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ABSTRACT. MUCL1 mucin is a large transmembrane glycoprotein, of which the extracellular domain is
formed by a repeating 20 amino acid sequence, GVHBARPAPGSTAPPAH. In normal breast epithelial

cells, the extracellular domain is densely covered with highly branched complex carbohydrate structures.
However, in neoplastic breast tissue, the extracellular domain is underglycosylated, resulting in the exposure
of a highly immunogenic core peptide epitope (PDTRP in bold above) as well as the normally cryptic
core Tn (GalNAc), STn (sialyk2—6 GalNAc), and TF (Ggbl—3 GalNAc) carbohydrates. In the present
study, NMR methods were used to correlate the effects of cryptic glycosylation outside of the PDTRP
core epitope region to the recognition and binding of a monoclonal antibody, Mab B27.29, raised against
the intact tumor-associated MUC1 mucin. Four peptides were studied: a MUC1 16mer peptide of the
sequence Glyl-Val2-Thr3-Ser4-Ala5-Pro6-Asp7-Thr8-Arg9-Pro10-Alall-Prol2-Gly13-Serl4-Thrl15-Alal6,
two singly Tn-glycosylated versions of this peptide at either Thr3 or Ser4, and a doubly Tn-glycosylated
version at both Thr3 and Ser4. The results of these studies showed that the B27.29 MUCL1 B-cell epitope
maps to two separate parts of the glycopeptide, the core peptide epitope spanning the PDTRP sequence
and a second (carbohydrate) epitope comprised of the Tn moieties attached at Thr3 and Ser4. The
implications of these results are discussed within the framework of developing a glycosylated second-
generation MUC1 glycopeptide vaccine.

Mucins are attracting real interest as potential targets in sequence (PDTRP in bold above)() identified as the
the development of vaccines for adenocarcinomas expressingmmunodominant B-cell epitope from monoclonal antibody
mucin 1 (MUC1)! particularly for breast cancer but also studies in mice 11—16). Abnormal glycosylation is also
for pancreatic, lung, colorectal, and ovarian canc&rs4j. believed to result in the exposure of the normally cryptic
MUC1 mucin is a large transmembrane glycoprotein, of core Tn (GalNAc), STn (sialyk2—6 GalNAc), and TF (Gall
which the extracellular domain is formed by a repeating 20 31—3 GalNAc) carbohydrateslf, 18). All three carbohy-
amino acid sequence (GVTEDTRPAPGSTAPPAH,). In drate epitopes are strongly expressed on human carcinoma

normal breast epithelial cells, the extracellular domain is cells (17, 19-22) and may be associated with cancer
densely covered with highly branched complex carbohydrate progression and metastas23¢25).

structures, attached to the proximal serine and threonine
residues within the peptide sequenbe-8). However, in the
tumor-associated state, MUC1 becomes an autoantigen as
result of incomplete glycosylation and sparse distribution of
these carbohydrate structurés. (This is believed to result

in the exposure of a highly immunogenic core peptide

There are five potential O-glycosylation sites in each
andem repeat of the MUC1 sequence (GVTSAPDTRPA-
GSTAPPAH). Identifying which of these sites remains
glycosylated in the tumor-associated state is important for
MUCL1 vaccine design, as the vaccine should approximate
as closely as possible the glycosylation state and peptide
backbone exposure of the intact tumor. In vitro glycosylation
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1 Abbreviations: CD, circular dichroism; DQFCOSY, double- These findings are significant insofar as reduced glycosyl-

quantum filtered coherence spectroscopy; DSS, 2,2-dimethyl-2-sila-5- gtion of MUC1 is assumed to permit the immune system

pentanesulfonate; ELISA, enzyme-linked immunosorbent assay; Fab, . . .
antigen-binding fragment of monoclonal antibody; GalNAcN- access to this region of the peptide sequence. However, recent

acetylgalactosamine; HSQC, heteronuclear single-quantum coherencén vivo studies have demonstrated that all five sites on the

spectrum; Mab, monoclonal antibody; MUC1, mucin 1; NMR, nuclear NMUC1 tandem repeat are glycosvlation targe?. (30
magnetic resonance; NOE, nuclear Overhauser effect; NOESY, 2D Ith h th . P id gly Y hg il( .)’
nuclear Overhauser effect spectroscopy; STn, sialyl-Tn; TF, Thomsen although there is no evidence to suggest that all sites are

Friedenriech; TOCSY, total correlation spectroscopy. actually glycosylated.
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In a recent study by this group, NMR methods were used Tn3-glycosylated 16mer, Tn4-glycosylated 16mer, and
to probe the structural and dynamical consequences ofTn3,Tn4-glycosylated 16mer were prepared by dissolving
glycosylation at the central threonine within the PDTRP core the lyophilized peptides in 450L of 90% HO/10% D,O
epitope region of MUCL1 synthetic peptidexl). This study PBS buffer to a concentration of 1 mM by mass. DSS was
showed that a well-populated typgiturn was adopted by  then added as an internal chemical shift reference, and the
residues PDTR in the unglycosylated MUC1 sequence andfinal pH was adjusted to 7.0H NMR experiments were
that attachment of a Tn carbohydrate to the central threonineacquired at 500 MHz on a Varian Inova 500 spectrometer
within this sequence resulted in a destabilization ofthern equipped with an actively shieldeehxis gradient and a triple
and a shift in the conformational equilibrium of the underly- resonance probe. The hypercomplex metH}f) (vas used
ing peptide backbone toward a more rigid and extended statefor acquisition of all 2D data sets. DQFCOS36( 37) and
The existence of a similgs-turn within the PDTRP core  TOCSY (38) data sets typically included 6000 Hz spectral
peptide epitope of the underglycosylated tumor-associatedwidths, 64 transients, 300 increments, and 4096 points along
MUC1 mucin protein might explain the immunodominance F,, whereas NOESY3J9, 40) data sets typically included
of this region in vivo, as the presence @fturn structure 6000 Hz spectral widths, 256 transients, 256 increments, and
has been correlated with increased immunogenicity in other 2048 points alond-,. TOCSY experiments utilized a spin
systems. lock field of 7.12 kHz. NOESY experiments were acquired

In the present study, we use NMR methods to probe the with a mixing time of 300 ms. All 2D data sets were collected
structural and dynamical consequences of glycosylation atin duplicate at two separate temperatures®Csto retard
serine and threonine residues upstream of the PDTRP corgapid backbone amide proton exchange and °g5 to
epitope region of MUC1 synthetic peptides and correlate temperature shift the water peak and allow observation of
these effects to the recognition and binding of a monoclonal carbohydrate resonances between 4.7 and 5.0 ppm. Water
antibody, Mab B27.29,raised against the intact tumor- suppression was achieved using a gradient-tailored echo pulse
associated MUC1 mucin. Four peptides were studied: asequence incorporating two selective pulses around the 180
MUC1 16mer peptide of the sequence Glyl-Val2-Thr3-Ser4- pulse of the echo that prevent the water signal from
Ala5-Pro6-Asp7-Thr8-Arg9-Pro10-Alall-Prol12-Gly13-Serl4- refocusing. In addition, a water selective®3fulse followed
Thrl5-Alal6, two singly Tn-glycosylated versions of this by a gradient was used to diffuse water. 2D data sets were
peptide at either Thr3 or Ser4, and a doubly Tn-glycosylated processed on a SGI Octane workstation using NMRPipe/
version at both Thr3 and Ser4. Included in the study are two- NMRDraw software 41). Typical processing utilized 90
dimensionalH NMR TRNOESY studies of the binding of  shifted sine-bell squared window functions and zero filling
the doubly glycosylated MUC1 16mer to the Fab fragment to 4K x 4K prior to Fourier transformation.
of B27.29, so as to allow a mapping of the MUC1 B-cell ~ Temperature coefficients<Ad/AT, ppb) for all back-
epitope, and an assessment of the contribution of the PDTRPbone amide (NH) protons of the unglycosylated and Tn-
core peptide epitope versus the Tn core carbohydrate epitopgylycosylated MUC1 16mers were calculated from linear plots
to Mab B27.29 recognition and binding. The results of these of NH chemical shift versus temperature. The NH chemical
studies are discussed within the framework of developing a shifts were measured from DQFCOSY spectra acquired at
glycosylated second-generation MUCL1 glycopeptide vaccine.5 and 25°C and from one-dimensional spectra acquired at

5, 10, 15, 20, and 23C. 3Jy, coupling constants were
EXPERIMENTAL PROCEDURES obtained from the backbone NH proton region of the one-

