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Abstract: The structural characteristics of a mucin glycopeptide motif derived from the N-terminal fragment
STTAV of the cell surface glycoprotein CD43 have been investigated by NMR. In this study, a series of
molecules prepared by total synthesis were examined, consisting of the peptide itself, three glycopeptides
having clustered sites of a-O-glycosylation on the serine and threonine side chains with the Tn, TF, and
STF carbohydrate antigens, respectively, and one with the 5-O-linked TF antigen. Additionally, a glycopeptide
having the sequence SSSAVAYV, triglycosylated with the LeY epitope, was investigated. NMR data for the
tri-STF-STTAV glycopeptide were used to solve the structure of this construct through restrained molecular
dynamics calculations. The calculations revealed a defined conformation for the glycopeptide core rooted
in the interaction of the peptide and the first N-acetylgalactosamine residue. The similarity of the NMR
data for each of the a-O-linked glycopeptides demonstrates that this structure persists for each construct
and that the mode of attachment of the first sugar and the peptide is paramount in establishing the
organization of the core. The core provides a common framework on which a variety of glycans may be
displayed. Remarkably, while there is a profound organizational effect on the peptide backbone with the
o-linked glycans, attachment via a g-linkage has little apparent consequence.

Introduction against chemical, physical, and microbial agéntsese proper-

Large, architecturally sophisticated proteins arrayed with ties are attributed to the extensive glycosylation characteristic
elaborate carbohydrate domains dominate the cell surface®f mucins. Similarly, glycosylation appears to enhance protein
landscape. Mucin glycoproteins comprise one of the most stability by reducing vulnerability to proteolytic degradatioh.
significant classes of these cell surface molectfa&/hile their Recent advances in glycobiology point to several other
roles are not fully understood, it has become increasingly clear essential functional roles for mucins, including mediation of
that mucins are structurally intricate systems, serving a wide cellular interactions and signal transduction events by the mucin-
range of functions. For example, it has long been appreciatedbased ectodomains of many transmembrane proteinghe
that mucins form a highly stable, viscous gel that provides a mucin glycoproteins CD43 and CD45, which are estimated to

protective barrier over internal epithelial surfaces and protects 0ccupy~30% of the surface of T-celfsare two such O-linked

« Auth h p hould be add 4 Email glycoproteins that are known to act in just such a manner. CD45
s danishefsky@akimskee.orgr o Sroue be addressed. EMAL serves as an important marker in various cell lines, resulting
T Sloan-Kettering Institute for Cancer Research. from cell-specific variation in its three N-terminal mucin
: IBM Thomas J. Watson Research Center. glycodomaing:®-1* These domains play a role in the localization
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of CD45 within cell surface microdomains, thereby affecting based on the limited NMR da#4-4* The results of such studies
the activity of its intracellular phosphatase domain in signal have been expressed in largely qualitative terms, and the
transduction processé€.The extracellular domain of CD43  information that has been gleaned generally suggests that native
functions in cel-cell recognition, and CD43 also serves as an mucin glycoforms have a stiffened, extended structure and do
accessory protein in the signal transduction process via con-not prefer conventional globular formd%:23 Under such cir-
served phosphorylation sites contained within its intracellular cumstances, intramolecular interactions of sequentially remote
regionl213 segments in the native glycoprotein are unlikely. Consequently,
The diversity of glycans within the broad mucin family, we wondered whether more tractable glycopeptide segments of
including CD43 and CD45, appears to vary with cell type, suitable complexity levels could serve as realistic models for
development, and physiological stafel® Indeed, in certain  the full mucin structure. Such systems could provide a realistic
cases, mucin expression levels and architecture can serve abasis on which to develop a high-resolution model of larger
markers for the onset of disease. For instance, upon carcinogenianucin domains. The fact that antibodies generated in response
transformation, the expression level and structure of cell surfaceto immunization by smaller glycopeptides based on a given
carbohydrates are often significantly altered, thus differentiating tumor-associated carbohydrate antigen recognize corresponding
cancerous cells from normal cells. Cell surface carbohydrates,epitope patterns on tumor cells further supports the potential
therefore, may be especially suited for targeting by the immune relevance of these truncated structures to the native molecules
system, as they provide potential for a directed therapeutic as key components of the cell surface landséape*®
approachi® 1 In an effort to exploit this variation in glycan As a direct result of the synthetic efforts related to our cancer
composition between normal and transformed cells, we have vaccine prograr’ we have overcome the difficulties associated
been engaged in a program to develop synthetic carbohydrate-with obtaining homogeneously pure glycopeptides that strictly
based cancer vaccines to combat epithelial cancer recurfénce. conform to the complex features of the clustered mucin motif.
Our strategy has been to prepare, by total synthesis, sophisticatetlsing methodologies developed in our laboratory, we have
tumor-associated carbohydrate antigens known to be over-synthesized a collection of mucin glycopeptide segments in
expressed on certain cancer cells. Presentation of such construct&hich the core carbohydrate and the pendant glycans are varied
in an appropriate immunological context could well elicit an (see Chart 1). These compounds are based on the pentapeptide

effective anticancer immune response. One set of vaccines that

we have recently advanced to human clinical trials consists of (20) Zyster. G. C.; Shotten, D. M.; Williams, A. EMBO J.1991 10, 893-
a glycopeptide containing carbohydrate antigens displayed as g21) Shorgren R.; Gerken, T. A.; Jentoft, Riochemistry1989 28, 5525~
5536

mucin motif?

