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ABSTRACT. To study the effect of O-glycosylation on the conformational propensities of a peptide backbone,
the 15-residue peptide PPAHGVTSAPDTRPA (PPA15) from the MUCL1 protein core and its analogue
PPA15({7), glycosylated witho-N-acetylgalactosamine on Thr7, were prepared and investigated by NMR
spectroscopy. The peptide contains both the GVTSAP sequence, which is an effective substrate for GalNAc-
T1 and -T3 transferases, and the PDTRP fragment, which is a well-known immunodominant epitope
recognized by several anti-MUC1 monoclonal antibodies. Useful structural results were obtained in water
upon decreasing the temperature to1® °C. The sugar attachment slightly affected the conformational
equilibrium of the peptide backbone near the glycosylated Thr7 residue. The clustering of low-energy
conformations for both PPA15 and PPATS(| within the GVTSAP and APDTRP fragments revealed
structural similarities between glycosylated and nonglycosylated peptides. For the GVTSAP region, minor
but distinct clusters formed by either PPA15 or PPAIH( conformers showed distinct structural
propensities of the peptide backbone specific for either the nonglycosylated or the glycosylated peptide.
The peptide backbone of the APDTRP fragment, which is a well-known immunodominant region, resembled
an S-shaped bend. A similar structural motif was found in the GVTSAP fragment. The S-shaped structure
of the peptide backbone is formed by consecutive inversgrn conformations partially stabilized by
hydrogen bonding. A comparison of the solution structure of the APDTRP fragment with a crystal structure
of the MUCL1 peptide antigen bound to the breast tumor-specific antibody SM3 demonstrated significant
structural similarities in the general shape.

The tandem repeat of the MUEtore protein is a major  shown that the coordinated action of different polypeptide
site of O-glycosylation by several polypeptidé¢acetyl- GalNAc-transferases is required for full glycosylation of the
galactosaminyltransferases (GalNAc-transferases). TheseMUC1 tandem repeat. Prior O-glycosylation of some sites
GalNAc-transferases catalyze the attachment of Nan facilitates glycosylation of other site§,(7). The molecular
acetylgalactosamine (GalNAc) to the side chains of specific details of interactions between the O-linked GalNAc residue
Thr/Ser residueq1—5). Extensive in vitro studies have and protein core, which promote subsequent glycosylation

events, are poorly understood. Further elucidation of this
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of a 15-residue MUC1 peptide, PPAHGBAPDTRPA
(PPA15), and its glycosylated counterpart, PPATIH( by

in H,O/D,0 (90:10) at 5, 10, 20, and 3C. NMR data were
collected in a hypercomplex, phase-sensitive mode. Water
NMR and computational methods. PPAT3] was prepared  peak suppression was obtained by low-power irradiation
with a GalNAc attached by aa linkage to Thr at position  during relaxation delay (1.2 s). Standard pulse sequences
7 (boldface). These peptides include the GVTSAP sequencewere used for 2D TOCSY, NOESY, ROESY, and DQF-
which is a highly effective substrate for the GaINAc-T1 and COSY experiments. Sequence-specific proton resonance
-T3 transferases. It has been shown that glycosylation of assignments were established by a comparison of cross-peaks
threonine at GVTSAP by the polypeptide transferases in a NOESY spectrum with those of a TOCSY spectrum
GalNAc-T1, -T2, or -T3 is a prerequisite for subsequent acquired for the peptide under similar experimental condi-
glycosylation of the serine at GVTSAP by GalNAc-T2) ( tions. Mixing times of 100, 200, 300, and 400 ms were
In addition, both peptides included a sequence of the well- employed for the NOESY experiments and 300 ms for the
known immunodominant region, PDTRP, which is recog- ROESY spectra in pD/D,O (90:10). The temperature
nized by several anti-MUC1 monoclonal antibodies of coefficients of amide protons were studied from 1D spectra
important immunodiagnostic significancE7(-19). Structural collected in 5°C intervals between 5 and 3%C. The
features of peptides with sequence comprising the immuno-backbone protorproton coupling constant$ly, were
dominant region of MUC1 were intensively studied to better measured from DQF-COSY spectra and from 1D spectra at
understand the influence of glycosylation on the structure 5 °C.