MUC1 Peptides and Fab B27.281UC1 peptides and  dimensional spectra acquired afG, where the individual
glycopeptides were provided by Biomira Inc., Edmonton, résonances were curve-fitted using a program written by R.
Alberta, Canada. These included an unglycosylated 16merBoyko (University of Alberta; xcrvfit program available at
(Gly1-Val2-Thr3-Ser4-Ala5-Pro6-Asp7-Thr8-Arg9-Pro10- Www.pence.ualberta.ca.ftp) which utilizes an iterative fitting
Alal1-Pro12-Gly13-Ser14-Thr15-Alal6), two singly glyco- procedgre. Where overlap of the NH resonances in t.he one-
sylated versions of this 16mer, one with a Tn carbohydrate dimensional spectrum precluded analysidy. coupling
o-linked to thes-hydroxyl of Thr3 (Tn3-glycosylated 16mer) ~ constants were obtained from theCH—NH fingerprint
and the other with the Tn carbohydratelinked to the  region of the 4Kx 4K (F; x F;) DQFCOSY spectrum
B-hydroxyl of Ser4 (Tn4-glycosylated 16mer), and a doubly acquired at 5C. The DQFCOSY spectrum was zero filled
glycosylated version of the 16mer, with Tn carbohydrates t0 16K in theF, dimension and processed using @ifted
o-linked to theB-hydroxyls of both Thr3 and Ser4 (Tn3,Tn4-  Sine-bell weighting in thé=, dimension and no weighting
glycosylated 16mer). The Fab fragment of anti-MUC1 intheF;dimension. Traces were takendn and then curve-

monoclonal antibody B27.29 was prepared by papain diges-fitted as described above. _
tion of the purified intact IgG and was also provided in ~ Natural Abundance™*Co Relaxation Measurements of

|yoph|||zed form by Biomira Inc. MUC1 Peptides Free in SolutioB00 MHz*Ca. T; and®Ca

2D 'H NMR Spectroscopy of MUC1 Peptides Free in Ti, relaxation times and steady-stdtéHo} —**Ca. hetero-
Solution.Peptide NMR samples of the unglycosylated 16mer, nuclear NOE values were measured for the unglycosylated
and Tn3,Tn4-glycosylated 16mers to determine the effect
2 Monoclonal antibody B27.29 was raised against ovarian tumor cell Of glycosylation on local backbone motion. NMR samples
derived mucin and displays specificity for MUC1 expressing tumors Were prepared by dissolving the peptides in B0®f 99.9%
of the ovaries and breas3?). Epitope fingerprinting studies identify  D,O PBS buffer, pH 7.0, to a concentration of 10 mM. The
the B27.29 epitope as PDTRPAP (GVTBATRPAPGSTAPPAH) , i
within the immunodominant PDTRP epitope regi®@8) B27.29 is pulse sequences of Yamakazi and co-workagy yere ijse’d
used as a diagnostic antibody for cancer expressing the MUC1 mucinfOr these measurements, modified to remé¥é¢ and °C

(39). decoupling.**C broad-band decoupling during acquisition
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was achieved using GARP, with a field strength of 8.2 kHz. ligand concentration was plotted against the concentration
Relaxation delays of 5, 50, 100, 150, 200, 300, 400, 500, of the bound ligand, and the curve was fit to the equation
and 600 ms were used for tie experiments, and delays of
4.0,8.0,12.1,16.1, 24.1, 40.2, 56.3, and 80.0 ms were used [bound]= (capacity[free ligand])Ky + [free ligand])
for the Ty, experiments. Both th&; and T,, experiments (3)
used a recycling delay of 1.2 s between transients. The
{*Ha} —*Ca. NOE was obtained by recording spectra with according to MichaelisMenten kinetics, where the capacity
and withou 3 s of H saturation. In the case of spectra is the concentration of the Fab and tgis the equilibrium
acquired without NOE, a net recycling delay ® s was dissociation constant.
employed, whereas a recycling delay2os prior © 3 s of IH NMR-Monitored Titrations of MUC1 Peptides with Fab
H saturation was employed for spectra with NOE. A B27.29.'H NMR-monitored titrations of the unglycosylated
Ti,, and NOE spectra were recorded atGusing spectral ~ 16mer and the Tn3,Tn4-glycosylated 16mer with Fab B27.29
widths of 6000 and 2500 Hz foiH and3C, respectively, were next undertaken. These included forward titrations
105 increments in thé*C dimension, and 1024 complex (peptide NMR sample titrated with Fab) and reverse titrations
points per FID. (Fab NMR sample titrated with peptide), so as to correct
13Ca Ty, To,, and NOE data sets were processed on a SGl for any nonspecific line broadening of peptide resonances
Octane workstation using NMRPipe/NMRDraw software caused by Fab-induced increases in sample viscosity. The
(41). The FID’s in the!3C dimension were doubled using forward titrations used the 1 mM peptide NMR samples
forward linear prediction. Typically, spectra were processed prepared above in 90%.,8/10% DO PBS buffer. Lyo-
in the acquisition and indirect dimensions with°Shifted philized Fab was added to these peptide NMR samples in
sine-bell squared window functions. For tH€ T, and Ty, small aliquots of a few milligrams at a time to a final
data sets, a Lorentz-to-Gauss transformation was performedconcentration of 40aM (0.4 molar equiv of Fab/peptide).
NMRPipe/NMRDraw software was used to pick peaks and In the reverse titration, lyophilized Fab was dissolved in 450
fit the measured peak heights to a two-parameter exponential L. 90% H,O/10% D:O PBS buffer, pH 7.0, to a concentra-

decay function of the form tion of 200uM by mass. Peptide was then added in aliquots
of 1020 uL from an 8 mM stock solution to a final
1(t) = loexp(-t/Ty ) 1) concentration of 1.4 mM (0.14 molar equiv of Fab/peptide).

All NMR samples contained DSS as an internal chemical
wherel(t) is the intensity after a delay of timteandlois the  ghift reference, and the pH was adjusted to within Z.0
intensity at timet = 0. The uncertainties in th&, and Ty, 0.05 after each aliquot of peptide or Fab was added.
values from nonlinear least-squares fit were calculated using  One-dimensionalH NMR data sets were collected at four
the assumption that the RMS noise in each spectrum givespgints in each of the forward and reverse titrations. In the
a good estimation of the error in the measured intensities of forward titration, these points represented\d Fab (1 mM
the peaks. This assumption was validated by comparison offree peptide), 10@M Fab (0.1 molar equiv of Fab/peptide),
two experiments with identical relaxation times, where the 200M Fab (0.2 molar equiv of Fab/peptide), and 40
standard deviation of the peak heights was shown to Fap (0.4 molar equiv of Fab/peptide). In the reverse titration,
approximatey/2 x RMS noise in each of the spectra. these points representedu® peptide (200uM free Fab),
The steady-statg'H} —*3C NOE values were determined 400 uM peptide (0.5 molar equiv of Fab/peptide), 80BI
from the ratios of the average intensities of the peaks with peptide (0.25 molar equiv of Fab/peptide), and 1.4 mM
and without'H saturation. The standard deviation of the NOE peptide (0.14 molar equiv of Fab/peptide). NOESY and
value, onog, Was determined on the basis of measured TRNOESY data sets were acquired at 5 andP@Sor the
background noise levels using the relationship beginning and end point of the forward titration and for all
) o 1/2 four points in the reverse titration. DQFCOSY data sets were
onodNOE = [(0)_/15a)" + (07, Nunsad’] (2)  acquired at 5, 10, 15, 20, and 26 for the beginning and
end points of the forward titration. Data acquisition and
wherelg and I nsarrepresent the measured intensities of a processing details for these NMR experiments have been
resonance in the presence and absence of proton saturatiordescribed earlier in Experimental Procedures, as have the
respectively. The standard deviations of these values, esti-methodologies for calculation of temperature coefficients and
mated from the root-mean-square noise of background3Jy, coupling constants from the DQFCOSY data sets.
regions, are represented by ando, Determination of Exchange Time Scales for the Binding
Fluorescence Measurements of MUC1 Peptides Binding of the MUC1 Peptides to Fab B27.28terpreting'H NMR
to Fab B27.29 Fluorescence measurements were used toresults for systems undergoing chemical exchange (for
determine the equilibrium dissociation constaris)(and example, the MUCL1 peptides binding to Fab B27.29) requires
off-rates k) for the binding of the unglycosylated 16mer, a determination of exchange time scales with respect to both
Tn3-glycosylated 16mer, Tn4-glycosylated 16mer, and chemical shift andl; relaxation. BIAcore analysis of the
Tn3,Tn4-glycosylated 16mer peptides to Fab B27.29. Fab binding of a one-repeat unglycosylated MUC1 peptide to
B27.29 (0.86uM stock solution) was titrated with small Mab B27.29 has measuredka = 63 nM (43). Since most
aliquots of peptide and glycopeptide to a final concentration Fab fragments hav€p’s 10—20-fold higher than their parent
greater than 200-fold in excess of Fab concentration. ThelgG'’s (reflecting differences in avidity due to monovalent
change in Fab fluorescence intensity was monitored, and thebinding; 44), the Kp for the binding of the same one-repeat
concentration of bound ligand was calculated (percent of peptide to Fab B27.29 is expected to be in the range of 0.1
maximum fluorescence change). The natural log of the free < Kp < 1 uM. Our own fluorescence measurements of the
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MUCL1 16mer peptides and glycopeptides binding to Fab (Ws > Wg). However, since the MUC1 system is also in