22) Li, F Erickson, H. P.; James, J. A.; Moore, K. L.; Cummings, R. D.;

. . . -
Mucins are characterized as having sequentially arrayed serine” ~ McEver, R. P.J. Biol. Chem.1996 271, 6342-6348.

and threonine residues in the protein primary structure, most

of which are glycosylated with polysaccharides via the side-
chain hydroxyl substituedt? Importantly, the first carbohydrate
residue is a conserved GalNAg-O-linked to the protein
domain. Beyond this regularity, relatively little detailed structural

information has been acquired for mucins. Obviously, a detailed ”7
description of the molecular architecture of these systems could®”

be valuable in rationalizing their biological roles. However, to
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(26) Simanek, E. F.; Huang, D. H.; Pasternack, L.; Machajewski, T. D.; Seitz,
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date, structural definition of mucins at high resolution has been (29) Bush, C. A.; Feeney, R. Ent. J. Pept. Protein ResL986 28, 386-397.

elusive, which is largely due to the molecular size and
microheterogeneity in glycosylation of samples isolated from

natural sources. Structural information pertaining to mucins that
has been gathered thus far has relied primarily on NMR analysis
and, in some cases, has involved computer-generated modelinQ3
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STTAV, which is found at the N-terminus of mature CD43. In  of the three side-chain hydroxyls bears the fulf béood group
each of the compounds that we have synthesized, the three sidedeterminant. As discussed below, the NOESY spectrum includes
chain hydroxyl substituents of the pentapeptide bear a particularan NOE fingerprint that reveals a clear and striking similarity
carbohydrate motif. In a preliminary communication, we to theo-linked STTAV systems. This finding indicated that the
reported on the structure of a mucin peptide that displayed the overall organization is similar to the STTAV constructs, despite
STF antigen, a complex carbohydrate associated with certainsize and variation of the glycans and sequence differences of
carcinomag® The number of NOE interactions and the large the peptide core. We now report a refined high-resolution
couplings between amide amdprotons observed indicated a molecular model of the mucin motif which clearly demonstrates
stable and extended structure, which is unusual for linear that nature has organized mucins in a conserved manner as rigid
peptides of this lengtf? Remarkably, investigations conducted entities capable of displaying a variety of glycans with relatively
on related constructs possessuadinked TF and Tn antigens  little intrinsic change to their overall structure.

andp-linked TF antigen served to indicate, at least qualitatively,

a clear structural distinction between the glycopeptides having Results

the natural muciro-linked carbohydrate and their unnatural
B-linked anomeric form&? This result spoke to possible through-
space communication between the saccharide and peptlda
domains.

The collection of molecules that we have synthesized
provided a unique opportunity to conduct a detailed investigation
into the information encoded by the mucin constitution and its .
value in establishing three-dimensional presentation. The data,
gathered clearly indicated that a common structure is exhibited
by the a-O-linked series of glycopeptides (i.e., the mucin
systems). In fact, for the STTAV peptide sequence pttiaked
clusters exhibit a distinct NOE fingerprint. This intriguing result
Sque.Sted the possibility that Fhe Strl.'ICtural mg’uf observed mlght (47) Wuthrich, K.NMR of Proteins and Nucleic Aciddohn Wiley and Sons:
conceivably be conserved in typical mucins. To test this New York, 1986.
possibility we thoroughly examined compouriss. I_:urther- Eﬁgg ESQCZ '\glﬁ'\é';glg 56535\%;87‘; 537—|\?ggn Resorl983 55, 301
more, we prepared and studied compouizda mucin-based

i i i i (50) Bodenhausen G.; Ruben, D.Chem. Phys. Lett198Q 69, 185-189.
glycopeptide having the sequence SSSAVAYV, in which each (815 Palmer. A. G.. Il Cavanagh, J.. Wright. P. E.. Rance JWMagn. Reson,
)

Resonance AssignmentsThe proton signals within indi-

vidual residues were assigned by COSY igCDand TOCSY
and NOESY experiments inJ® and BO.4"48 The NOESY
results from the amide regions of the spectra provided sequential
assignments of the peptide backbohd—3C HMQC* and
HSQC%51experiments aided these assignments through exploit-
ing the known resonance positions of specific carbon sites and
the greater dispersion associated with*fi@nucleus to resolve
ambiguities. ThéH and*3C correlations provided the basis for
sequential assignments for the carbon sigribls.13C HMBC52
data augmented the homonuclear through-bond coupling experi-

1991, 93, 151-170.

(46) Sames, D.; Chen, X. T.; Danishefsky, SNature 1997 389, 587-591. (52) Bax, A.; Summers, M. RJ. Am. Chem. S0d.986 108,2093-2094.
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Table 1. H and 13C Chemical Shifts (ppm) Relative to Random A
Coil Values for Peptide Backbone _
S1 ™ T3 A4 V5 H1 -
Compound 1 7.6 V5
Ca 0.01 —1.84 —0.07 0.07 0.81 7.8 =
Ho 0.03 0.11 0.02 0.05 —0.06 8.05 Ad T3
HN 0.06 0.19 —0.01 0.10 —-0.27 g.2- - E‘E
Compound 2 8.4 =]
Ca -156  —1.41 ~-1.74  —0.05 152 8.6 $1 T2
Ha 0.09 0.14 0.12 0.07 —0.10 8.0
HN 0.08 0.07 0.03 —0.06 —0.25 9'0_
Compound 3
Ca —1.73 —2.02 —2.34 —0.98 0.96 B
Ha 0.25 0.41 0.18 0.03 -0.17 E
HN 0.19 0.55 0.61 0.14 —0.08 E -
Compound 4 7.6 V5
Co. —1.48 —2.00 —2.26 —0.98 1.29 7.8 -
Ho 0.30 0.47 0.21 007 -0.15 8.05 A4 - Ty
HN 0.25 0.70 0.73 015 -0.13 EF I 3 =
=l
Compound 5 8.4 = /81 \
Ca —2.02 —2.02 —2.26 -1.12 1.57 8.6 <
Ha 0.35 0.47. 0.21 0.06 -0.21 . -
HN 0.19 0.67 0.74 016  —0.25 5 03 -

128 124 120 116 112

ments and were particularly valuable in establishing the con- N15
nectivity across the glycosidic linkage from the amino acid to Figure 1. Overlay of'H—"N HSQC spectra (A) of STTAV peptide (filled
cross-peaks) and-TF STTAV glycopeptide (open cross-peaks) and (B)

the GalNAc residues. The sequence-specific assignment of theOf o-TF STTAV glycopeptide (filled cross-peaks) antiTF STTAV

methyl groups of théN-acetyl moieties relied on the NOES to  glycopeptide (open cross-peaks). In panel A, boxes surround cross-peaks
the assigned respective amide protons. With the amide protonfrom the same residues of the respective molecules, and in (B) arrows show

signals assigned, the origin of thEN signals could be readily the change in shifts between respective sites2aand 4. Spectra were

. 15 . . acquired at 800 MHz{) in 90% H0/10% D,O. Cross-peaks whose
determlngd from théH—*"N HSQC correlations. All studies assignments are not indicated arise from GalNAc amides.
were carried out at natural abundance.

