1)]/4, whereACo andACS correspond to the deviation (20 ug/mL) per well. The wells were then blocked at room
in parts per million of @ and @ chemical shift values, temperature with 100L of blocking buffer [PBS, 0.5% (w/
respectively, from random coil values for the same residue v) BSA, and 0.5% (v/v) Tween-20] fol h and then
type. incubated sequentially at room temperature ¥ch with 1
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Table 1: NMR Assignments foA, MUC1-5TR, andB,
GalNAG;-MUC1-5TR in 10 MM Na-phosphate Buffer, pH 5.5, 0.01
% W/v NaN;, 10 % V/v DO, 25°C

aa N NH G Hq Cs Hp
(A) MUC1-5TR
Prol 62.9 4.4 32.1 2.24,2.01
Ala2 126 8.46 50.3 4.6 18.2 1.36
Pro3 63.4 4.4 32 2.29,2.06
Gly4 109.8 8.53 45.4 3.97
Ser5 1155 8.17 58.5 4.53 64 3.89
Thré 116.1 8.22 61.4 4.35 69.9 4.21
Ala7 128.3 8.28 50.5 4.6 18.3 1.35
Pro8 4.38 2.03
Pro9 62.9 4.37 37.9 2.26,2.01
Alal0 124.7 8.39 525 4.23 19.2 1.32
His11 117.4 8.43 55.1 4.69 29.4 3.23
Gly12 110.3 8.42 45.2 3.97
Vall3 119.4 8.14 62.3 4.21 32.8 2.1
Thri4 118.3 8.33 61.7 4.4 69.9 4.23
Serl5 118.7 8.3 58 4.45 63.4 3.84
Alal6 127.3 8.36 50.8 4.64 18.3 1.37
Pro17 63.4 4.4 32.1 2.29,2.01
Aspl8 120.4 8.44 54.2 4.63 41.1 2.69
Thrl9 114.7 8.07 61.8 4.31 69.7 4.29
Arg20 124.7 8.27 54.2 4.61 30.4 1.75
(B) GalNAc;-MUC1-5TR

Prol 62.8 32
Ala2 125.8 8.4 50.3 4.4 18.4 1.35
Pro3 63.2 32.2
Gly4 108.9 8.4 45.1 3.97
Ser5 115.9 8.36 56.1 4.78 70.2 4.02,3.84
Thré 113.6 8.78 59.5 4.57 79.1
Ala7 125.4 8.33 50.3 4.4 18.2 1.35
Pro8
Pro9 62.9 31.9
Alal0 124.7 8.38 52.4 4.35 19.3 1.3
His11 117.3 8.42 55.3 4.77 29.4 3.19
Glyl12 110.0 8.4 45.3 3.94
Vall3 120.1 8.1 62.3 4.28 329 2.08
Thrl4 117 8.58 59.8 4.66 79.4
Serl5 116.5 8.47 57.8 4.63 64.3 3.81
Alal6 126.2 8.47 50.6 4.49 18.1 1.39
Prol7 63.2 32
Aspl8 120.5 8.46 54.2 4.66 41.1 2.68
Thri19 114.6 8.07 61.6 4.28 69.7
Arg20 124.7 8.29 54.2 4.58 30.1 1.75

ug of primary antibody ©ndvi27 or CC49 at 1Qug/mL in
blocking buffer), followed by anti-mouse Ig&eroxidase
conjugate (1:1000 dilution in blocking buffer). The plates
were developed with 3,%,5- tetramethylbenzidine (TMB)
as the colorimetric substrat81).