of tumor-associated epitopes, and to facilitate the design of |isia1 data processing utilized VNMR 6.1A software
immunogenic peptides for structurally based synthetic cancer(yarian, Inc.) on a Silicon Graphics Indigo2 XZ workstation.
vaccines 12, 20-22). Our NMR studies were directed Before processing, the t1 dimension of data sets from all
toward determining preferred conformations of PPALS and g, heriments was zero-filled to 2K. When necessary, spectral
PPA15{T7) in aqueous solution and identifying structural oqqjution was enhanced by LorenzigBaussian apodiza-

determinants that contribute to substragé@zyme interactions
during O-glycosylation reactions. NMR-derived structural

data on the PDTRP fragment were also compared with the
recently published crystal structure of the peptide epitope

complexed with the tumor-specific antibody SM&2.

MATERIALS AND METHODS
Peptide SynthesidNonglycosylated peptides were syn-

tion. Proton chemical shifts and NOE cross-peak assignments
were determined by standard procedur24).(Qualitative
evaluations of NOE intensities were performed by visual
inspection of the contour levels collected with a mixing time
of 200 ms. The NOE peaks were divided into four groups
with upper limits of 2.5, 3.0, 3.5, and 4.0 A.

Structure Determination Protocol he three-dimensional
(3D) structures of the nonglycosylated and glycosylated

thesized by standard Fmoc solid-phase methodologies on armucin peptides were generated from the NMR data sets
Applied Biosystems model 430A synthesizer. Side-chain (NOE distance constraints and dihedaral angle constraints)
deprotection and cleavage from the resin were achieved inusing the structure determination protocol described previ-
a standard single-step acidolysis reaction. Peptides werepusly (25). The COMBINE procedure2@), utilizing the
purified and characterized as previously descril#g). ( FiSINOE-3 @7) and HABAS computer program&§), was
Glycopeptides were synthesized using similar methodol- used to narrow the allowed ranges for #hep, andy; angles
ogy. Tri-O-acetyl-GalNAoca-Fmoc-threonine was obtained and to make stereospecific assignments. These torsion angles
from Oxford Glycosciences (Bedford, MA). The residue was and the stereospecific assignments together with the intra-
used in the standard Fmoc synthesis procedure but requiredesidue and sequential NOE distance constraints were used
an additional deprotection step, using a strong base, to obtairas input data for the DYANA progran29) implemented in
the final desired peptide. Throughout the synthesis, the the SYBYL 6.4 software package (TRIPOS Associates, Inc.,
coupling and deprotection cycles were monitored using the St. Louis, MO) to generate 3D structures. Standard mini-

ninhydrin reaction.

mization levels and parameters for the DYANA program

Deprotection of the glycosylated peptide was accomplished Within SYBYL were used to generate 300 structures for each
in two steps. First, side-chain deprotection of standard peptide, consistent with the NMR data set.
protecting groups and cleavage from the resin were achieved At the next stage, the 100 best structures of each peptide
in a single-step acidolysis reaction. This step generated thederived from DYANA were energy-minimized using the

glycosylated peptide with acetyl groups protecting the
hydroxyl moieties of the GalINAc sugar moiety. This peptide
was purified using analytical and preparative HPLC on
columns packed with {g-bonded silica. The final step in
the deprotection scheme involved dissolving 50 mg of
purified acetylated GalNAc-peptide in 8 mL of 0.1 M NaOH
for 5 min. The fully deprotected peptide was immediately
purified by preparative HPLC. The removal of the acetyl-
protecting groups was monitored by analytical HPLC. The
GalNAc-peptide sequence was verified by amino acid
composition analysis and mass spectrometry.
NMR Spectroscopyigh-resolution 1D and 2BH NMR

experiments were performed on a Varian UNITY plus 500
spectrometer (500 MHz). All NMR spectra were recorded