Chemical Shifts Amide proton chemical shifts are sensitive  theq-TF glycopeptidet, with significant upfield shifts exhibited
to peptide organization and were used as a basis for initial for the amide nitrogens and particularly for A4 &f(Figure
qualitative comparisons of moleculgs5 as shown in our initial 1B). There was very little difference between #i shifts of
report®® Table 1 presents quantitative data for the shifts of the peptidel and8-TF glycopeptide? (Figure 1A). These results
amide andh-protons andx-carbons for molecules—5. Shifts  tend to reinforce our earlier suggestion of a conformational
of these nuclei within amino acid residues depend on the gjstinction between the-linked series on one hand and the
conformational context, whether helical or extended, and the B-linked example on the other.
relative value of these compared to the respective sites of the  cp Analysis. The similarity between the parent peptitle

same amino acid in a random coil environment has been ang thep-TF glycopeptide2 and its contrast with the-TF
calibratec?® The average shift contributions associated with the glycopeptide 4 is supported by the CD analysis of these

transition to g8-sheet extended structure from a randorr_l coil molecules (Figure 2). Interestingly, the shapes of the curves
are 0.38 ppm for i, —1.4 ppm for Gy, and 0.29 ppm for amide  for the first two systems are essentially identical, while that of
proton. Those associated with am-helix are of similar the latter deviates substantially.

magnitude but opposite sign. As the shift data are sensitive to Coupling Constants The peptide backbon&n_n cou-
conformation, the close similarity of the values for tidinked  yjings were measured from resolved splittings in 1D spectra in
constructs3—5 are indicative of the consistency of the peptide H,O (Table 27 The consistent values for the respective
backbone structures among the constructs. The values presented §ividual residues in the-linked group of glycopeptide3—5

in Table 1 for theo-linked series are in accord with those g ,gqest a preferred extended structure. The relatively high values
associated with extendgiitsheet conformation¥, although @ gpserved for the threonine residues make substantial torsional
contribution to thea-carbon shifts of the threonine and serine averaging unlikely. By contrast, in thelinked analogue, the
residues may arise from known substituent effects of glycosy- hackbone couplings are smaller. This difference could reflect a
lation on the isolated amino aci#s Overall the values are  |eqq extended structure or greater conformational flexibility. The
distinct from those for thef-linked glycopeptide2 and the regyits for glycopeptida are similar to those for peptidewith
peptidel. Apart from the relative shifts of theCsites on the e exception that the values at residues T2 and T3 are somewhat
glycosylated amino acids, the values R)arf;; reminiscentofa  pigher. This difference presumably reflects a local conforma-
peptide backbone in a random coil Stgte'_. N HSQC spectra  ipnal effect. The2Jun_12 couplings in the GalNAc residues

of 1,2, and4in water were recc_)rded.N_shlfts are asensitive  gra a11~10 Hz, thus suggesting the torsion angle between H2
measure of peptide backbone interactions, and a sharp contrast 4 NH protons to be-18C°.4” Accordingly, the orientation of
exists between th&N shifts of theS-TF glycopeptide2 and  the N-acetyl group relative to the sugar framework seems
(53) Wishart, D. S.; Sykes, B. DMethods Enzymoll994 239, 363-392. essentially fixed. ThelJy,—ns were determined in order to
(54) Dill, K.; Allerhand, A. FEBS Lett.1979 107, 26—29. provide insight into they; angles for side chains of threonine
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4 Table 3. NOE Interaction between GalNAc and Amino Acid
Residues for STF Glycopeptide (5)2
2 /\ sugar residue/ peptide
0 proton proton intensity
< Serl-GalNAc
o 2 4 Me T3 Ha w
:f\. 4. N T3 HB w
=) T3 yMe m
E 5 NH S1NH w
= S1 Ho w
g 3 S1H31 w
e 4 H1 S1NH w
O 10| 2 S1p1 m
2 ~1 S182 m
D 12
H3 SINH m
-14 T2 GalNAc
H1 T3 NH m
-16 A4 NH w
190 210 230 250 T2 yMe m
Wavelength (nm) T2 HB m
) . . NH T2 NH m
Figure 2. CD spectra of STTAV peptid&, o-TF STTAV glycopeptidet, T3 Ho w
andS-TF STTAV glycopeptide2 in H,O at room temperature. T2 yMe W
Table 2. 3Jun-no Coupling Constants (H H3 T2yMe w
able Hn-He Coupling Constants (Hz) H4 T2yMe w
cmpd st T2 K A4 V5 T2 NH w
1 6.83 8.33 8.23 6.51 8.97 Me 2:' SH m
2 6.35 7.57 7.33 6.35 8.55 13 GalNA & m
3 6.77 9.00 8.97 6.96 7.70 N: ¢ T3 NH
4 6.71 9.16 9.28 7.21 8.06 T3 H m
5 7.03 8.79 9.23 7.42 8.34 3HB w
T2 yMe w
T3 yMe w
and serine. The couplings of both threonine residuesSfds T2 Hp w
have a remarkably small variation, falling between 1.8 and 2.3 H27 -% m' ‘C'V
Hz. These low values preclude any significant torsional averag- 7Me T3 NH W
ing and tend to limit torsion angles between the protonsan C A4 Ha w
and @ to a narrow region near either 96r 270 (correspond- 7H4 T3NH w
. . . - T3 yMe w
ing to angles of-150° and 30 in the conventional definition H71 T3yMe W
of y1 anglesy® T3 Hp w
The couplings associated with tlgg angle of S1 have been A4 NH w
determined for5, giving values of 3.3 and 5.2 Hz for the H73 T3yMe w
coupling between the- and the twas-protons. The observation a Four additional ambiguous NOEs between carbohydrate and peptide

of a comparatively large chemical shift difference~dd.2 ppm were used in the calculations, T3 NH to H3 of either T2 GalNAc or T3
; i GalNAc, T2 NH to H3 of either T2 GalNAc of T3 GalNAc, T2 NH to H1

betvigen the two §er|rﬁé-protons, as well aS. thec relaxa.tlon of either S1 GalNAc or T2 GalNAc, and T2 GalNAc NH to Tator T3

data?® argues against substantial conformational averaging aboutganac H1. The distance ranges for NOE constraints were 3.8, 1.8-

the central bond. In conjunction with the essentially equal 4.0, and 1.85.0 A for strong, medium, and weak, respectively.