RESULTS

Design, Expression, and NMR Characterization of MUC1-
5TR. A synthetic gene encoding five tandem repeats from
the human mucin MUC1 was cloned into the bacterial
expression vector pET-15b (Novagen, Madison, WI), result-
ing in the overexpression of the MUC1-5TR protein (Figure
1A). The vector-encoded hexahistidinyl (ktistag positioned
at the N-terminus of the MUC1-5TR construct simplified
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Ficure 2: Chemical shift index (CSI)26, 27) for the MUC1
tandem repeat: (open bars) MUC1-5TR and (solid bars) GaiNAc
MUC1-5TR. Four or more consecutive negative CSl values indicate
a f-strand, while CSI values near zero indicate random coll
sequences.

proton spectra. TheH—1N HSQC spectrum of unglycosy-
lated'>N-MUC1-5TR at pH 5.5 and 2%C is shown in Figure
1B. There are only 15 major peaks in the spectrum,
corresponding to all the nonproline residues of the tandem
repeat. Each peak is a single, sharp resonance, demonstrating
that the structure of each repeat is identical within the context
of MUC1-5TR. Proton resonances all occur within a narrow
chemical shift window (8.68.5 ppm), indicative of a
random coil-like structuré®N chemical shift values are also
supportive of a random coil peptidaqd). BackbonéH, °C,,
5N, and *Cs resonances were assigned by use of 3D-
HNCACB and -HN(CO)CACB data sets recorded 8@-,
5N-labeled MUC1-5TR samples (data not shown). Chemical
shift assignments for MUC1-5TR are presented in Table 1A.
I5N- and 3C->N-edited NOESY experiments at mixing
times of 156-320 ms (data not shown), however, did not
produce sufficient long-range nuclear Overhauser effects to
calculate a unique solution structure for unglycosylated
MUC1-5TR. Chemical shift indices (CSI) calculated for each
residue are shown in Figure 2. A preponderance of negative
values indicates a predominance/$trand-like structures
for the tandem repeat. Interestingly, the highest negative CSI
values are for Arg20 and Thr19, two residues present in the
immunodominant region of the tandem repeat. Thrl9 rep-
resents one of the five potential O-glycosylation sites within
the MUC1 tandem repeat. This finding suggests the presence
of a regular element of secondary structure within this area
of the MUC1 tandem repeat. Previous reports proposed the
existence of a “knoblike” structure around the APDTR
peptide epitope32, 34). However, the relatively small CSI
values (Figure 2) indicate an overall lack of secondary
structure for MUC1-5TR, such that this molecule predomi-
nantly adopts a more flexible, random coil-like conformation.
Expression and Characterization of a Soluble Form of
ppGalNAc-T1.The segment of the human ppGalNAc-T1
gene GALNT1 GenBank Accession No. NM_020474)

the recovery of both unglycosylated and glycosylated forms coding for the soluble catalytic portion (residues—4b9)

of the construct. Most notably, the bacterial expression
system facilitated the production é¥N- and '3C-labeled
forms of MUC1-5TR and, in conjunction with multidimen-
sional NMR experiments, resulted in the detailed mapping
of all residues within the tandem repeat. Previous NMR
structural studies of the MUC1 tandem rep&®-(35) made

of the enzyme was amplified by PCR and cloned into the
Pichia pastorisexpression vector pPIGA. The secreted
expression product was a 521-amino acid protein of predicted
molecular mass 59.7 kDa, comprising amino acids 339

of ppGalNAc-T1 preceded by a vector-encoded EF dipeptide.
SDS-PAGE analysis of yeast supernatant fractions yielded

use of synthetic peptides and were confined to homonuclearonly two bands, with apparent molecular masses of 56 and
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Ficure 3: Glycosylation of MUC1-5TR by ppGalNAc-T1. (AH—1N HSQC spectrum (92 complexincrements of 768 data points, 8
scans) of MUC1-5TR [0.4 mM, in 50 mM UDP-GalNAc, 10 mM MES, pH 6.3, 1 mM Mi@bd mM MgClk, 0.01% (w/v) NaN, and 10%

(v/v) D,Q] at (black) 0 h, (blug2 h, and (reji 16 h after addition of 1% (v/v) ppGalNAc-T1 preparation. Arrows indicate peak shifts that
occur as a result of GalINAc additions to the MUCL1 tandem repeat. Unlabeled peaks arise from the vector-engodetalHiffinity tag.