B27.29 have produceldy’s in the range of 16t 10 «M, in intermediate exchange with respect to chemical shift, the
rough agreement with these calculations. Assumiig a- measured TRNOE cannot be simply deconvoluted into a
1 uM and a diffusion-controlled on-ratéf, = 1 M1 s7%), populated weighted average of free and bound NCIBs (

kot is then calculated to be-100 s?, or 100 Hz. Typical Thus, a qualitative as opposed to a quantitative approach
differences between free and bound chemical shifts are 100 must be adopted in analyzing the TRNOE results obtained
1000 Hz (45), so &, = 100 Hz places the MUCL1 system for the MUC1 system.
into intermediate exchange on the chemical shift time scale. Modeling of a Proposed Antibody Binding Interface on
In this regime, resonances do not shift with varying the MUCL1 Glycopeptid€Reptide-Fab and sugarFab NOEs
concentration of ligand but instead experience a loss in signalobserved in the TRNOESY studies of the Tn3,Tn4-glyco-
intensity due to line broadeninglg). This is the behavior  sylated 16mer binding to Fab B27.29 were used to model a
exhibited in our NMR titrations of MUC1 peptides and proposed antibody binding interface on the MUC1 glyco-
glycopeptides binding to Fab B27.29 (see Results). peptide. Modeling was performed on a SGI Octane using
It is appropriate to note here that the line broadening the BIOPOLYMER and DISCOVER modules within the
observed in the MUC1 peptidd-ab titrations is only partly  Insight Il program (Molecular Simulations Inc., San Diego,
caused by intermediate exchange chemical shift behavior.CA). The protocol involved the following three steps:
Changes in the relaxation properties of MUC1 peptide (1) Select residues in the Tn3,Tn4-glycosylated 16mer
backbone and side chain resonances as these regions amgere set to define@ andy values, which remained fixed
bound and partially immobilized within the antibody com- throughout subsequent steps. Asp7 and Thr8 were set to a
bining site also contribute to line broadening effects. Indeed, type | 5-turn conformation ¢, = —60°, 1, = —30°, ¢3 =
NMR relaxation measurements of MUCL1 peptides in the —90°, y3; = 0°), based on our own NMR findings of a type
presence of Fab have demonstrated a strong correlation S-turn spanning residues Pro6-Asp7-Thr8-Arg9 (see Re-
between Fab-induced line broadening and Fab-inducedsults). Pro6, Arg9, Prol0, Alall, Prol12, Gly13, Serl14, Thrl5,
decreases inT; (manuscript in preparation), indicating and Alal6 were set to a polyproline type Il helical conforma-
decreased mobilities for broadened resonances and, mordion (¢ = —60°, v = 70°), based on Fontenot’s findings of
importantly, fast exchange on the relaxation time scale. The a significant population of polyproline type Il helix in his
existence of these two exchange regimes for the MUC1 CD studies of multiple repeat MUCL1 peptides/{-49).
system, intermediate on the chemical shift time scale but (2) The¢ andy dihedral angles of Thr3, Ser4, and Ala5
fast on the relaxation time scale, allows implementation of were then manually rotated to bring the Tn3 and Tn4
TRNOESY experiments (see below) which rely on changes carbohydrates to the same face of the glycopeptide as the
in Ty to relay information of the bound state. side chain of Thr8. The modeling of an antibody binding
TRNOESY Studies of the Binding of MUC1 Peptides to interface involving Tn3, Tn4, and Thr8 is based on the
Fab B27.29.The transferred nuclear Overhauser effect observation of Fab NOEs to Tn3, Tn4, and Thr8 in the 5
(TRNOE) is an extension of the nuclear Overhauser effect and 25°C TRNOESY spectra of the Tn3,Tn4-glycosylated
(NOE) to exchanging systems such as peptig®tein MUC1 16mer peptide in the presence of Fab B27.29 (see
complexes46). In the presence of chemical exchange, NOEs Results and Table S6).
conveying conformational information of the bound peptide  (3) Finally, 5000 iterations of conjugate gradient energy
are “transferred” to the free peptide resonances. Equation 4minimization in vacuo using a distance-dependent dielectric
diagrammatically represents a system undergoing chemicaland a CVFF force field were performed. Peptidrigar
exchange, in this case a MUC1 16mer peptide binding to distance restraints observed for the Fab-bound peptide were
Fab 27.29. HereRr andPg are the free and bound peptide, used throughout the minimization to establish the “correct”,
ki[Fab] andk_; are the exchange rates; and 7g are the experimentally observed orientation of the Tn sugar groups
correlation times which modulate the interaction between relative to the peptide backbone. Distance restraints were
protons in the free and bound peptide, aidand W are calculated from the peptidesugar NOEs observed in the
the dipolar cross-relaxation rates between protons in the free25 °C TRNOESY spectrum of the Tn3,Tn4-glycosylated
and bound peptide (proportional to the measured NOE MUCL1 16mer peptide in the presence of Fab B27.29 (see

intensities, NOE and NOE, at short mixing times): Table S8). Only peptidesugar NOEs observed at 26 (not
at 5°C) were used for distance restraints in order to minimize
Fab+ P. ky[Fab] FabPy ) the contribution of the *free” peptidesugar NOEs to the
k.1 measured intensities. NOE intensities were measured as
T~ 10 %s T > 10 %s integral volumes and were converted to distance restraints
using the following classifications: strong (1.8 A rj <
W O NOE: W; 0 NOE; 3.5 A), medium (1.8 A< r; < 5.0 A), and weak (3.5 A

rj < 6.0 A). Distance information was included using a flat-
The only necessary condition for the transfer of magnetiza- bottomed potential which was equal for all restraints. All
tion is that the exchange rate be faster tharfiHengitudinal peptide bonds were forced to trans geometry during the
relaxation rate of the bound peptide { > 1/T,g), i.e., fast calculations. No distance violations greater than 0.1 A were
exchange with respect to relaxation. This condition is met observed in the final energy-minimized structure.
in the MUC1 system studied. Under these conditions, the
TRNOE is dominated by the bound peptide conformation RESULTS
(even forPs > Pg), since the cross-relaxation rates for the ~ Chemical Shifts and Resonance Assignments for the
bound peptide are so much faster than they are for the freeUnglycosylated and Tn-Glycosylated MUC1 16méiable
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Ficure 1: Schematic diagram showing the magnitudeldN, d5N, do.d, anddNé NOE connectivities observed in the NOESY spectrum
of the unglycosylated MUC1 16mer (panel A), Tn3-glycosylated MUC1 16mer (panel B), Tn4-glycosylated MUC1 16mer (panel C), and
Tn3,Tn4-glycosylated MUC1 16mer (panel D). The diagram also includes coupling condfiagistémperature coefficients-AS/AT),

and chemical shift deviation\Qn, = Ona0bs — dpeCoil). Uncertainty in the measured temperature coefficient valueisOi? ppb/K.
Uncertainty in the measured coupling constant&@2 Hz. The strong sequentidNN(i,i+1) NOEs between Asp7 and Thr8 and between
Thr8 and Arg9, and the mediudBN(i,i+2) NOE between Asp7 and Arg9 define a typg-turn spanning Pro6-Asp7-Thr8-Arg9 in each
peptide (boxed). The mediudud(i,i+1) anddNd(i,i+1) NOEs linking all X-Pro pairs in the sequence define an all-trans configuration
(53) for each peptide.

S1 (in Supporting Information) presents thel NMR perturbations for residues more than two positions removed
assignments for the peptide and carbohydrate resonances dfom the site(s) of carbohydrate attachment. Indeed, the
the unglycosylated, Tn3-glycosylated, Tn4-glycosylated, and chemical shifts for the backbone and side chain resonances
Tn3,Tn4-glycosylated MUC1 16mers in 90%®{10% DO of residues within the PDTRP peptide epitope region are
PBS buffer, pH 7.0, 3C. Table S2 presents tHéC NMR virtually identical across the series of MUC1 16mer peptides
assignments for the unglycosylated and Tn3,Tn4-glycosylatedand glycopeptides studied (see Table S1), suggesting that
16mers in 99.9% BD PBS buffer, pH 7.0, BC, obtained the chemical environment of the peptide epitope region is
from natural abundancé&®C-edited HSQC spectra. With  unaffected by upstream glycosylation events at Thr3 and
allowances made for different temperature and solvent Ser4.
conditions, assignments are in good agreement with those The localized glycosylation-induced chemical shift per-
previously published in 60% Gi®H/40% HO, pH 5.5, 10 turbations observed in Tables S1 and S2 can be correlated
°C (50). to localized shifts in the conformational equilibrium of the
The assignments in Tables S1 and S2 show that glyco-underlying peptide backbone, as assessed from a calculation
sylation-induced chemical shift perturbations are localized of the deviation of théHa. proton and*Ca. carbon chemical
to residues at or immediately adjacent to the site of shift values from random coib{l). Adn, and Adc, values
carbohydrate attachment. For example, a comparison of the(observe— random coil) were calculated for the unglyco-
chemical shifts for the unglycosylated 16mer versus the Tn4- sylated and Tn-glycosylated MUC1 16mer peptides, and
glycosylated 16mer shows significant downfield shifts for these values are presented in Table S3 and panels A
the NH and Ht resonances of Ser4 (8.48.71 and 4.45 (unglycosylated 16mer), B (Tn3-glycosylated 16mer), C
4.62 ppm, respectively), less significant shifts for the NH of (Tn4-glycosylated 16mer), and D (Tn3,Tn4-glycosylated
Ala5 (8.53-8.65 ppm), and only small perturbations for the 16mer) of Figure 1. TheAdw, and Adc, values for the
Hoo and H5 resonances of Thr3. Even the doubly glyco- unglycosylated 16mer are close to random cb) (for all
sylated 16mer exhibits no significati or 13C chemical shift residues, excepting Glyl and Val2 at the N-terminus and
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Alal6 at the C-terminus. In contrast, t&,, and Adc, and Tn3,Tn4-glycosylated 16mer peptides in methanol/water
values for glycosylated residues in the Tn-glycosylated (50), an earlier NMR study by another group involving a
16mers show significant downfield shifts and upfield shifts, 20-residue MUC1 peptide (PDTRPAPGSTAPPAHGVTSA)
respectively. These values are consistent with an increasén DMSO (55), and our own recent NMR studies involving