intensity for the two I to H3 NOEs in this residue, this finding NOESs. NOE interactions of the protons of the amino acids
suggesits a fixed conformation with either an approximatefy 60 anq the resonances of the proximal GalNAc residues, as well
or 120 angle between the protons. Dihedral angle constraints 55 several to the H1 protons of the galactose residues, were
based on these results for the serine and threonine residues wergjaniified by conducting NOESY experiments at 600 and 800
used in the final structure refinement calculations (vide infra). \Hz and employing 3D TOCS¥NOESY5” homonuclear

For 2, which contains the-linked sugars, the side-chain  measyrements at 600 MHz as well. The regions of the NOESY
couplings are significantly different from those observed for gpectra involving interactions between amidic protons and those
the a-linked series above. The threonine residues have valuesjy, the aliphatic region of the-STF glycopeptides, presented
of 4.6 and 4.9 Hz, notably larger values than 8or5, and S1 iy Figure 3, illustrate the interaction of sugar and peptide
ha_s values of 5.5 and 8 Hz. Far th(_a difference in chemical components. The same pattern of NOEs is also seen for the
shift between the two serlrﬁeproton_s is reduced te0.07 ppm, o-Tn glycopeptide3 and theo-TF glycopeptide4 (data not
compared t0 0.2 ppm for the-series. The results fa bear  shown). The NOE interactions observedim, andé between
some §|m|lar|ty '.[0 what is found for the peptidein vyhlch the theN-acetyl methyl groups and the peptide backbone NH groups
threonine couplings are 4.2 and 5.0 Hz. The multiplet patterns 4 shown in Figure 4. The NOE data spanning several residues
for the Slo- andj-protons in the peptide can be fit to coupling  fom the T2 GalNAc methyl to the A4 NH i is of particular
values of 5.8 and 5.9 Hz and the shift difference between the gy ctural interest. The NOEs between the GalNAc moieties and
two f3-protons is only 0.035 ppm. the peptide residues & are given in Table 3. Enumeration
(55) Bystrov, V. F.Prog. Nucl. Magn. Reson. Spectrod®76 10, 41-81. and analy_s|s of the NOEs _In the amide reglor)@dfpked TF
(56) Live, D. H., unpublished results. glycopeptide2 was complicated by a comparative lack of
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Figure 3. Sections of the 350-ms NOESY spectra (600 MHz) in 909%9H0% D0, 18°C, of a-STF STTAV5 showing (A) amide-amide and (B) amide

aliphatic cross-peaks. Arrows in (A) trace the sequential connectivities, with extensions showing NOEs to the NH protons on the GalNAc reBidues. In (

the labels within the box refer to the NH assignments and those outside to the sites to which they have NOEs. GN refers to sites on the GalNAc residues
attached to the amino acid residue indicated, G2 to the galactose residues.

7.7

A Table 4. Amide Proton Exchange Lifetimes (s)
i T3 T3GN empd S1 T2 T3 A4 V5 G1 G2 G3 il
iT2 s1aA4 SIGN _ T2GN
1.93 ? " @ iy GNMe 1 38 44 26 44 932
3 0 ’ Vs 2 278 450 399 399 1348 550 994 1043
2.04 9’ o C SlN%& 3 235 357 405 833 1477 147® 12310 10540
3 V5 C 4 233 369 437 770 1855 1522 22240 14410
2.13 5 406 931 1505 1812 1718 3230 44000 32350 189
B L A e S s Mt S L A M Al LA s S s
B_ 2 The individual intensities could not be accurately determined because
3 of overlap. The components appeared qualitatively to decay at similar rates
1.94 GN and gave reasonable fits to a single exponential.
E @—GNM«:
2.0 L
3 S] SINAc and pattern of NOEs fob and the more comple& indicate a
2'1: common structural motif.
rremresrgeey e — e Exchange and Temperature Coefficients of Amidic Pro-
C ‘ tons. The amide H/D exchange ratésand the amide proton
1.9 S253 Asl . shift temperature coefficients were measii®tis seen in Table
1. 96 - GNMe 4, introduction of an O-linked carbohydrate linkage causes
2.0 w ~ 2T V5 significant extension in the amide proton lifetime regardless of
E i) . . .
] ’ ' SINAc the stereochemistry of the linkage. Comparison of the three
2.13 s1, V7B o-linked glycopeptides clearly establishes that the amide proton
e e e lifetime increases with increasing size of the carbohydrate

Figure 4. Sections of the NOESY spectra in 90%®/10% DO showing
interactions between amide protons amwécetyl methyl protons foa-TF
STTAV (4) (A), f-TF STTAV (2) (B), anda-LeY-SSSAVAV (©) (C).

dispersion. However, one dramatic difference betw2emnd

its a-linked analogue can be seen in the interactions involving
the N-acetyl methyl groups of the GalNAc residue. In contrast
to the o-linked case, (Figure 4A) no NOEs to the peptide
backbone amides f& were observed (Figure 4B). This result

is indicative of a much less compact structure then is the case
with thea-linked peptides. Similar dispersion of amide protons

epitope. Two particularly noteworthy features are evident in
comparing thea- to the f-linked glycopeptides. First, the
lifetimes for the A4 and V5 amides in thelinked group are
significantly longer than in thg-linked construct, and second,
lifetimes for the amide protons of the GalNAc residues on T2
and T3 in theo-linked cases are dramatically extended beyond
those of the3-linked construct.