Spectra were recorded at 3C. (B) Relative glycosylation of MUC1-5TR over time. Values were determined for each residue by analyzing
IH—-15N HSQC spectra (panel A) and calculating peak volumes for glycosylated and nonglycosylated residues. Relative glycosylation
values were defined as the ratio of the volume of the glycosylated peak to the total volume of glycosylated and nonglycosylated peaks.
Symbols are as follows:Q) Ser5, O) Thr6, @) Thrl4. (C) A 20% (w/v) Tris-glycine SDS-PAGE gel of MUC1-5TR protein shown

over the time course of glycosylation. Lanes: M, molecular mass standards (indicated in kilodaltons); 1,0 h; 2,1 h; 3,2 h; 4,4 h; 5, 8 h;
and 6, 24 h post-enzyme addition. Incubation was &@#vith 0.4 mM MUC1-5TR, 25 mM MES, pH 6.3, 1 mM Mng&I10 mM MgCh,

and 10 mM UDP-GalNAc.

Table 2: Kinetic Parameters of the Recombinant Human strategy for simultaneously analyzing the enzymatic action
ppGalNAc-T1 Enzyme of ppGalNAc-T1 at all five O-glycosylation sites of the

tandem repeat. Figure 3A shows thd—N HSQC of
uniformly **N-labeled MUC1-5TR (0.4 mM; with 10 mM

acceptor substrate, (mM)

in—1
Tzztz’jrate Vma*(“;";;'” ) Sss NTS’B ghlrj“ UDP-GalNAc, 10 mM MES pH 6.3, 1 mM MnG and 10
MUGL5TR 582 8.27 125 0.0 mM MgCly) at 0, 2, and. 16 h fqllowmg the addition of the
MUCL-1TR ND 41.35 6.04 0.20 ppGalNAc-T1 preparation. This enzyme has an absolute

— ___requirement for paramagnetic ¥nions (@3, 37). The

aInterpolated values, italicized, are calculated under the assumption . - .
of saturation kinetics? ND, not determined Parameters for one MUC1 m?nganese |0n§ present in the sample (1 mM) resultin Onl_y
tandem repeat of MUC1-5TR, assuming equivalency for all tandem Minor changes in these spectra relative to those shown in
repeats. Figure 1B. Ten millimolar Mg"~ was also added as a

counterion for the UDP-GalNAc donor substrate, ensuring

62 kDa. N-Terminal Edman degradation on both bands that Mré*ions remained bound to the enzyme. A change in
confirmed the presence of the expected target protein andthe chemical shift of His11 is also observed, due to the
of a truncated form of ppGalNAc-T1 fragment (amino acids difference in pH between the ppGalNAc-T1-containing NMR
88559, predicted molecular mass 54.1 kDa). The 62 kDa Sample (optimal enzymatic activity at pH 6.3) and the sample
band was the dominant species, accounting for more thanopgmally used to establish chemical shift values (pH 5.5;
75% of the total protein as measured by gel densitometry. Figure 1B).
The recombinant enzyme preparation displayed the expected The shifts observed in the spectra recorded at 2 and 16 h
kinetic parameters as determined by standard radioassaypost-addition of ppGalNAc-T1 are the result of enzyme-
with tritiated UDP-GalNAc as the donor substra8)(and catalyzed GalNAc transfer to Ser and Thr residues within
both TAP24 (a 24-amino acid peptide mimic of the MUC1 MUC1-5TR. Among potential O-glycosylation sites, changes
tandem repeat) and MUC1-5TR as acceptor substrates (seé the!5N andH chemical shifts are first observed for Thrl4,
Table 2). indicating that it is the sole initial site of O-glycosylation.