AMBER force field with the penalty function on distance
constraint violations implemented in SYBYL. After energy
minimization, all structures within energy intervals of 15
kcal/mol and with maximum violation of upper limits less
than 0.25 A were clustered using the root-mean-square
deviation criterion (RMSD< 1.0 A) for backbone heavy
atoms, starting from the lowest-energy structure. For each
cluster, the tightness of conformers was characterized by the
mean pairwise RMSD for the backbone heavy atoms of the
conformers and the corresponding average structure of the
structural family 25). The assignment of possible hydrogen
bonds was based on the distance and geometry of the
probable donor/acceptor groups (220 C=0...H angle<

240 and a CO...HN distance 2.80 A).
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Table 1: Differences ifH Chemical Shifts (in ppm) between A
Nonglycosylated and Glycosylated Peptides #fOHD,O (pH 4.5) at csl
5°C 04
residue HN H HpB Hy 02
V6 nck 0.11 nd nd Y
T7 0.46 0.30 0.16 - 02
S8 0.28 nd nd - ’
A9 0.15 -0.20 nd - -04
and: no differences detected. PPAHGVTS APDTRPA

RESULTS

NMR Analysis NMR spectra for both peptides were
collected under several different conditions. Useful structural
information in water was obtained only at lower temperatures
(5 and 10°C) probably because of the lower sampling of B
conformational substates of these relatively small linear

] |
|
P — i —
csl
peptides 10). Chemical shifts of the'H resonances for 04
PPA15 and PPA15(7) peptides at 5C in H,O are listed 02
in Supporting Information Tables 1 and 2. The attachment 0
of the carbohydrate moiety to the Thr7 residue mainly 02
affected chemical shifts for Val6, Thr7, Ser8, and Ala9 (see o4

Table 1).

Backbone protonproton coupling constant&ly, were PPAHGVTSAPDTRPA
measured from one-dimensional spectra and ranged from 5
to 9 Hz, that might indicate an absence of ordered portions
of a secondary structure.

Due to the overlap in amide resonances, temperature  daN
coefficients CAO/AT) _for the chemlca_l sh|ft_s of amlde_ - -
protons were only obtained for some residues in each peptide.

L ; Ficure 1: Summary of the € chemical shift indices (CSI) and
The values of the temperature coefficients varied from 5.3 sequential i i + 1) NOE connectivities for nonglycosylated (A)

to 8.3 ppb/K, indicati.ng that no stable hydrogen bonds or _ 4 glycosylated (B) in bD/D,0 (pH 4.5) at 5°C. Line thickness
solvent-shielded amide protons were present under thefor the NOEs corresponds to the NOE intensity. In the case of
experimental conditions. However, lower values for tem- proline, NH refers taH protons.

perature coefficients of the Val6é and Thr12 residueS.8

ppb/K) may suggest the partial involvement of these residuesThe glycosylated peptide, PPATX), revealed several NOE

in the formation of more defined structural elements, cross-peaks related to suggueptide interactions. The methyl
including hydrogen bonds. Strowigs(i, i + 1) connectivities group of galactosamine was involved in weak contacts with
for Ala9-Pro10 and Arg13-Prol4 were diagnostic for a trans the amide proton and the side chain of the Ala9. Also, a
conformation of the peptide backbone. The trans orientation weak NOE cross-peak was observed between the H5 proton
of the peptide backbone for Prol-Pro2 was accepted basewf the sugar ring and the methyl group of the side chain of
on the absence of the.(i, i + 1) contacts. The chemical  Thr7. One strong contact was observed in water between
shift index (CSlI), calculated as a deviation @fi proton  the amide proton of the glycosylated Thr7 residue and the
chemical shifts from “random-coil” values, was used t0 N-acetyl group of galactosamine under all temperature
qualitatively represent a propensity for secondary structurescongitions (Figure 2).