The temperature dependence of the amide proton chemical
shifts are presented in Table 5. The results for the backbone of
the peptidel and theS-TF glycopeptide2 are very similar,
whereas thex-linked glycopeptides are distinct frohand 2
in several ways. The amides of A4 and V5 and the T2 GalNAc

(57) Oschkinat, H.; Cieslar, C.; Holak, H. A.; Clore, G. M.; Gronenborn, A. M.
J. Magn. Reson1989 83, 450-472, with modifications incorporating
gradients and water supression, Live,DMagn. Resonsubmitted.
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(58) Roeder, HMethods Enzmol1989 176, 446-473
(59) Dyson, H. J.; Rance, M.; Houghton, R. A.; Lerner, R. A.; WrightJP.
Mol. Biol. 1988 201, 161—200.
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Table 5. Amide Proton Shift Temperature Coefficients (ppb/°C) Table 6. Statistical Analysis of NMR Restraints and Computed
Structure for 5

cmpd  S1 T2 T3 Ad V5 Gl G2 G3 sial

distance restraints

1 -70 -71 -53 —-71 -84
2 -69 -74 -57 —-62 —-81 —-74 —-75 —7.4 total 107
3 —-6.0 —-108 -89 -52 -56 —-63 —4.0 —44 intraresidue
4 —-68 -11.6 —86 —-59 —6.1 —7.7 —4.4 —48 peptide 21
5 -60 —11.7 -89 —-6.1 —-64 —-72 -52 —-3.4 -58 glycan 15
sequential|f — j| = 1)
peptide 20
. . . - glycan 9
and T3 GalNAc amides in the-series show reduced sensitivity peptide to glycan
to temperature, consistent with shielding of these sites from the within the same glycosylated residue 29
solvent or involvement in intramolecular interactions. The two between glycosylated residues 12
glycosylated threonine residues (T2 and T3), however, show g'yg:tnwtggg;gans 1
an enhanced temperature sensitivity. This observation is con- 3-bond J-coupling restraints
sistent with a recent report involving a peptide having two peptide 5
sequential threonine residues, in which introduction of.e@- glycans 6

linked carbohydrate on one of these gave rise to an enhancement dihedral restraints

. . peptide 3
in the temperature dependence of the backbone amide proton
shift.38 Furthermore, this dependence was even greater when structural statistics
both successive residues were glycosyldfdd. our case, we NOE violations
did not observe a differential effect related to glycosylation of 3 b”“'ggepo-}@& olat 0

. : . on -coupling violations
serine on the temperature dependence of its amide proton number=0 5 Hz 0
resonances. dihedral violations

Structure Calculations and Refinement Using the NMR g n_UfTJbef?5° el 0

: : : eviations from ideal geometry

data described here_, struc_tural calculations were carried out on (beptide and S1GalNAc, T2GalNAC,
thea-STF glycopeptid® using the X-PLOR p_rograr??.A total and T3GalNAc)
of 107 NOE constraints were employed, originating mostly from bond length (A) 0.0113 0.0003
protons on the amino acid residues and the proximal GalNAc bond angle (deg) 1.226 0.035
residues, with a few identified involving the anomeric proton av'er:‘agg%';rifv\(fs?r)msd among 59 0.578 0.024
on the Gal 'residué"é.VaIues of the e?ght amide proton couplings final structures (A)
were also incorporated as constraints. As mentioned above, the peptide backborte (S1GalNAc, 0.81+0.25
values of3Jyn—pe for T2, and T3 are large and substantially T2GalNAc, T3GalNAc) heavy atoms

peptide heavy atoms and (S1GalNAc, 1.26+0.31

imi i i — 47
limit the associate¢ angle to a region of—120°.4’ The value T2GalNAC, T3GalNAC) heavy atoms

for A4 is lower and has possible solutions at angles of about
—16(°, —90°, and +60°. The angles of the amides in the
GalNAc residues are uniquely established based on the value
of the couplings.

An initial set of 100 structures was calculated using these
constraints. Of these, the 19 best results were identified using,
as criteria, a lack of distance constraint violations greater than
0.5 A and a lack of coupling constraint violations greater than
1 Hz. Significantly, in the absence the restraints, the angles
for S1, T2, and T3 were all highly clustered in the vicinity of
60°. These results are consistent with one of the two possible
solutions derived from the experimental coupling measurements _ . ) ) .

L LT . Figure 5. Superposition of the peptide backbone and first sugar residue of
and, reme_‘rkably' indicate that t_he Strucu_"re is virtually static. the 59 best calculated structures Bffrom the restrained dynamics
The consistency of1 results with experimental data, even calculations.
though not included at this level in the calculations, also provides
a measure of validation for the NOE and backbone amide dihedral violations greater tharf.5As an additional check on
coupling constraints. A round of calculations was subsequently the selection of angles, calculations were carried out with all
carried out from the same starting point as above, but with the possible permutations of the experimentally allowedalues
information from the first round used to discriminate which of for T2 and T3. The structures based on the other choices resulted
the possibley; dihedral constraints to use. The Blangle was  in substantially higher levels of constraint violations. The
then constrained to a range of*6 25°, and T2and T3t0 35 structure statistics are given in Table 6. The list of NOE and
+ 25°. An ensemble of 200 structures was calculated. Fifty- dihedral constraints, and coordinates of the 59 best structures,
nine of these structures had no distance violations greater thamgaye peen deposited in the Protein Data Bank and are available
0.15 A, no coupling violations greater than 0.5 Hz, and N0 from their web site under the identifier 1KYJ. A superposition
(60) Brunger, A. TX-PLOR Version 3.1, A System for X-ray Crystallography of the heavy atoms of t.he peptld_e ba.Ckbone and first sugar for

and NMR Yale University Press: New Haven. CT. 1992. the 59 best structures is shown in Figure 5. The full structure
(61) In the earlier repor; there were only 98 unique NOEs. The indication of  of 5 c|osest to the average of the 59 is shown in Figure 6. To

116 arose from an inadvertent bookkeeping error where several of the . X X L
symmetric NOE cross-peaks were counted on both sides of the diagonal. provide a better sense of the three-dimensional organization, a
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[-sheet structures, with those for T3 being most favored and
those for T2 and A4 in allowed but less favored regiéhighe
pB-character of the peptide is consistent with the chemical shift
trends mentioned above. Importantly, the shift indices, which
point to S-strand type organization, were not employed in the
refinement, providing further independent validation of the
results. The family of structures have an average pairwise rmsd
for the heavy atoms of the peptide backbone and the first sugar
residue of only 0.81 A with the values ranging from 0.25 to
1.6 A, supporting a surprisingly highly defined structure for
the molecule.