Monitoring the Site-Specific Glycosylation of MUC1-5TR In the 2 h spectrum, chemical shift changes are also observed
by ppGalNAc-T1 by Use of NMR Spectroscopigtero- for other residues, including movement of the Thr6 reso-
nuclear NMR experiments performed on isotopically labeled nance, demonstrating that this residue is the second O-
forms of the MUC1-5TR construct represent a powerful glycosylation site. Addition of the GaINAc moiety to Thré
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is virtually complete in the 16 h spectrum; at which time a explain the higher apparent molecular masses calculated from
new peak is arising for Ser5, indicating the commencementthe gel mobility pattern for both unglycosylated18 kDa,

of a third O-glycosylation event. Throughout the experiment, lane 1) and glycosylated~30 kDa, lane 6) forms of the
the resonance peak assigned to Thrl9, a residue locatedMUC1-5TR when compared to their theoretical values (12.0
within the immunogenic APDTRP peptide epitope, remains and 15.0 kDa, respectively).

unchanged, confirming that this residue is not glycosylated  cparacterization of GalNAeMUC1-5TR. The curves

by ppGalNAc-T1. Significant changes in the chemical shifts resented in Figure 3B indicate that O-glycosylation of the
of neighboring residues are also noted as a result of \;yc1-5TR substrate by the soluble form of ppGalNAc-T1
O-glycosylation (e.g., Ser15 due to O-glycosylation at Thrl4, js essentially complete after 43 h under the conditions of
Ala7 due to Thr6, GalNAc-Thr6 due to Ser5), indicating a 6 NMR experiments. The band pattern observed by-SDS
change of chemlc_al and structural environments of the pgg (Figure 3C) also demonstrates that prolonged (24 h)
tandem repeat peptide due to the presence of GalNAC sugarsy . hation of MUC1-5TR with the enzyme yields a singular
The possibility of Serl5 as a potentially O-glycosylated glycoform product. A homogeneous preparation of this
residue itself was ruled out by analysis of i€/ chemical O-glycosylated substrate, termed GalNAGUC1-5TR, was
shift, which was relatively unaffected after complete glyco- - \ared by immobilizéd metal affinity chromaté)graphy
sylation (Table 1). Thus, the effects on the NH chemical (IMAC) via the N-terminal Hig-tag of the MUC1-5TR

shifts of Serl5 as a result_ of glycosylz_ition are due fo the construct. The presence of peptide-linked GalNAc groups
effects of glycosylation of its neighboring residue, Thrl4. (constituting the Tn antigen) on purified GaINAMUC1-

Pe_ak volumes were calculated fpr each HSQC SPeClUMg 1R \yas then confirmed by ELISA (Figure 4A). The MUC1-
acquired during the NMR glycosylation assay and then peaksSloecific murine monoclonal antibody (MABNAV27 (29)

for O-glycosylatgd residues were normalized relc_altive_ to recognizes the PDTR peptide sequence within the MUC1
completeness. Figure 3B depicts the O-glycosylation time tandem repeat (as defined by peptide scanning; D. Singh
courses for Ser5, Thr6, and Thrl4. The attachment of Ay kawamura. and J Gariy, unpublished result,s) This '
GalNAc group to the hydroxyl oxygen of Thrl4 is essentially i reacted with equal signal intensity to either MUC1-

complete within 4 h under the cited experimental conditions. 5TR —_
o o or GalNAg-MUC1-5TR, confirming that Thr19, the
Initial rates of GalNAc addition to the MUCL1 construct by threonine residue within the immunodominant APDTRP

ppGalNAc-T1 were derived for each residue from the curves .
ST o region, was not glycosylated by ppGalNAc-T1. As expected,
presented in Figure 3B. The overall initial rate of GalNAc Onavi27 did not react with bovine submaxillary mucin

transfer to Thrl4 was calculated to be @Bl/min, corre- , X ; .
sponding to a specific activity of 5.2 units/mg in the stock nggA.l)_'Ra:'?tglyeo(ggctzzlzﬁ?chm?nc'gi;ﬁ]a}f_?r?zs;]goéﬁghgg
enzyme preparation (a unit is defined as the transfer of 1 below) Inrz:onr:rast the mouse monoclgnal antib%d éC49

umol of sugar/min). Similarly, the site-specific initial rates (30) which reco niées both Tn [GaINAmQ.-O)Ser/Thr]);md

of O-glycosylation at Thr6 and Ser5 were determined to be . " 9 .