in the population of extended structure for these resitlues a shorter 9-residue MUC1 peptide (TSAPDTRPA) in water
and suggest that glycosylation shifts the conformational (31). Other studies of MUC1 peptides have found different
equilibrium of the underlying peptide backbone toward the favored turn conformations for the PDTR sequence. Fontenot
extended strand. This phenomenon probably arises fromand co-workers proposed a typeSHturn conformation ¢
limitations placed by the carbohydrate on they dihedral = —60°, ¥, = +120C, ¢p3 = +90°, yv3 = 0°) on the basis of
space available to the underlying peptide backbone. In line their NMR/CD studies of three-repeat MUCL1 peptides in
with these steric arguments is the observation that Tn- water @7—49). However, a type Il conformation would give
glycosylation at either Thr3 or Ser4 shifts the degenerate rise to a weakdNN(2,3) cross-peak between Asp7 and Thr8,
Hp resonances of Ser4 (3.85 ppm for the unglycosylated which is not observed in our 16mer peptides. It has also been
16mer) into nondegenerate positions (3.76 and 3.91 ppm inproposed by Kirnarsky and co-workers on the basis of their
the Tn4-glycosylated 16mer, for example), which suggests NMR structure calculations that the PDTR sequence adopts
that carbohydrate also hinders rotation aboutythleond of two overlapping inverseg-turns in solution, the first spanning

Ser4. Pro-Asp-Thr and second Asp-Thr-Ar$8). However, the
NOESY Conneadiities for the Unglycosylated and Tn- strongdNN(i,i+1) connectivities observed for this region
Glycosylated MUC1 16mer$he NOEs diagnostic ¢d-turn of the sequence argue against the existence of two over-
secondary structure includidiN(2,3),dNN(3,4), anddaN(2,4) lapping inversey-turns, as this arrangement would give rise

cross-peakss3), where the numbering indicates the position to only weakdNN(i,i+1) cross-peaks between Asp7 and
in the turn. Figure 1 shows the magnitudes of thedarn- Thr8 and between Thr8 and Arg9, corresponding to distances

defining NOEs observed in the NOESY spectra of the of 3.8 A in eachy-turn5 Although it is conceivable that the
unglycosylated (panel A), Tn3-glycosylated (panel B), Tn4- different experimental conditions used in each NMR study
glycosylated (panel C), and Tn3,Tn4-glycosylated (panel D) might have led to a different favored turn conformation, it
16mer peptides. All peptides display strong sequential is more probable that the PDTR region of the MUCL1 epitope
dNN(i,i+1) NOEs between Asp7 and Thr8 and between Thr8 is conformationally heterogeneous, sampling different turn
and Arg9. These NOEs are diagnostic of a typgketurn (. conformations (type pB-turn, type Il 5-turn, inversey-turn,
= —60°, v, = —30°, ¢35 = —90°, 3 = 0°) spanning Pro6-  etc.) as part of a complex conformational equilibrium. This
Asp7-Thr8-Arg9 within the PDTRP peptide epitope region possibility has been explored in greater detail in our recently
of each peptide, as such a turn would give rise to equally published NMR studies of a 9-residue MUC1 peptide and
strongdNN(2,3) anddNN(3,4) NOEs b4). A type | -turn its Tn-glycosylated derivative3().
conformation for this region in each peptide is further = Coupling Constants for the Unglycosylated and Tn-
suggested by the mediud¥N(2,4) NOEs observed between Glycosylated MUC1 16mer3ype | and type I5-turns are
Asp7 and Arg9, since this distance can approach as closelycharacterized by a dihedral anglegef= —60° for the second
as 2.9 A in a type | turn but only as closely as 3.6 A in a residue in the four-residue turB7, 58). This local confor-
type Il turrf (54). Glycosylation does not appear to affect mation is consistent with a coupling constant of 4 £2Jy,,
either the stability or conformation of the typegiturn, as < 5 Hz, assuming @-turn which is stably folded (100%
the relative intensities of théNN(2,3) anddNN(3,4) NOEs populated) in solution3Jy, coupling constants were meas-
measured in the unglycosylated versus Tn-glycosylated ured for all non-proline and non-glycine residues in the
16mer NOESY spectra are comparable. This suggests thatinglycosylated and Tn-glycosylated MUC1 16mer peptides,
the conformation of the peptide PDTRP epitope region is and these values are presented in Table S3 and panels A
unaffected by upstream glycosylation events at Thr3 and (unglycosylated 16mer), B (Tn3-glycosylated 16mer), C
Ser4. (Tn4-glycosylated 16mer), and D (Tn3,Tn4-glycosylated

Our findings of a type IS-turn spanning the PDTR  16mer) of Figure 1. All peptides display reduced coupling
sequences of the unglycosylated and Tn-glycosylated MUC1 constants for Ala5 and Alall, a result of their placement
16mer peptides are in agreement with the results of threeprior to a proline (Pro6 and Pro12) in the MUC1 sequéhce.
separate biophysical studies of MUC1 peptides: the previ- All peptides also display a reduced coupling constant for
ously referenced NMR study involving the unglycosylated Asp7 in position 2 of the putative typef-turn, which is
the same value within error (52 0.1 Hz) across the series

3 Ho proton chemical shift deviations measured for all 20 naturally Of 16mer peptides and glycopeptides. This value does not
occurring amino acids show a meanproton shift of —0.39 ppm fall within the range of 4 Hz< 33y, < 5 Hz predicted for

(upfield from the random coil value) when the residue is placed in a ;

helical conformation and a meanproton shift of+0.37 ppm when the second residue of a stably folded tygietuim. However,
the residue is placed in an extended conformatkf). (The shifting
tendancies fof*C nuclei are opposite in direction to those found for 5 The NOEs characteristic of an invergeurn (—85° < ¢2 < —70°,
INH and'Ha protons, so that th€&Ca carbons experience a upfield +60° < 2 < +70°) (57, 58) include a stronglaN(2,3) cross-peak,
shift from the random coil value when in an extended conformation corresponding to a distance of 2.4 A, a wed¥N(2,3) cross-peak,

(51). corresponding to a distance of 3.8 A, and a wdakl(1,3) cross-peak
4 Unfortunately, thedaN(2,4) NOE between Asp7 and Arg9 is  corresponding to a distance of 4.3 B9 60).
overlapped with the intraresiduletN of Arg9 in the NOESY spectrum 61n general, a residue proceeding a proline experiences steric clashes

of each MUCL1 16mer peptide (theoHesonances of Arg7 and Arg9  between its NH, Hd, and H5 protons and the Blprotons and carbonyl

are degenerate in each case). However, this NOE has been observed inarbons of the proline. This results in a displacement toward more
the NOESY spectra of both the unglycosylated and Tn3,Tn4-glyco- negativep values for the proceeding residue and a concomitant decrease
sylated 16mer peptides in a methanol/water mixt&@. in the measuredly, value @1).
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as the partially structured 16mer peptides and glycopeptides
are likely to be undergoing a conformational equilibrium
between foldedf-turn) and unfolded (extended) states, the

Al3co Ty, Ty, (ms)

. 4501
measured coupling constants for Asp7 should represent a <

populated weighted average of fldgy values associated with 3504 13
each interconverting state. Using a two-state mo@2|§3) 1 Co T,
in which Asp7 can find itself either in a turn conformation 3001

(®(Jne = 5 Hz) or in an extended conformatiofJy(, = 9

Hz), a measured coupling constant®df, = 5.9+ 0.1 Hz 2504

translates into approximately #05% of Asp7 sites in a
folded turn conformation for each peptide. This rough
estimate suggests that the turn population within the PDTRP
epitope region is unaffected by upstream glycosylation events
at Thr3 and Ser4, in agreement with the NOE and chemical 100
shift perturbation data previously discussed.