(30). Sequential NOE connectivities and CSls for PPALS The limited set of NMR-derived constraints for these

and PPA15(7) are summarized in Figure 1. _ . . . e
The NOE connectivities and CSls were very similar for relatwely small, linear peptides produced a wide variation

both peptides except for the VTSA region. Tdid chemical in the conformers generated by DYANA. For each peptide,
shifts are close to the values of a random-coil structure in the 100 best conformers from the DYANA calculations were

water. In aqueous solution, neither peptide showed distinct chosen for energy minimizations with the NOE-derived
evidence of a stabilized secondary structure. A large numbercOnstraints. After energy minimization, a final set of 62 low-
of strong consecutivegy(i, i + 1) connectivities indicated ~ €nergy structures 15 kcal/mol) was selected for the
a predominance of extended backbone conformations. Theséonglycosylated PPA15 peptide. The glycosylated peptide,
NMR data are characteristic for linear peptides in solution PPA15{7), yielded a set of 52 structures. Both glycosylated
that show a rapidly fluctuating set of conformers in preferably and nonglycosylated structures (114 conformers) were
random (extended) conformatior®1). Sequential interac- ~ grouped in structural clusters using RMSD criteria for
tions, dun(i, i + 1), were observed in Gly5-Val6-Thr7 and polypeptide backbone heavy atoms. Two overlapping peptide
Aspl11-Thr12-Argl3 fragments for both glycosylated and fragments, GVTSAP and APDTRP, which represent glyco-
nonglycosylated peptides. sylated Thr7 with flanking residues and the more distant
Upon sugar attachment, small but distinct changes in the immunodominant region of MUC1, were selected for cluster
NOE connectivities were observed near the glycosylation site. analysis to determine the structural effects of glycosylation.

dpN



Effect of O-Glycosylation on Peptide Conformation Biochemistry, Vol. 39, No. 39, 200@2079

and 159+ 8°, respectively, while the angle of Ser8 was
equal to—82 + 4° for the nonglycosylated peptide ard0

+ 8° for the glycosylated peptide. These variations of the
conformational angles resulted in different relative orientation
of the side chains of the Thr7 and Ser8 residues for the
structures within the clusters of either nonglycosylated or
glycosylated peptide. The relative orientation of side chains
was evaluated by the virtual torsion angle-C (T7)...C*—

Cf (S8) defined by rotating vectors o€ CF bonds of Thr7
and Ser8 around the virtual bond between theira@ms.
The mean value of the virtual torsional angles for the
conformers within the cluster of either nonglycosylated or
glycosylated peptide was equal to 26# 14 and—84° +

15, correspondingly.

Four structural forms were observed for the GVTSAP
fragment. All of these forms were composed of mostly
extended structures that included invepseirn-like motifs
formed by triplets of either His4-Gly5-Val6, Gly5-Val6-Thr7,
or Val6-Thr7-Ser8. The relative position and the number of
inversey-turns varied from none to three consecutive turns.
Conformations with three consecutive invejseurns were
observed only for the nonglycosylated peptide. Glycosylation
enables hydrogen bonding between the carbohydrate and CO
groups of Gly5 or Thr7 and reduces the propensity to form

For the GVTSAP segment, four distinct clusters were the consecutive inverseturns in this region.
obtained using the RMSD criterion of 1.0 A. The most  The distinct structural features of this inverséurn-like
populated cluster included 28 conformers of the nonglyco- conformation include the proximity of the CO group of
sylated peptide and 23 conformers of the glycosylated residuei and the NH group of residué + 2 and/or
peptide. The mean pairwise RMSD for the backbone heavy conformational angleg andy for thei + 1 residue that are
atoms of these conformers and the corresponding averagdypical for an inversey-turn (32). While a conventional
structure was equal to 0.460.10 A. The second cluster of ~ reversedy-turn is assumed to fold the peptide chain back
28 mixed structures, nonglycosylated and glycosylated, (32), the GVTSAP fragment demonstrated a mostly extended
contained the lowest-energy conformer of the glycosylated structural shape. Thus, the termturn-like” designates this
peptide. The mean pairwise RMSD for the backbone heavy specific conformation assumed by the cenirad 1 residue
atoms of the second cluster was 0:64.12 A. The lowest- in the above triplets and includes the possibility of hydrogen
energy structure of the nonglycosylated peptide fell within bonding between theandi + 2 residues.