8.6 uM/min and 1.7uM/min, respectively. The initiakea S|_aIyI-Tn [Neu5_Ac(12—6)GaINAc(alTO)Ser/Th_r] antigens,
value of the enzyme (i.e., for Thr14) was estimated at 5.6 S/:?J(r_l,(it éi%ctxtgnhgggll)'gzg Enu(;rglit:gﬁg?ynIfr?ees?;mie q
—1 H i 1 - l i

s with a correspondingiea/Kin ratio of 1.4 10. A large glycoprotein BSM (sialyl-Tn). The binding of mAb CC49

excess of UDP-GalNAc was used in the glycosylation . .
experiments to ensure that product inhibition by UDP was Io GalNAG-MUC1-5TR demonstrates that this aniibody does

minimized until late time pointsX20 h). As with other indeed cross-react with the Tn antigen, as previously reported
preparative enzymatic glycosylation38f, such inhibition (39).
may be countered by phosphatases such as calf intestinal The'H—'N HSQC spectrum of GaINAeMUC1-5TR at
phosphatase (CIP). Experimentally, however, the addition pPH 5.5 and 25C is presented in Figure 4B and the resulting
of CIP did not change the glycosylation rates observed (dataNMR chemical shifts for GaINA¢MUC1-5TR are listed in
not shown), presumably owing to the nonoptimal activity Table 1B. Assignments of backbof&l and**C resonances
of this enzyme under the neutral conditions required for were also completed for the GalNAMUC1-5TR glyco-
glycosyl transfer (pH 6.5). peptide. The effects of O-glycosylation on MUC1-5TR
The time-dependent addition of GalNAc groups by pp- (Figure 4C) appear to be confined to the immediate vicinity
GalNAc-T1 to MUC1-5TR was also monitored by SBS  of the O-glycosylated residues, as illustrated by the chemical
PAGE under the same conditions chosen for the NMR shift differences Aa,; Figure 4C) observed for Land G
experiment (Figure 3C). A single band-shift pattern to a resonances between GalNAUC1-5TR and unglycosy-
higher mass was clearly observed for the recombinantlated MUC1-5TR. These findings are also confirmed by CSI
MUC1-5TR analogue as a result of the enzymatic O- values for GaINAgMUC1-5TR, which remain unchanged
glycosylation of the tandem repeat. Samples taken over afrom MUC1-5TR (Figure 2), except for those corresponding
time course (lanes-26) displayed the expected pattern of to theO-glycosylated residues and their immediate neighbors
increasing carbohydrate content. Moreover, the band corre-(i.e., residues 57, 13-15). Amide chemical shift differences
sponding to the MUC1-5TR substrate became progressively(Figure 4D), however, point to significant changes to many
more diffuse within the firs8 h (lanes 2-5), characteristic residues as a result of O-glycosylation. The large effects
of glycosylation microheterogeneity, whereas after 24 h the observed in NH chemical shifts as a result of GalNAc
band sharpened once more (lane 6), indicating that MUC1- addition show that simple HSQC spectra, ‘8i-labeled
5TR is terminally O-glycosylated by this time point. The proteins, can be used to monitor the substrate specificity of
extended structure of the proline-rich tandem repeat and theO-glycosylation of mucin proteins by ppGalNAc-transferases,
high level of hydration of the carbohydrate moieties may and thus can potentially serve as a tool for examining the
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FiGure 4: Characterization of GaINAMUC1-5TR. (A) ELISA assay of MUC1-5TR, GalNAGMUC1-5TR, and bovine submaxillary
mucin (BSM) with the monoclonal antibodies (open b&@s)dM27 and (solid bars) CC49. Each well was coated witlg2of antigen, and