Whereas the coupling constant data suggest no long-range
effects of glycosylation, the dependence of e, of Thr3
on the glycosylation state suggests significant localized B {1Ha}-13Co, NOEs
effects. For example, th&ly, of Thr3 increases from 5.7

200
]3C(X Tlp

1504

1]

< 4

TS APDTRZPAPGS STA
5 10 15

Hz in the unglycosylated 16mer, to 7.3 Hz in the Tn4- 1.8j
glycosylated 16mer, to 8.8 Hz in the Tn3-glycosylated 16mer. 1
Using the simple but conceptually effective two-state model 16 1
described above, these coupling constants translate into i
approximately 17%, 58%, and 95% local extended confor- 141
mation, respectively, for each peptide. These rough estimates 1
suggest that glycosylation shifts the conformational equilib- 12

. : _ VTSAPDTRPAPGSTA

rium of the underlying peptide backbone toward extended 2 5 10 15

strand, a finding consistent with the chemical shift data Ficure 2: Natural abundanc¥Ca relaxation data measured for

presented earlier in the paper. the unglycosylated (open circles) and Tn3,Tn4-glycosylated (black
Temperature Coefficients for the Unglycosylated and Tn- circles) MUCL 16mer peptides. Panel A plots #@a T, andT,,

relaxation times, and panel B plots th#o} —13Ca heteronuclear
Glycosylated MUC1 16merdhe temperature dependence NOE values measured for each residue. Error bars (standard

of the amide proton chemical shift, or temperature coefficient geviations calculated for each relaxation parameter) are plotted only
(—AO/AT), is often interpreted as a measure of solvent when the bars are larger than the actual size of the symbol.

shielding in folded peptides and proteins. For unfolded Experimental conditions were 10 mM peptide in 99.9%PBS
regions of the sequence, temperature coefficients are expectefuffer, pH 7.0, 5°C.

to be 6 < —AJ/AT =< 10 ppb/K 64), indicating that the ) ) ,

backbone is freely solvated by water and that no hydrogen 9lycosylation state of this residue. For example, th&d/

bonds are present which would protect the backbone amides® T ©f Thr3 is much more elevated in the Tn3- and Tn3, Tn4-
from solvent exchange. For folded regions of the sequence,dlycosylated 16mers (12.6 and 12.0 ppb/K, respectively) than

temperature coefficients are expected to decreaseAtd/ in the unglycosylated or Tnd-glycosylated 16mers (8.0 and
AT < 6 ppb/K (4), indicating either the presence of a 8.6 ppb/K, respectively). These elevated values /AT
hydrogen bond or a high degree of solvent shielding. The correlate with the significant downfield shifts observed for
temperature dependence of the amide proton chemical shift! '3 NH in the Tn3-and Tn3,Tn4-glycosylated 16mers (8.91
can therefore be an indication of possible intramolecular 21d 8-90 ppm, respectively), in agreement with the strong
hydrogen bonding. corre_lauon that exists betweenAd/AT and N_H chemical
Temperature coefficients{AJ/AT) were measured for S.hlft'l'n unstructurgd systgmﬁfﬁ). One way to interpret the
all non-proline residues in the unglycosylated and Tn- Significant downfield shifts of Thr3 NH in the Tn3-
glycosylated MUC1 16mer peptides, and these values are_glycosylated _and Tr_13,Tn4-egcosyIated 16mers is to relate
presented in Table S3 and panels A (unglycosylated 16mer),'t to the possible existence of a hydrogen bond between the

backbone NH proton of Thr3 and the carbonyl of Macetyl
B (Tn3-glycosylated 16mer), C (Tn4-glycosylated 16mer), .
and D (Tn3,Tn4-glycosylated 16mer) of Figure 1. All group of Tn37 as the presence of hydrogen bonds is often

peptides display reduced temperature coefficients of<6.0 accompanied by m{;\rked downfield'shifts in folded peptides
—ASIAT =< 6.5 ppb/K for Arg9 in position 4 of the putative ~@"d Proteins@s). This proposal receives some support from
type | f-turn. These reduced temperature coefficients suggestMolecular modeling studies of a glycosylated trimer Ac-
involvement of the Argd NH in a hydrogen bond that Thr(a-GalNAc)-Ala-Ala-OMe 66) in wh|.ch the existence
partially protects it from solvent exchange, an interpretation ©f @ hydrogen bond between the peptide NH protons and

consistent with the presence of PraBO to Arg9—NH (1,4)

hydrogen bonds stabilizing the typg-turn proposed to span 71t should be noted that the proposal of a hydrogen bond based on
Pro6-Asp7-Thr8-Arg9 within the PDTRP peptide epitope large negative values 6fAJ/AT is consistent with the “equilibrium
region of each peptide. between states” interpretation of temperature coeffici&fs &lthough

h - . it does contradict the conventional “solvent shielding” interpretation
Also observed in the temperature coefficient data is an of —As/AT (64) which assumes a correlation between smallo/AT

unusually strong dependence of thAd/AT of Thr3 on the and the presence of a hydrogen bond.
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Ficure 3: Diagrammatic representation of strong peptidagar
NOEs observed in the NOESY spectrum of the Tn3,Tn4-glyco-
sylated MUC1 16mer peptide acquired in 90%3A1.0% D,0O PBS
buffer, pH 7.0, 5°C. Refer to Table S5 for a complete list of
peptide-sugar NOEs.

the GalNAcN-acetyl carbonyl was demonstrated. Were such
hydrogen bonds to exist in the Tn-glycosylated MUC1
16mers, these bonds might also play a role in shifting the
conformation of the underlying peptide backbone toward
more extended structure.

3C NMR Relaxation Experiments for the Unglycosylated
and Tn3,Tn4-Glycosylated MUC1 l16mefsatural abun-
dance®Ca T, and Ty, relaxation times andHo} —1*Ca 89 8.8 87 8.6 85 84 83 82 8.1 ppm
heteronuclear NOE values were measured for the unglyc_o-FIGURE 4: Backbone amide NH regions 6H NMR spectra
sylated and Tn3,Tn4-glycosylated MUC1 16mer peptides in showing the forward titration of the unglycosylated (panel A) and
order to assess the effect of carbohydrate attachment at Thr3n3,Tn4-glycosylated (panel B) MUC1 16mer peptides with Fab
and Ser4 on peptide backbone dynamics. The relaxationB27.29. The lower traces correspond to the free peptides, whereas

times and NOE values presented in Table S4 and panels Athe upper traces correspond to the peptide in the presence of 0.4

1 1 1 : molar equiv of Fab. Resonances marked by arrows experience the
(*Ca Ty and Ty,) and B {"Ha} “Co NOE) of Figure 2 greatest losses in signal intensity due to line broadening in the

show that glycosylation significantly affects the backbone presence of Fab. Experimental conditions were 1 mM peptide
dynamics of glycosylated (Thr3, Ser4) and neighboring 400uM Fab in 90% HO/10% DO PBS buffer, pH 7.0, 5C.

(Val2, Ala5) residues but has no significant effects on the

backbone dynamics of more remote residues within the transmitted from the site of glycosylation only to adjacent
PDTRP core epitope region. For example, the relaxation nonglycosylated residues.

times and NOE values of Thr3 aiig = 295+ 5 ms, Ty, = Peptide-Sugar NOE Conneactities Identified for the
188+ 19 ms, and NOE= 1.58+ 0.04 for the unglycosylated = Tn3,Tn4-Glycosylated MUC1 16mérhe 13C NMR relax-
16mer andT; = 262 + 11 ms,T;p = 1104+ 13 ms, and ation results described above suggest that glycosylation exerts
NOE = 1.29 £ 0.02 for the Tn3,Tn4-glycosylated 16mer. its conformational effects on the underlying mucin peptide
These times and values are consistent with glycosylation- backbone through the imposition of steric constraintggn
induced increases in the local correlation time and order of dihedral space. However, a second mechanism involving
the Thr33Ca—'Ha bond vector. In contrast, the relaxation conformational effects through specific pepticRigar in-
times and NOE values averaged over the central residues oteractions is also possible. To probe for the existence of
the peptide (Pro6-Asp7-Thr8-Arg9-Pro10-Alall-Prol2) are specific peptide-sugar interactions that could mediate con-
not significantly changed by upstream glycosylation at Thr3 formational effects on local peptide backbone, NOESY
and Ser4; i.e[Tild 1o =281+ 9 ms,[Ty,[d 1, =134+ 21 spectra of the Tn3,Tn4-glycosylated MUC1 16mer peptide
ms, andNOE[4-;, = 1.44 £+ 0.05 for the unglycosylated  were carefully scrutinized for peptidesugar NOEs. These
16mer andT;ld-1», = 298 £ 9 ms, (T3,[d-1» = 120 £ 21 NOEs, listed in Table S5 and shown diagramatically in
ms, and INOE[d_;, = 1.46 + 0.05 for the Tn3,Tn4- Figure 3, suggest that interactions between the attached sugar
glycosylated 16mer. Our findings of only localized effects and the underlying peptide backbone are specific and
of glycosylation on underlying peptide backbone dynamics localized. For example, the Tn3 carbohydrate displays close
are in agreement with th€C NMR relaxation studies of a  contacts only to Val2, Thr3, and Ser4, whereas the Tn4
sequentially deglycosylated native ovine submaxillary mucin carbohydrate displays close contacts only to Ser4, Ala5, and
(OSM) (67), where a “stiffening effect” was found to be Pro6. The absence of longer range contacts between the

Al6
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Ficure 5: FingerprintdaN regions of DQFCOSY spectra showing the forward titration of the unglycosylated and Tn3,Tn4-glycosylated
MUC1 16mers with Fab B27.29. Panels A and B correspond to the unglycosylated 16mer in the absence (panel A) and presence (panel B)
of 0.4 molar equiv of Fab, whereas panels C and D correspond to the Tn3,Tn4-glycosylated 16mer in the absence (panel C) and presence
(panel D) of 0.4 molar equiv of Fab. Boxed cross-peaks experience the greatest losses in signal intensity due to line broadening in the
presence of Fab. Experimental conditions were 1 mM pephd0xM Fab in 90% HO/10% D,O PBS buffer, pH 7.0, 3C.