F1 (ppm)

)
T7/GalNAc
¥

7.5

VTi2/R13

b @DII/TIZ

F2 (ppm)

Ficure 2: NH—NH region of the NOESY spectrum in,8/D,0O
(90:10) at 5°C (200 ms mixing time) for the glycosylated peptide
PPA15(7 7). Relevant peaks are labeled. T7/GalNAc indicates the
cross-peak between the amide protons of Thr7 and\taeetyl
group of theN-acetylgalactosamine unit.

the third distinct cluster of 18 conformers of the nonglyco-
sylated peptide with RMSD equal to 0.62 0.12 A. The
fourth cluster with RMSD equal to 0.42 0.13 A included

For the APDTRP fragment, the cluster analysis also
resulted in four clusters. The largest cluster included 36
nonglycosylated and 28 glycosylated low-energy structures

17 conformers of the glycosylated peptide. Thus, 69% of with the mean pairwise RMSD of 0.650.13 A. The second
all low-energy structures for the GVTSAP fragment fell in cluster of 37 conformers also consisted of a mix of
two clusters that included conformers of both nonglyco- nonglycosylated and glycosylated structures with an RMSD
sylated and glycosylated peptides, while 31% of structures equal to 0.68+ 0.17 A. In addition, two small clusters
were assigned to the separate clusters with conformers ofconsisting of eihther nonglycosylated or glycosylated struc-
either nonglycosylated or glycosylated peptide. tures were obtained with RMSDs of 0.1 0.16 and 0.51
The existence of separate structural clusters composed oft: 0.13 A, respectively. Most structures (88%) fell into two
conformers of either nonglycosylated or glycosylated peptide clusters of mixed (glycosylated and nonglycosylated) con-
suggests that these clusters represent distinct conformationaformers. This suggests that GalNAc attachment to the Thr7
propensities. To evaluate conformational features specific toresidue only slightly (if at all) affected the conformational
each cluster, the mean values and standard deviations of thgropensities of the structural ensemble of the peptide
backbone conformational anglgsandy were calculated  conformers at the PDTR site. The finding of distinct
and compared for each peptide residue in a cluster. A structural clusters of either nonglycosylated or glycosylated
distinguishable difference between the two most populated peptide conformers may indicate that there are unique
clusters with mixed content was found for the Thr7 residue. structural features specific for each peptide. However, in the
The mean values and standard deviations of¢tlaagle of absence of valid NMR evidences of structural changes for
Thr7 were—98 + 27° for the first cluster and-148 £+ 22° the PDTR fragment, the meaningfulness of these small
for the second cluster. Distinguishable variations in the structural clusters is questionable. The comparison of two
conformational angles between two distinct clusters with clusters composed of mixed conformers showed that only
either nonglycosylated or glycosylated conformers were one conformational angle,of the Thr12 residue, was altered
detected for the Thr7 and Ser8 residues. The mean valuessignificantly (more than 30. Conformations of the Asp11
and standard deviations of thg angle of Thr7 for the residue in all clusters were very similgr,~ —80°andy ~
nonglycosylated and glycosylated peptide wered67.1° +65°, which are typical for the central residues of inverse
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y-turns @2). The same inversg-turn-like conformation was
found for the Thrl12 residue in both mixed clusters. For these
clusters, conformations of Argl3 fell within the B area of
the Ramachandran plot (left-upper quadrant) with #he
angles within the-95° < ¢ < —120° range and the angles
within the 100 < y < 140 range. The conformational angle
y of Prol10 was about 120Thus, the structural features of
the APDTRP fragment included mostly extended conforma-
tions combined with inverse-turn-like motifs of the PDT
portion. The peptide backbone of the APDTRP fragment
resembled an S-shaped bend where Asp and Thr residues

formed the most curved part. Similar bending can be seenFicure 3: Average structure of the most populated cluster from
on the GVTSAP fragment. the ensemble of the APDTR structures. Possible hydrogen bonds