1 ug of primary antibody was used in each case. Color was developed as described in the Experimental Procedures sk¢tid?N (B)
HSQC spectrum of GaINAeMUC1-5TR (0.5 mM). Experimental parameters and sample conditions are as described for Figure 1B. (C)
Normalized G/Cs chemical shift differences\a/Amay) (49) as a result of the addition of GalNAc groups on the MUCL1 tandem repeat. (D)
Normalized amide proton and nitrogen differences.

activities of other glycosyltransferases, either in purified form hydroxyamino acid side chains within the tandem repeat.

or as cellular extracts. Thrl4 represented the best substrate for this enzyme,
followed by Thr6. The ppGalNAc-T1 enzyme subsequently

DISCUSSION slowly modifies Ser5 after a 2-h “lag period,” during which

A complete understanding of how proteins are posttrans- ime most of the Thr14x 90%; Figure 3B) and Thr6 side
lationally modified with O-linked sugars requires the detailed C€hains (-60%) are glycosylated, suggesting that the enzyme
knowledge of how transferase enzymes initially differentiate May have a secondary specificity for altered substrates
serine and threonine side chains within the context of (9lycosylated forms). This delay between the successive
complex protein templates. The present study provides the€ngagement of the different O-glycosylation sites by the
first simultaneous kinetic description of O-glycosylation €Nnzyme may thus support the proposed functional lectinlike
events by ppGalNAc-T1 at all putative O-glycosylation sites Properties of ppGalNac-T1(). Both Ser15 and Thrl9 are
within MUC1-5TR. It illustrates the power of NMR spec- NOt substrates for this enzyme. Surprisingly, .these two
troscopy for dissecting the substrate specificity and kinetic residues, particularly Thrl9, are part of a region of the
parameters of a ppGalNAc-transferase in the context of aunglycosylated MUCI-5TR that display the only ordered or
complex, multivalent MUC1 analogue. More specifically, a “knoblike” structure within the MUC1 tandem repeat (Figure
synthetic human mucin MUC1 construct harboring five 20- 2; 30, 32). The substrate selectivity of ppGalNac-T1 thus
amino acid-long tandem repeats and an N-terminal histidine @PPears to favor residues located in regions of the ungly-
purification tag was expressed in bacteria and subsequentlycosylated MUCI-5TR lacking elements of secondary struc-
O-glycosylated with a soluble catalytic fragment (amino acids turé and perhaps better defined as a “loose extended”
41-559) of human ppGalNAc-T1 (Figure 1). The order of Structure reflecting its high content of proline residues.
addition of GalNAc moieties (creating the Tn antigen) is  The structural effects of O-glycosylation on MUC1-5TR,
sequential and specifically occurred at only three of the five as determined by NMR studies, were limited to the vicinity
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of the glycosylated residues. Interestingly, the scale at which

the resulting>N,**C-labeled-glycopeptide GalNAMUC1-

5TR could be produced and purified demonstrates the value
of this glycosylated substrate for further dissecting the
features of other enzymes involved in O-glycosylation. Other
members of the ppGalNAc-transferase family for example,
exhibit a strict requirement for glycopeptide substrates, and,
in some instances, are capable of completing the O-
glycosylation of the MUC1 tandem repeat following the prior

action of ppGalNAc-T141—-43). In addition, downstream
transferases including the humaf,6-sialyltransferase4,
44) and the recently cloned core31,3-galactosyltransferases
(45, 46) could be used in conjunction with GaINAMUC1-

5TR to recreate cancer-relevant glycopeptide antigens,

including sialyl-Tn [Neu5Aag2—6)GalNAc(@1-O)Ser/Thr],
a predominant marker in colon carcinomdg)( and sialyl-T
[Neu5Ac(@2—3)Gal31—3)GalNAc(@1-O)-Ser/Thr], fre-
quently observed in breast cancet8)( Finally, the strategy

presented in this study now provides the tools for collecting
structural information essential to the rational design of
glycosylated forms of MUC1 that may serve as components
in cancer vaccines or as validated targets for drug discovery.
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