attached Tn carbohydrates and the peptide backbone ighe NH proton of the peptide backbone and the carbonyl on
consistent with the absence of longer range effects on thethe N-acetyl group of the GalNAc. However, it is not clear
conformation or dynamics of the peptide PDTRP epitope from the pattern of peptidesugar NOEs why such a
region following upstream glycosylation at either Thr3 or hydrogen bond should be stronger for the Thi33 pair
Ser4. than for the Ser4Tn4 pair, as suggested by the temperature
Some of the strongest NOEs observed in the NOESY coefficient data.
spectra of the Tn3,Tn4-glycosylated MUC1 16mer peptide H NMR-Monitored Titrations of the Unglycosylated and
include those between the NH protons of Thr3 and Ser4 andTn3,Tn4-Glycosylated MUC1 16mers with Fab 27 28m-
the methyl and NH protons of the-acetyl groups of their ~ petitive ELISA binding studies on mucin solid phase have
directly attached Tn moieties. Similar peptiggugar con- shown that Tn glycosylation at Thr3 and Ser4 in the MUC1
nectivities have been observed in other NMR studies of synthetic peptides leads to a small but reproducible increase
a-GalNAc O-glycosylated peptides3, 56, 68, 69). For in the affinity of the peptide for Mab B27.29, an antibody
example, Kirnarsky and co-workers observed a strong NOE raised against the intact tumor-associated MUC1 mutii (
between the NH proton of their glycosylated threonine As upstream glycosylation at Thr3 and Ser4 does not affect
residue and th&l-acetyl group of GalNAc in theie-linked the conformation and dynamics of the immunodominant
O-glycosylated 15-residue MUC1 peptide). The presence  PDTRP peptide epitope region, this increased affinity for
of these specific peptidesugar NOEs between tiacetyl B27.29 cannot be due to the proximal carbohydrate stabiliz-
group of the attached GalNAc and the backbone NH of the ing the peptide epitope conformation most favored for
glycosylated residue suggests thatthacetyl of the GalNAc binding (presumably the typeA-turn spanning PDTR). A
might interact directly with the peptide backbone, providing more likely scenario is that the carbohydrates comprise part
some evidence for the existence of hydrogen bonds betweerof the recognition domain for B27.29, whose natural MUC1
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Ficure 6: Aliphatic regions of DQFCOSY spectra showing the forward titration of the unglycosylated and Tn3,Tn4-glycosylated MUC1
16mers with Fab B27.29. Panels A and B correspond to the unglycosylated 16mer in the absence (panel A) and presence (panel B) of 0.4
molar equiv of Fab, whereas panels C and D correspond to the Tn3,Tn4-glycosylated 16mer in the absence (panel C) and presence (panel
D) of 0.4 molar equiv of Fab. Boxed cross-peaks experience the greatest losses in signal intensity due to line broadening in the presence
of Fab. Experimental conditions were 1 mM peptitte400 uM Fab in 90% HO/10% DB,O PBS buffer, pH 7.0, 5C.

antigen remains extensively glycosylated with cryptic car- the PDTRg-turn region. This collection of residues suggests
bohydrate structures in the tumor-associated state. that the turn is preferentially bound in the antibody com-
To determine the contribution of defined peptide secondary bining site and constitutes the peptide portion of the B-cell
structure (peptide epitope) versus specific-site glycosylation epitope for both the unglycosylated 16mer and the Tn3,Tn4-
(carbohydrate epitope) in antibody recognition and binding, glycosylated 16mer. The sugar moieties must also be
'H NMR-monitored titrations of the unglycosylated and involved in the binding of Fab, since thW-acetyl NH
Tn3,Tn4-glycosylated MUC1 16mers with the Fab fragment resonance(s) of Tn3 (not shown) and Tn4 are observed to
of Mab B27.29 were performed. Figure 4 shows the substantially diminish in intensity in the bound spectra of
backbone amide region of the 500 M2 NMR spectra of the glycosylated 16mer.
the unglycosylated 16mer (panel A) and Tn3,Tn4-glyco- The identification of epitope regions using differential line
sylated 16mer (panel B) in the absence and presence of 0.4roadening is best accomplished using the DQFCOSY
molar equiv of Fab B27.29. Several amide resonances areexperiment, as the antiphase nature of the cross-peaks renders
observed to diminish appreciably in the bound spectrum, duethem uniquely sensitive to the line width of the detected
to exchange broadening and/or increases in local correlationproton (the positive and negative lobes cancel once line width
time as these residues are preferentially bound and im-exceeds coupling). Thus, the DQFCOSY experiment can act
mobilized in the antibody combining site. The spectrum of as a dynamic filter of differential proton mobilities and has
the glycosylated 16mer shows greater line broadening effectsbeen used in this capacity to identify the residues comprising
than does the spectrum of the unglycosylated 16mer at thethe determinants of several peptide antigens when these are
same molar equivalents of Fab. This suggests a strongeitbound to antibody (7672). Figure 5 shows thel,y
interaction for the glycosylated peptide, in agreement with fingerprint regions of the 500 MHz DQFCOSY spectra of
the competitive ELISA binding experimen&0)j. Regardless  the unglycosylated and Tn3,Tn4-glycosylated 16mer peptides
of these differences in overall line broadening, the most in the absence (panel A) and presence (panel B) of Fab
selectively broadened amide resonances for each peptidd327.29, where severadl,y cross-peaks are observed to
correspond to Asp7, Thr8, Arg9, and Alall within or near disappear or diminish appreciably in intensity upon the
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addition of antibody. Thosd,n cross-peaks correspond to L 1o
Ala5, Asp7, Arg9, and Alall in each peptide, residues within ASBN_ ALIBN A [
or near the PDTEB-turn region. However, the backbone (as hadig 14
detected by thel,n cross-peak) is not the only portion of Tn4 AcCH3 Tn3 AcCH3 ig
the turn that is selectively immobilized upon binding to . “AdNH A e 20
antibody. When thel,s regions of the DQFCOSY experi- 22
ments are plotted for each peptide in the absence and 24
presence of Fab (see panels A and B of Figure 6)dthe ° §§
cross-peaks which experience the greatest line broadening L3o
correspond to th¢ protons of Asp7, Arg9, and Prol0 in k3.2
each peptide, suggesting that the side chains of these residues r34
are also partially immobilized in the antibody combining site. . Tnd H3-ACNH Tn3 H3_A0NH:§'2
Thus, the side chains as well as the backbone portion of the . « :’ L 1o
PDTRP peptide epitope appear to be involved in the wyrsnPl0/AlloN T8RSN T3 H2-AcNH 4.2
recognition and binding of Fab B27.29. = e 44
TRNOESY Studies of the Binding of the Tn3,Tn4-Glyco- ~—v*+—7—7—+—1——+—+—— 1+ ¢
sylated MUC1 16mer to Fab 27.20RNOESY experiments ~ &7 86 85 84 83 82 &1 80 79 78 77 76 ppm
were next performed at both 5 and 25 for the Tn3,Tn4- == V2/T34N TSRON TSN L 1o
glycosylated 16mer peptide in the presence of Fab B27.29. @/TM o s < B 1.2
The goals of these TRNOESY experiments were threefold: - ROPYN 14
(1) to map the MUC1 B-cell epitope recognized by B27.29, | T £ ™ AcCHFabNH i:
(2) to identify peptide-Fab and sugatrFab NOEs across - Oﬂ}\ e - = 20
the binding interface so as to better define the MUC1 | | o/ roompm L2.2
antigen-B27.29 interaction, and (3) to determine if the | Tn3AcCHs PLO/ALIBYN F2.4
PDTR type |A-turn found within the free solution state < Doyl zg
MUC1 peptide is conserved within the B27.29 combining L3S0
site. _ T3 3 Tnd AcNH r32
Figure 7 shows théaN, dgN, dyN, anddoN regions of T3NH -S4 BH r34
the NOESY and TRNOESY spectra acquired af25rom | s46N 1D O} p12/a115N <4 3¢
the reverse titration of the Tn3,Tn4-glycosylated 16mer in | < 8e @ 1u3 H2-ANH "? _if;
the absence (panel A) and the presence (panel B) of FaboAS N PN 5 ;_TTn;téx}%NH o [42
B27.29. This figure illustrates the development of TRNOEs s4w§?jg;&%N . o %ﬁiﬂ/ 44

in the bound glycopeptide, which are more easily observed =
at 25°C due to the attenuation of the free peptide NOEs at
this temperature. The strongest of these TRNOESs correspondriGure 7: daN, d8N, dyN, andddN regions of NOESY spectra
to residues within the PDTRP epitope. For examplepife acquired at 25°C from the reverse titration of the Tn3,Tn4-

) glycosylated MUC1 16mer with Fab B27.29. This figure illustrates
anddyN cross-peaks of Asp7, Thr8, and Arg9 are observed the development of TRNOEs in the bound peptide, which are easier

only in the presence of Fab (Figure 7B). TRNOE effects (o identify at 25°C due to the attenuation of the free peptide NOEs
are also observed for the Tn-glycosylated residues Thr3 andat this temperature. Panel A corresponds to 1.4 mM peptide (no