S | L d ial ori . f ial between the CO group of Pro and the NH group of Thr, the CO
tructural proximity and spatial orientation of potential 4o of Asp and the NH of Arg, and the side-chain carboxyl group

hydrogen-bond donors and acceptors were analyzed to defingf Asp and the NH of Arg are shown by broken lines. The S-shaped
possible hydrogen bonding. Within the GVTSAP fragment, bend of the peptide backbone (shown by a tube) is formed by two

CO groups of His4, Gly5, and Val6 may form hydrogen oVverlapping inverse-turns (doubley-turn) in positions PDT and
bonds with amide protons of Val6, Thr7, and Ser8, respec- '
tively. In the APDTRP fragment, CO groups of Ala9, Pro10,
and Aspll may serve as hydrogen-bond acceptors, while
potential donors are the NH groups of Aspl1, Thrl2, and
Arg13. Both sets of energy-minimized structures, nongly-
cosylated and glycosylated, demonstrated the possibility for . e _ ;
hydrogen bonding within each fragment formed by these independent of positioning within the peptide.
donor/acceptor groups: however, the number and positon NMR data on the APDTR fragment presented here are
of these hydrogen bonds varied. very similar to those de;cnbed previoush?( 20, 21, 2_5

In addition, many conformers showed the possibility of However, the interpretation of these data and the assignment
hydrogen bo’nding that involved the side-chain carboxyl of structures are somewhat different from the suggested
group of Aspll and the guanidinium group of Argl3. S-turn structures of type | or Il. Indeed, the data presented
Possible donors of hydrogen bonds with CO6f Asp11l here as weI_I as NMR data reported preV|ou§lg,(20, 2) .
included the amide proton and the guanidinium group of the do not ]E)rc_)\ﬂde direct NMR evidences supporting the exist-
Arg13 residue. Also, the guanidinium group of Arg13 may entce 0 tﬁ't Erwtlépzﬁ{turnhorlgypde Ilﬁ—tu:n.tForha typte I. i
be involved in hydrogen bonding with either of the backbone g urm, 36,3 dd ata SZOLI’\IOEemonS rate ¢ iralc:: enstic
carbonyls of Thrl2 or Prol4, or the C-terminal carboxyl. (i, 1+ 3) anddn(i, I+ 2) connectivities24). For

. - o a type Il g-turn, dun(i, i + 2) connectivities should be
Different combinations of these hydrogen bonds stabilized .
structures of the APDTRP structural ensemble. observed?4). Our structural modeling was based on NMR-

derived constraints and did not presume any particular type
DISCUSSION of secondary structure. The NMR data showed that in an
aqueous solution the APDTR fragment adopted a compact

This study pursued two major goals. The first goal was to structure that was stabilized by backbetrckbone and
determine structural features of the APDTRP fragment, a side-chair-backbone interactions. The backbone structure
well-known, cancer-specific peptide antigetiv{19). The of this fragment resembled an S-like bend, in which the Asp
second goal was to understand how the attachment of aand Thr residues adopted mainly half-twisted conformations
GalNAc residue to Thr affects peptide backbone conforma- and formed the curved component of the bend. One can
tion within the GVTSAP fragment and the more distant envision a structural equilibrium between this S-shaped bend
APDTRP fragment. and structures in which inverseturns formed by the PDT