Discussion

Figure 6. Structure closest to the average of the 59 best calculated models  The external cell surface milieu is dominated by a variety of

for tri-a-STF-STTAV glycopeptide §). The carbohydrate epitopes are color carbohydrate-containing molecules. Notable among these are

coded magenta for the one on T3, yellow for the one on T2, and turquoise . . . .

for the one on SL1. mucin glycopeptides, which display clustered polyvalent car-
bohydrates connected to serine and threonine residues via a

stereopair of the common inner glycopeptide core3ef5, conserveda-O-linked GalNAc moiety. Mucins have been
formed by the peptide and theGalNAc residues, is illustrated ~ implicated in a number of important biological processes,
in Figure 7. including protection of mucosal surfaces, cellular recognition

Several features of this model are noteworthy. Briefly, the and adhesion, signal transduction, and oncogenic transforma-
distribution of the¢ andwy angles of the internal T2, T3, and tion.12 Although the molecular architecture of mucins is highly
A4 residues for the 59 best structures shows strong clusteringcomplex in nature, we have surmounted the synthetic challenges
of these angles for T2 around100/155 and for T3 around  associated with their constructiéfithus enabling the preparation
—100A4-150. About two-thirds of the A4 residues are in two ©f a number of glycopeptides possessing the authentic mucin
roughly equally populated groups with/yp coordinates of framework. Consequently, our totally synthetic mucin segments
—85/—145 and—155H-115, respectively. The/y loci of A4 have been obtained in homogeneously pure form and in
in the remaining third of the structural models are in two groups Sufficient quantity to allow for both detailed immunological and
of equal size withg/y coordinates of-85H-100 and—155/ high-resolution structural analyses. Immunological investigations
+150. The position of A4 as the penultimate C-terminal residue have culminated in advancement of some of our constructs to
and the limited number of constraints involving the terminal human clinical trials as conjugate cancer vaccifes.
valine may contribute to reduced definition of the backbone in  In the present investigation, we provide a comprehensive and
that region. The superposition of structures illustrates that this detailed structural analysis showing that the clustering of
variation is significant only outside the cluster (i.e., the alanine GalNAc-based glycans via an (axial) linkage induces a
residue and beyond) and has only a modest effect on the positiorremarkably stable and extended structure within mucin-based
of the A4 -methyl group. The backbong andvy angles for glycopeptides. Attachment of the first-O-linked GalNAc
the internal amino acid residues fall in ranges associated with residue has a profound effect on the overall conformation of its

Figure 7. Stereopair of the glycopeptide core composed of the peptide and the attached GalNAc residue for the structure closest to the average of the

tri-a-STF=STTAV (5) models. S1GalNAc is in yellow, T2GalNAc is in turquoise, and T3GalNAc is in magenta, and the nitrogen atomNeddéty!|
groups are in blue.
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peptide backbone, in which specific nonbonding interactions
occurring between the peptide and the carbohydrate moiety play
a key role. Several glycopeptides possessing the native mucin-
like connectivity 8—6) were analyzed in our study. These
systems were compared to one another, as well as to a similar
glycopeptide 2) having a non-natives-linkage, and to the
nonglycosylated peptidel). A particularly intriguing feature
was revealed on examination of the NOE daaaross the
spectrum of thex-O-linked glycopeptides, including thesry
large construcs, a distinct NOE fingerprint wasiédent, clearly
indicating that a high leel of molecular organization exists
within the mucin-like structures examined. Remarkably, this
effect appears to be independent of the extent and nature of
glycosylation beyond the initial-O—GalNAc residueA large
number of constraints were revealed from our analysis of these _
systems, and these were used as the basis for a computed three- ./'"S.I

dimensional model. Interestingly, the number of constraints and

level of resolution achieved for the model is reminiscent of a Figure 8. lllustration of the hydrogen-bonding-type interactiondNedcety!

le fol [ lar protein rather than what woul amide proton of the T3 G_aINAc, shown by black lines. These are typical
stable folded globular prote ather tha at would be for all the glycosylated residues afSTF STTAV (). The relevant oxygens

expected for a relatively short linear glycopeptide. are highlighted in red and the nitrogen in blue. The backbone trace of the
It is apparent that the mode of carbohydrate attachment (via rest of the peptide portion is shown as a ribbon.
o- or f-glycosidic bonds) within a clustered locus has a
profound effect on the conformation of the peptide. Bhnked the influence of the exo-anomeric effect is likely to limit the
systems exhibit an extraordinary level of structural organization conformational options at the glycosidic linkage of theal-
for molecules of the size examined, particularly in light of their NAc to the amino acid, and the bulk of the attached groups
linear nature. In sharp contrast, thdinked systen®, which is further limits the accessible conformational spétkelowever,
trigylcosylated with the TF disaccharide, exhibited spectral these factors alone would not necessarily give rise to such a
features and physical properties comparable to the largely specific and stable backbone structure. With such a thoroughly
unstructured, nonglycosylated peptitle This similarity was resolved structure now in hand, it is well to consider in detall
most clearly revealed by the substantial uniformity of the the specific interactions contributing to the high level of
and 15N shifts of the two systems (Figure 1A) but was also organization that exists within the glycopeptide core.
evident from comparison of the backbone and side-chain  The first of these factors is hydrogen bonding. Examination
couplings, as well as the amide proton H/D exchange rates andof our model reveals that, while the carbonyl groups of the
the temperature dependence of the amide proton chemical shiftsamides of the GalNAc are oriented away from the peptide
Additionally, whereas a distinct NOE fingerprint was apparent backbone, the NH bonds approach and participate in hydrogen-
in each of thea-linked systems 3—6) examined, no such  bonding interactions with the peptide. The average distances
distinguishing pattern was apparent for either {fuinked and angles measured over the collection of 59 best structures
system @) or the parent peptidel). between the nitrogens of these amides and possible carbonyl
Several structural studies gitlinked glycopeptides with  hydrogen-bonding partners of the peptide backbone are 3.5 A
single sites of glycosylation have been repo&H The pattern ~ for the S1 GalNAc NH to T2 carbonyl, with anNH—O angle
of NOEs determined in those simplified cases are consistentof ~96°, 4.1 A for the S1 GalNAc NH to S1 carbonyl, with an
with what we have observed in the more elaborate clusteredangle of~152, 3.7 A for the T2 GalNAc NH toT2 carbonyl,
B-linked glycopeptide2. In general S-linked systems appear ~ With an angle of~122, and 3.2 A for the T3 GalNAc NH to
to resemble the parent peptides and exhibit considerableT3 carbonyl, with an angle of114°. These interactions are
flexibility in the peptide backbone, unlike theia-linked indicative of weakly stabilizing hydrogen bonfsThe proximity
analogues. Thg-linked derivative2 is dynamic and relatively ~ of the GalNAc amide proton to the glycosidic oxygen and the
unrestrained, whereas-linked clusters are confined to few angle made by that atom, the proton, and the relevant carbonyl
conformations. acceptor is~90°.%4 This arrangement suggests that the GalNAc
Ordinarily, in an extended molecule, it is difficult to acquire @mide protons are participants in bifurcated hydrogen bonds
the level insight into its three-dimensional structure as has been(Figure 8), although the NH—O angle is more acute than is
obtained for thex-linked series of compounds examined here. usually found for such interactions. While it is difficult to assert
This results primarily from the fact that the range of NOE with absolute certainty whether these interactions are more
interactions is limited to nearest neighbors. For this series of @Ppropriately viewed as electrostatic, or should be seen as
molecules, however, several other factors, such as the definitionconventional hydrogen bonds, the quantitative analysis of the
of the glycosylated side-chain orientations from Sheoupling structural geometry presented above indicates stabilizing inter-
values, as well as numerous GalNAc to peptide NOEs (including actions. The presence of these interactions is supported inde-
those tonextnearest neighbors), provided additional constraints Pendently by the substantial increase in the amide proton
leading to the calculation of a well-defined structure. Locally,