Ser4 and for the Tn carbohydrates attached to these residuefabt),OI WP()e&ias planel B COfrrFestE)/ond?dtO) ?éw Fab + tl.|4 ml(\j/!t.
No TRNOE effects are observed for the C-terminal residues PEPUCE (V.14 molar equiv of ~ab/peptlide). Experimental conditions
of the glycopeptide, as evidenced by the absenceodf, were 90% HO/10% DO PBS buffer, pH 7.0, 25C.
dBN, anddyN cross-peaks for Gly13, Serl4, Thrl5, and glycosylated 16mer appears to be comprised of two separate
Alal6 in the presence of Fab (Figure 7B). The aliphatic portions, a peptide epitope spanning the PDTRP sequence
portion of the TRNOESY spectrum of the Tn3,Tn4-glyco- and a carbohydrate epitope consisting of Tn sugars attached
sylated 16mer in the presence of Fab B27.29 was alsoat Thr3 and Ser4.
analyzed (data not shown) and showed a similar pattern of TRNOESY experiments were also performed at 5 and 25
TRNOE effects: significant enhancements for the glyco- °C for the unglycosylated 16mer peptide in the presence of
sylated residues, Thr3 and Ser4, and significant enhanceFab B27.29 (data not shown). These experiments demon-
ments for residues Asp7, Thr8, Arg9, and Prol0 within the strated TRNOE enhancements for residues within the PDTRP
PDTRP epitope. peptide epitope but no enhancements for residues at the
The pattern of TRNOE enhancements observed for the C-terminus of the peptide, in agreement with the results
Tn3,Tn4-glycosylated 16mer in the presence of Fab closely obtained for the Tn3,Tn4-glycosylated 16mer. Significantly,
mirrors the pattern of line broadening observed in tHe no TRNOE enhancements were observed for either Thr3 or
NMR-monitored titration of this glycopeptide (selective line Ser4 in the unglycosylated peptide, presumably because these
broadening for the PDTRP peptide epitope and Tn carbo- residues lack the attached carbohydrate that can bind directly
hydrate resonances). This similarity in TRNOE and line to antibody.
broadening patterns suggests that both effects derive from Having mapped the B27.29 B-cell epitope in the glyco-
increases in local correlation times (i.es, > 7, see eq 4) sylated MUCL1 antigen to separate peptide and carbohydrate
as the PDTRP peptide epitope and the Tn carbohydrates arepitopes, TRNOESY spectra were then carefully scrutinized
preferentially bound and immobilized in the antibody com- for peptide-Fab and sugarFab NOEs. Figure 8 shows the
bining site. Thus, the MUC1 B-cell epitope in the Tn3,Tn4- dNN region of the NOESY/TRNOESY spectra acquired at

T T T T T T T T T T
7 86 85 84 83 82 81 80 79 78 77 7.6 ppm
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A ) 5.1 B 8.1
© i s
5.2 8.2
' i
8.3 8.3
: 8.4 8.4
) |
dNN(34) 8.5 8.5
T8/RONN " Tnd AcNH:f
8. . FabNH |86
dNN23) — 87 87
D7/TSNN -
87 86 85 84 83 82 81 ppm 87 86 85 84 83 82 81 ppm

Tn4 AcNH- [
FabNH [ 8.6 - 8.6
o 2 871 (G : / 8.7
Tn4 AcNH-S4 NH | EINE Tn4 AcNH-S4 NH
87 86 85 84 83 82 81 ppm 87 86 85 84 83 82 8.1 ppm

Ficure 8: dNN regions of NOESY spectra acquired atG from the reverse titration of the Tn3,Tn4-glycosylated MUC1 16mer with Fab
B27.29. Panel A corresponds to the §0@ peptide (no Fab), panel B to 200M Fab+ 400uM peptide (0.5 molar equiv of Fab/peptide),
panel C to 20QtM Fab + 800uM peptide (0.25 molar equiv of Fab/peptide), and panel D to200Fab+ 1.4 mM peptide (0.14 molar
equiv of Fab/peptide). Experimental conditions were 903@H0% DO PBS buffer, pH 7.0, 5C.

5 °C from the reverse titration of the Tn3,Tn4-glycosylated existence of this medium-range pepticigar TRNOE
16mer and at four different molar equivalents of Fab. Panel implies that T8 and Tn4 are both bound at the antibody
A corresponds to no Fab (only peptide), panel B to 0.5 molar combining site and supports the notion that the MUC1 B-cell
equiv of Fab/peptide, panel C to 0.25 molar equiv of Fab/ epitope is comprised of both a peptide portion and a
peptide, and panel D to 0.14 molar equiv of Fab/peptide. carbohydrate portion. The simultaneous binding of T8 and
These four ratios of Fab/peptide were explored so as to betterTn4 at the B27.29 combining site is supported by an analysis
discriminate peptidepeptide TRNOES from intermolecular  of all sugar-Fab and peptideFab NOEs observed in the
peptide-Fab and sugarFab NOEs. Examination of Figure  reverse titration. These NOEs are listed in Table S6 and show
8 reveals an important sugaFab NOE, which is labeled Fab contacts to Tn3, Tn4, and T8 in the peptide. Of particular
Tn4 AcNH—Fab NH. This NOE is absent in both the free interest in Table S6 are the strong $8CH3;)—Fab NOEs
peptide (panel A) and the free Fab NOESY spectrum (not linking the y-methyl protons of Thr8 to an upfield Fab methyl
shown), confirming its source as sugdfab. The presence group at—0.30 ppm (this peptideFab is observed at both
of such a strong and unequivocal sugkab contact suggests 5 and 25°C) and the strong T&(CHs)—Fab NOE linking
a direct interaction of the Tn4 carbohydrate with Fab B27.29, the y-methyl protons of Thr8 to aromatic Fab resonances at
supporting the line broadening and TRNOE results observed6.91 ppm (observed at 2%C). These NOEs identify Thr8
for this carbohydrate resonance. as a key Fab contact residue for the PDTRP peptide epitope.
Figure 9 shows thdBN anddyN regions of the NOESY/ Finally, turn-defining TRNOEs were carefully analyzed
TRNOESY spectra acquired at°®& from the same reverse inthe TRNOESY spectra of the Tn3,Tn4-glycosylated 16mer
titration of the Tn3,Tn4-glycosylated 16mer and using the in order to determine if the typea-turn found within the
same four molar equivalents of Fab described above. AnotherPDTRP core peptide epitope of the free peptide is conserved
sugar-Fab NOE is observed in this figure, labeled Tn4 within the B27.29 combining site. Referring back to Figure
AcCHs—Fab NH, which is absent in both the free peptide 8, dNN(2,3) anddNN(3,4) connectivities diagnostic of turn
(panel A) and the free Fab NOESY spectrum. The Fab NH conformation are observed both in the presence (panels C
partner (at 8.41 ppm) in this Tn4 AcGHFab NH cross- and D) and in the absence (panel A) of Fab. This implies
peak is the same Fab NH in the Tn4 AcNHab NH cross- that thep-turn conformation is conserved in the antibody-
peak shown in Figure 8, an assignment confirmed by bound peptide. In addition, a careful examination of the two
temperature titrations. Panels C and D of Figure 9 also showpanels that represent the same concentration of peptide
a peptide-sugar TRNOE of special interest, Th4 AcgH (panels A and C, respectively) shows modest 30% TRNOE
T8 NH, which is absent in both the free peptide (panel A) enhancements faNN(2,3) anddNN(3,4) in the presence
and the free Fab NOESY spectrum (not shown). The of Fab, although the exact contributions of the free versus



Downloaded by UNIV OF PUGET SOUND on August 19, 2009
Published on July 13, 2002 on http://pubs.acs.org | doi: 10.1021/bi012176z

9958 Biochemistry, Vol. 41, No. 31, 2002 Grinstead et al.

A . L17 B F1.7
IEIOIAII IROYN o
N ‘ -1.8 1.8
JROBN o Tnd AcCHj3 1o
P6/D7BN Tné AcCH3 103 1?:%1{1{3 . / e ‘
- -Ac 2.0 20
B S - e 0 @
@ SN P6/D7YN Lo 1 2.1
T _
n3 AcCH3-A5 NH 92 Tn3 AcCH3 oY)
P1O/ALIBN -A5 NH
P6/D7BN r23 23
86 84 82 80 78 7.6 ppm 86 84 82 80 78 7.6 ppm
C 17 D 1.7
0
18 1.8
Tnd AcCH3 % T““;:g%? Lo
-Fab NH r19 0 -
A A 4 O 2.0

@\@ e

O N

Tn3 AcCH3 g AcCH; Tn3 AcCH3 Tn4 AcCHj Py
-A5 NH T8 NH 22 -A5 NH -T8 NH .
23 @ [23
86 84 82 80 78 7.6 ppm 86 84 82 80 78 7.6ppm

Ficure 9: dBN anddyN regions of NOESY spectra acquired at® from the reverse titration of the Tn3,Tn4-glycosylated MUC1 16mer
with Fab B27.29. Panel A corresponds to the @00 peptide (no Fab), panel B to 2QM Fab + 400 uM peptide (0.5 molar equiv of
Fab/peptide), panel C to 20 Fab+ 800uM peptide (0.25 molar equiv of Fab/peptide), and panel D to/200Fab+ 1.4 mM peptide
(0.14 molar equiv of Fab/peptide). Experimental conditions were 9@/H% D,O PBS buffer, pH 7.0, 5C.