The structure of the APDTRP fragment, a tumor marker and/or DTR fragments are the major components. Some
and potentiaj candidate for deve|0ping cancer vaccines conformers from the APDTR structural ensemble simulta-
against several adenocarcinomas, has been studied by NMReously had two inverseg-turns, overlapping at position DT
spectroscopyl(, 20, 21, 25 Two structural models have (a double inversg-turn). Different combinations of hydrogen
been proposed for this immunodominant region of MUC1. bonds stabilized the structures of the APDTR structural
The first model postulated a type | revergeurn formed ensemble. The average structure of_the_most populated cluster
by the PDTR 0). The model was based on NMR data ©f the APDTR fragment is shown in Figure 3.
collected in DMSOd; for 11- and 20-residue peptides. The A similar S-shaped, multiple-turn conformation was found
same type -turn structure was assumed for a 16-residue in the crystal structure of the peptide epitope from the HIV-1
peptide in the mixture of methanol and wat&@), A second V3 loop bound to the neutralizing antibod83, 34. The
model consisting of a type IB-turn formed by residues same S-shaped motif may be seen in the ‘wave-type’
APDT was proposed as a key element of a knob-like conformation of the peptide backbone newly described in a
structure within the immunodominant regio®1j. This hexaglycosylated decapeptide from human glycophorin A
model was suggested for the 60-residue fragment (3 con-(16).
secutive tandem repeats) in an aqueous solution. In our Recently, the crystal structure of the breast tumor-specific
previous NMR study of a series of 9-residue peptides, which antibody SM3 complexed with a 13-residue MUCL1 peptide

included the PDTR fragment at different positions, we
considered structural features of the reactive Thr and several
flanking residues25). The PDTR fragment was shown to
form internally self-stabilized substructures, which were



Effect of O-Glycosylation on Peptide Conformation Biochemistry, Vol. 39, No. 39, 200@2081

Table 2: Comparison of Published NMR-Derived Conformations of strong contact betw_een thi-acetyl NH proton of the
the APDTRP Fragment and the Average Structure from the Most ~ GalNAc and the amide proton of the glycosylated Thr7

Populated Cluster of PPA15 and PPAT3] Peptides with the residue and, simultaneously, with the NOE cross-peaks
Crystal Structure observed between the methyl group of galactosamine and
torsion Scanlon  Liu Fontenot PPA15and X-ray the Ala9 residue.
residue angle etal @) etal (9 etal.@l) PPAIST7) (229) Previously, we proposed a structural model for an effective
Ala ¢ - - -159 -126  -92 acceptor substrate for the polypeptide GalNAc-transferases
¥ - - 148 139 160 that could explain some structural aspects of a substrate
Pro ¢ - -107 —66 -75  -81 iy .
w _ 13 161 114 195 specificity 5). This model was based on the NMR data
Asp ¢ —44 —65 57 -82 —-78 and in vitro kinetic studies of the substrate specificities for
J —54 —5 40 64 101 two purified recombinant transferases, GalNAc-T1 and -T3.
e T8 S S 122 =97 We concluded that an inverseturn conformation of the
Arg Z) - 127 43 103 -71 residue to be glycosylated and an extended conformation of
P - 119 67 120 143 the flanking residues was an important structural motif for
Pro ¢ - - —64 —72 —65 effective substrates. The role of hydrogen bonding and the
Y - - 163 152 185 involvement of distant sites in substratenzyme interactions
aValues of thegp, vy torsion angles are given in degrees. were also discussed. Our NMR studies of PPA15 and