(63) Magnusson, G.; Chernyak, A. Y.; Kihlberg, J.; Kononov, L. O. In
Neoglycoconjugated ee, Y. C., Lee, T. R., Eds.; Academic Press: New
(62) Assessed with PROCHECK: Laskowski, R. A.; MacArthur, M. W.; Moss, York, 1994; pp 53-144.
D. S.; Thornton, J. MJ. Appl. Crystallogr.1993 26, 283-291. (64) Baker, E. N.; Hubbard, R. Prog. Biophys. Mol. Biol1984 44, 97—179.
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lifetimes (Table 4) and the reduction in shift temperature
dependencies (Table 5) noted for these GalNAc amide protons.

Prior to the availability of high-resolution experimental data
pertaining to a mucin motif, a computational approach was
applied to assess the structure and possible interactions tha
stabilize the extended character of mucin glycoprot&in.
sequence containing a diad of two glycosylated threonines
surrounded by alanine residues was used as a model. Hydrogel
bonding between the GalNAc residues and the peptide backbone
was identified as a major factor from the computations, but the
favored arrangement identified by this method was between the
GalNAc amide proton and the oxygen atom of the carbonyl
group of the adjacent amino acid residue. This is in contrast to
our experimentally determined structure, which shows hydrogen
bonding between the GalNAc amide proton and the backbone
carbonyl of its own residue. Computations conducted during
the previous work also suggest that the latter arrangement gives
rise to a less stable hydrogen bond. It should be noted, however,
that they; angles for the threonines derived from the experi-
mentally measuredJuans couplings in our study indicate a
smaller torsion angle than what emerged from the purely
computational model. These couplings placed an experimental
constraint on the disposition of the GalNAc residue. This factor,
along with the sequence variation between the glycopeptide in
the earlier model, and the construct we investigated, may well
contribute to the different conclusions arrived at regarding the
nature of the stabilizing hydrogen-bonding interaction between
the glycan and peptide.

The structure appears to be further stabilized by the close
association of several methyl groups (Figure 9A). Over the 59
structures surveyed, the T2 GalNAc methyl carbon-&6 A
removed from the A4, and the T3y carbon comes to within
less than 4.1 A of the S1 GalNAc methyl carbon. This pattern
of medium-range interactions, where the GalNAc residues loop
over in such a way that theM-acetyl methyl groups interact - o Gl i dof th ide and the attached

: H H H H gure 9. copeptlide core composed O e peptiae an e attache
with methyl groups on the amino acid residues two residues GgINAc resid);e ?orpthe structure cI%sest to the a‘\)/e?age of the &

down the _chain, could We" provide ad_equ_ate shielding_ of STTAV (5) models, showing in (A), the van der Waals surfaces for the
hydrophobic surfaces. This type of organization also provides methyl protons of S1 GalNAc (turquoise), T2 GalNAc (yellow), and/T3

a mechanism by which the effects of glycosylation could methyl and Alas methyl (white) and, in (B), the Connolly surfaces of the
potentially propagate beyond the immediate carbohydrate Ep?feg a?ﬁk“épzfn;egsé?#;)s’ S1GalNAc (turquoise), T2 GalNAc (yellow), and
residue. The covalent linkage anchors the GalNAc residue to

the peptide backbon_e, and the noncovalent int_eractions bUt_tresi)erhaps, in the presence of flanking peptide sequences as well.
and extend the peptide so as to present the distal glycans in argnhort for such an assertion is found in the initial analysis of
ordered way. Viewed from this perspective, the overall structural o more complex construt with a-O-linked Le/ glycosylated
rqle of the a-O-linked GaINAc residue is functionally remi- - gggavAv. In particular, this is revealed by comparison of
niscent of a partner st_rand mﬂasheet._ panels A and C of Figure 6 that illustrate the retention of the
The inner glycopeptide core of thelinked clusters appears sequence-specific amide shifts and NOE patterns between
remarkably well ordered and stable in dynamic terms for a moleculest and6, including A4 amide td\-acetyl methyl and
peptide-related construct of its size. As pointed out above, somep 4 methyl toN-acetyl methyl NOEs. Thus, despite the variation
of the coupling constant values are inconsistent with extensive in peptide sequence and antennary glycan, the organization of

conformat_ional averaging, and th_e large induced shifts argu€ine peptide backbone in the glycosylated regiof isfconsistent
against this as well. NMR relaxation measurement3:0fT,, with the common features of the glycopeptide care5.