the bound state to these observed TRNOEs are difficult to (Tn3 AcNH—Fab, Tn4 AcNH-Fab, Th4 AcCH—Fab) were
quantitate. However, coupling constant and temperatureobserved. While the model is not intended to substitute for
coefficient measurements made for the Tn3,Tn4-glycosylateda rigorous structure calculation of the Fab-bound glyco-
16mer in the presence of 0.4 molar equiv of Fab B27.29 peptide, it does serve to illustrate that peptide and carbo-
(see Table S7B) do support a small increase in turn hydrate portions of the MUC1 glycopeptide can contribute
population in the bound state: Fab binding leads to a to a structurally contiguous B27.29 B-cell epitope.
decrease in thély, coupling constant of Asp7 (5.9 to 5.4
Hz) and a decrease in theAd/AT of Arg9 (6.0 to 5.2 ppb/ CONCLUSIONS
K). Future studies by the group will involve isotope-edited  The cryptic core carbohydrates that remain on the under-
and isotope-filtered experiments of labeled MUCL1 peptides glycosylated MUC1-expressing tumor are believed to con-
binding to Fab, so as to better define the involvement of the tribute significantly to humoral immune recognition of the
PDTRg-turn in MUC1 humoral immune recognition and to  tumor G0, 73—76). However, the mechanism through which
better map the antibody binding interface on the MUC1 this occurs is not yet well understood, especially as an exact
antigen. glycosylation state (if there is only one) of the MUC1-
Modeling of a Proposed Antibody Binding Interface on expressing tumor remains to be determined. In the absence
the MUCL1 GlycopeptideA model of a proposed binding  of a clear picture of the tumor-associated glycosylation state,
interface on the Tn3,Tn4-glycosylated 16mer has beenwe advance two plausible mechanisms to explain how MUC1
generated on the basis of the peptitiab and sugarFab carbohydrate might contribute to humoral immune recogni-
NOEs observed for the peptide in the presence of Fab B27.2%ion of the intact tumor. In the first of these mechanisms,
(see Table S6). The model assumes a typéurn spanning the cryptic carbohydrates are proposed to affect MUC1
residues Pro6-Asp7-Thr8-Arg9 and a polyproline type Il humoral immune recognition by altering the conformation
helix for the C-terminal half of the peptide (Prot8lal6) of the PDTRP peptide epitope portion of the MUCL1 antigen.
(see Experimental Procedures). Two CPK space-filled views In the second of these mechanisms, the cryptic carbohydrates
of the model are shown in Figure 10, related by &rfation are proposed to affect MUC1 humoral immune recognition
around a horizontal axis. The Tn carbohydrates (Tn3 and by directly interacting with the B-cell receptor.
Tn4) and the Thr8 side chain are arranged on the same face To explore the first of these mechanisms, that carbohy-
of the glycopeptide so as to allow a contiguous surface for drates alter the conformation of the PDTRP core peptide
binding to B27.29. White atoms correspond to hydrogens epitope, NMR studies were performed, probing the structural
and their directly attached heteroatoms for which peptide and dynamical effects of glycosylation in a series of synthetic
Fab [T8aH—Fab, T8y(CHs)—Fab] and sugarFab NOEs MUC1 glycopeptides of the form (Glyl-Val2-Thr3-Ser4-
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prised of the Th moieties attached at Thr3 and Ser4. Careful
analysis of intermolecular sugaFab and peptideFab
NOEs observed in the TRNOESY also showed that the Tn4
carbohydrate and the Thr8 side chain directly contact the
Fab across the combining site interface, defining separate
carbohydrate and peptide “contact points”. Finally, turn-
defining peptide-peptide TRNOEs observed in the
TRNOESY spectra are consistent with the PDTRP peptide
epitope maintaining its free solution st@t¢urn conformation
in the B27.29 combining site. Taken together, these results
point to the involvement of the PDTE-turn and the
upstream cryptic Tn carbohydrates in the humoral immune
recognition of the underglycosylated MUC1 tumor in vivo.
Significance of Results to MUC1 Glycopeptide Vaccine
Design. Several lines of evidence suggest that the key to
boosting MUC1 specific immunity in adenocarcinoma
patients may be the inclusion of the MUC1 tumor-associated
carbohydrates at select sites in the MUCL1 peptide vaccine.
Exposure of these tumor-associated core carbohydrate epitopes
through the use of O-glycosylation inhibitors has been shown
to lead to lysis of MUCL transfected targets in a Class |
MHC-restricted mannef7{). In addition, immunization trials
using MUC1 carbohydrate epitopes alone (no peptide) can
elicit both a cytotoxic response against the MUC1-expressing

Fioure 10 CPK space-filled model of the Tn3,Tnd-glycosylated tumor and a protective effect against further tumor challenge
MUCL 16mer peptide showing a proposed antibody binding in mice (78, 79). The_:se results suggest that preferential killing
interface, based on the peptieab and sugarFab NOEs observed =~ Of MUCI-expressing tumors may be due to the T-cell
for the peptide in the presence of Fab B27.29 (see Table S6). Tworecognition of an internal carbohydrate epitope accessible
views of the model are shown, related by & 46tation around a  only on the underglycosylated MUC1. Furthermore, natural
horizontal axis. The amino acid backbones and side chains are colon\jyc1 antibodies from breast cancer patients have been

coded (Gly= orange; Val and Ala= green; Pro= brown; Asp= . .
red: Ar(g =y_b|ue; Tghr= violet: Serg cyan). The Tn3 anden4 shown to react more strongly with Tn-glycosylated peptides

carbohydrates are colored gray. White atoms correspond tothan with the naked peptide sequen@é)(implying that a
hydrogens and their directly attached heteroatoms for which Tn-glycosylated MUC1 peptide more closely approximates

proposed antibody binding interface

peptide-Fab [T8aH—Fab, T8y(CHs)—Fab] and sugarFab NOEs
(Tn3 AcNH—Fab, Tn4 AcNH-Fab, Tn4 AcCH—Fab) were

observed (see Table S6). Asp7, situated in the middle of the binding
pocket in the model, is significantly line broadened in the presence

of Fab, which may account for the lack of observable peptide

the mucin epitope as it exists on the partially glycosylated
tumor cell surface. All of these results indicate that a MUC1
glycopeptide might make a better vaccine candidate than its
unglycosylated counterpart.

Fab NOEs to this residue. In the present study, we have shown that the inclusion of
the tumor-associated Tn carbohydrates at Thr3 and Ser4
Ala5-Pro6-Asp7-Thr8-Arg9-Pro10-Alall-Prol2-Gly13-Serl4- upstream from the PDTRP core peptide epitope (GVTSAP-
Thrl5-Alal6). The results of these studies showed that DTRPAPGSTA) increases B27.29 binding affinity through
Tn3,Tn4 glycosylation at Thr3 and Ser4 produced only direct carbohydrateantibody interactions. These results
localized effects on the conformation and backbone dynamicsdemonstrate that proximal carbohydrate and peptide structural
of residues at or immediately adjacent to the site(s) of epitopes are part of the recognition domain for B27.29, whose
carbohydrate attachment. No longer range effects on thenatural tumor-associated antigen is extensively glycosylated
conformation and dynamics of the downstream tygetirn with “cryptic” carbohydrate structures but also underglyco-
that spans residues Pro6-Asp7-Thr8-Arg9 within the core sylated in the region of the PDTRP core peptide epitope.
peptide epitope were observed. These results suggest thaFuture studies by this group will involve other MUC1
the increased affinity displayed by the Tn3,Tn4-glycosylated glycoforms, so as to arrive at a more detailed understanding
MUC1 peptide for the anti-MUC1 antibody B27.280] is of the conformation and glycosylation state of the MUCL1
not caused by the carbohydrate stabilizing a peptide epitopeantigen as it exists on the tumor cell surface. This work
conformation most favored for binding (presumably the type should ultimately provide information relevant to the design
| B-turn). of a more potent and immunospecific MUC1 glycopeptide
To explore the second mechanism, that the MUC1 vaccine.
carbohydrates contribute to MUC1 humoral immunogenicity
by directly binding to the B-cell receptor, two-dimensional ACKNOWLEDGMENT
H TRNOESY experiments of the binding of the Tn3,Tn4-  The authors thank Dr. Brian D. Sykes for the use of NMR,
glycosylated MUC1 16mer to the Fab fragment of B27.29 computer, and wet laboratory facilities and Dr. William M.
were performed. The results of these studies showed thatAtkins for the use of spectrofluorometers and wet laboratory
the B27.29 MUCL1 B-cell epitope maps to two separate parts facilities for performing the fluorescence measurements of
of the glycopeptide, the core peptide epitope spanning thethe MUC1 16mer peptides and glycopeptides binding to Fab
PDTRP sequence and a second carbohydrate epitope comB27.29.
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SUPPORTING INFORMATION AVAILABLE 29

Eight tables of NMR data measured for the unglycosylated 30
and Tn-glycosylated MUC1 16mer peptidedd and °C
NMR resonance assignments (Tables S1 and S2); coupling 81
constants, temperature coefficients, alda and *Ca 32
chemical shift indexes (Table S3§C NMR relaxation data
(Table S4); peptidesugar NOEs (Table S5); pepticd€ab
and sugarFab NOEs (Table S6); temperature coefficients
and coupling constants measured in the presence of Fab

33

(Table S7); and peptidesugar NOEs measured in the 34

presence of Fab (Table S8). This material is available free
of charge via the Internet at http://pubs.acs.org.

36.
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