PPA15(T7) showed very similar structural motifs in both
antigen was resolved by X-ray method2) The peptide ~ GVTSAP and APDTRP fragments. However, O-glycosyl-
antigen, TSAPDTRPAPGST, included the APDTRP frag- ation of these fragments is known to be catalyzed in a
ment and a portion of the GVTSAP sequence. It is likely different fashion by the orchestrated action of the distinct
that the bound conformation of this peptide antigen com- GalNAc-transferasesé( 7). To date, six members of the
plexed with the SM3 antibody reflects some biologically mammalian GalNAc-transferase family have been reported
important structural features of the MUC1 immunodominant (1—5), and additional members are expected to be cloned
region. The conformation of the peptide antigen was found and purified. It is now clear that full O-glycosylation of the
to be extended, with a “kinked” backbone conformation be- MUC1 tandem repeat requires the combined action of several
tween Asp5 and Arg72Q). This kinked backbone conforma-  GalNAc-transferases that act in an ordered manner.
tion_was defined by two hydrogen bonds between 1) the side  aq was shown recently, the activity of the GalNAc-T4
chain of AspS and the amide proton of Arg7, and 2) the CO yansferase, which utilized two unique sites in the MUC1-
group of Pro4 and the NH group of Thr6. A comparison of |ix e peptides not used by GalNAc-T1, -T2, or -T3, requires
the crystal structure with the previously described knob-like prior glycosylation of the peptide substrate by these trans-

solution structure 1) revealed significant differences in ferases2). For example, glycosylation of the Ser residue in

overaII' shape, which were interpreted as an apparent con,ga by GalNAc-T4 required a prior glycosylation of the
formational change between the bound and unbound MUClpreceding Thr. It is possible that prior glycosylation of

peptide epitope2?). In contrast, a comparison of the average i reonine induces specific conformational changes in the
structure from the most populated cluster of the PPA1S5 and g psirate peptide backbone that are favorable for GalNAc-
PPA15(7) conformers with the MUC1 epitope bound 10 14 activation. Our NMR data showed that glycosylation

SM3 (22) demonstrated significant structural similarities in - .5sed mild but distinct effects on conformational propensi-

the general shape of the APDTRP fragment in solution and yjgg of the polypeptide backbone of the GVTSA fragment.
crystal. The published solution conformations of the AP- 1,4 gistinct structural clusters for glycosylated and non-

DTRP fragment and the average structure for the most g cosylated peptide differed in the degree of an extended
populated cluster of the PPA15 and PPALLE(peptides areé  conformation for the glycosylated threonine and in the
compared with the crystal structure in Table 2. , relative orientation of the side chains of Thr7 and Ser8. The
The type I-turn structure 2, 29 is not consistent with flanking Ser residue, which is glycosylated by GalNAc-T4,
the crystal structure for the conformations of the Pro-Asp yomonstrated a conformatiog ( —50° andy ~ +160°)
residues. The type fi-turn structureZ1) is inconsistent with — that \was unique among the four observed structural clusters.
the Asp and Arg conformations observed in the crystal Tpig gpecific conformation combined with the extended
structure. As can be seen from the table, the average structur@ j ¢ rmation of the preceding glycosylated threonine may
for the most populated cluster of the PPALS and PPATS(  pe responsible for the activation of the substrate for glyco-
conformers presented here was well-correlated with the sylation that is catalyzed by GalNAc-T4. The lack of an
crystal structure. The suggested S-shaped bend for the PDTR,51040us structural motif for the Thr residue within the DTR
fragment resembles a conformation th_at is defined in the may indicate that prior O-glycosylation within a distant
crystal structure, rather than the knob-like moffi). -GSTA- of the tandem repeat may be required to induce

Thg O—glycosylation of Thr7 caused changes .in the proper conformational changes of the peptide backbone for
chemical shifts of a few protons near the glycosylation site o PDTRPAPGSTA.

and slightly affected structural features of the conformational

ensemble of the GVSAP fragment. The extended backbone syppPORTING INFORMATION AVAILABLE

conformations that included inverseturn-like structural

motifs were predominant among the structural families. The  Supporting information is available on the chemical shifts

molecular modeling results indicated that the monosaccharidefor nonglycosylated and glycosylated peptides (Tables 1 and
was positioned almost perpendicular to the peptide backbone?2) (2 pages). This material is available free of charge via
Such positioning is consistent with our observation of the the Internet at http://pubs.acs.org.
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