T, and NOE values for the , and anomeric carbons for ) . . .
lp € Cp Beyond the first GalNAc residues in tlelinked glycopep-

gylcopeptide3 (excluding the @ of the alanine since it is a . . .
methyl group), provide additional experimental support for “‘?'e? 4__6’ the more d'Sta! carbohydrate resu_jues canno_t be
distinguished spectroscopically from the proximal one, since

concluding that conformational rigidity persists through residues . X ) )
1—45% Such conformational stability implies that the structure the chemical shifts of th_e_ res_,pectw_e nucle_l of the former seem
enerate. ldentification of interresidue NOEs for these

is energetically favorable. It also suggests that the observed!© P€ degenera : _
structure might be maintained in longer mucin sequences and,re3|dues is similarly complicated, although this may be due to
peak overlap and limited dispersion of signals within this region.

(65) Butenhof, K. J.; Gerken, T. ABiochemistry1993 32, 2650-2663. Based on these observations, one can conclude that the antennary
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glycans are in essentially identical environments, possibly static, which is similar to what is reported in our study. This suggests
but likely with greater conformational averaging than the core. that the stabilizing methyl interactions we describe may have

As indicated above, the stereochemical constraints impartedbeen important in this case as well. The comparatively limited
by the a-linkage place the first carbohydrate residue in close number of NOEs observed in the MUC7 study may be a
proximity to the peptide backbone. This assertion is supported reflection of the lower field at which the data were collected
by the number of NOEs between this sugar and the peptideand the size of the molecules in question. We have observed
(Table 3). Moreover, the dispersion of amide protons in the that NOEs are more numerous for such glycopeptides in spectra
o-linked series is comparable to that observed for organized at 600 and 800 MHz than at 500 MHz. NMR data have been
protein secondary structure. Thus, in a mucin domain, a compactpresented for a second MUC7 peptide with three consecutive
structural core emerges that is sustained even when the distaberine residues, although no structure was preséhtétie
glycans are removed. This fact is convincingly demonstrated disposition of the amide proton shifts is quite similar to what
by the spectroscopic data for thelinked series of molecules ~ we observe for the three glycosylated serine residues, in
3—5. Even when the second and third distal residues of the STF arguing in favor of the persistence of the kind of structural motif
cluster5 are deleted, the remaining Tn (GalNAc) antigen is seen we report. Both the glycophorin and MUC7 peptides are
to substantially shroud the peptide in the immediate vicinity of comparatively rigid as well. The characteristics shared by these
the glycosylation site (Figure 9B). Direct comparisoruefand glycopeptides and the constructs we have studied point to the
p-linked clusters strongly suggests that the conformational generality of the organizational aspects of the peptide backbone
properties are not simply due to a nonspecific phenomenon butwe have identified. Greater variation between these systems
rather appear to bespecificconsequence of the stereochemistry |ikely results from the way in which the carbohydrate is
at the glycosidic linkage joining the carbohydrate domain with presented by the peptide scaffold, which is expected to depend
the peptide domain. Thus, the unusual stability of the core on the density of glycosylation. Further investigations would
structure is a consequence of the specific steric, hydrogen-he required to characterize the scope of structural diversity
bonding and nonbonded interactions associated with the attachaccessible to mucins, en route to a conformational definition
ment of the firsta-linked GalNAc residue. of a full mucin domain.

The results obtained from our studies on mucin glycopeptides one of the means that nature has devised for—azill
have provided a high-resolution model that indicates the signaling and for the display of cell surface markers is the
formation of extended structures and the intramolecular 'nterac'presentation of carbohydrates in a mucin motif. Mucin domains
tions from which these arise. Comparison can be made to thegre composed of clustered glycosylated sites with the carbo-
I|m|t§d number of NMR-based structures of clustered glyco- hydrate appended through arD-linked GalNAc residue, which
peptides that have been reported, but only at a somewhatyay pe further elaborated, depending on the physiological state
qualitative level, since no atomic coordinates for these structures ;¢ the cell. The information that the cell presents in this way is
are available. 307ne example is a glycopeptide segment from conyrglled by the selective expression of members of its
glycophorin A¥" HT'ST'SSSVTL, where the asterisks g cotransferase repertoiteThus, cell surface signaling events
indicate the six sequential sites @O-linked glycosylationto 2 116 effected by glycoproteins with the same core structure.
GaINAq residues. ;hef StrUCtEre dheducedbwas b?sedd on 52Through the study of glycopeptides based on the N-terminal
colnstlral_nts, S;mell’g até ewerlt_ an the ”h‘%“:] er gmp oyedn Ourregion of the cell surface glycoprotein CD43, insights into the
C? Crl: at|or;s. 3_a§ 'I?k? coupiings are hig dar_1 remlnlscedntd structural basis of this phenomenon have been obtained and a
of those for - 1he structure presented s an e_xten '€ quantitative model of mucin organization has been advanced.
arrangement reminiscent of what we have found. The d'SpOS't'Onlmportantly it has been possible to illuminate how nature
of the carbohydrate m0|et|§s 'S somewhat d'ﬁere'?t’ however, through choice of glycan and stereochemistry of glycosylation,
a_md they are ShOWF‘ as projecting from alternate S'des.sequen'has devised an economical and effective strategy for meeting
tially (_jown the peptide b_ackbone. Tm‘"““ﬂ for the threon|r_1es two key conditions for cell signaling. The first is the maximiza-
are higher than foB—5, indicating differenty; angles, which .
may be related to this particular carbohydrate arrangement tion of carbohydrate exposure through enforcement of an
Strlilctures of alvcope ,5) des from MUC¥ have aIS(? been'extended structure, thus preventing the carbohydrate surface

. o glycopep . S . from being obscured by protein collapse. The second is the
described® These sequences are relatively rich in proline,

suggesting that the backbone might adopt a polyproline type Il presentation O.f a locally high _C(_)ncentratl_on of c_arbo_hydrate
structure, which is indeed supported by CD data. Computer molecules, which is often a decisive factor in cell signaling and
’ . - : cell—cell communication. Both of these conditions are admirably
models for the MUCT7 peptides containing glycosylated threo- . . ) .
nine residues, built on the basis of this motif, were minimized met by the admittedly abbreviated mucin motifs demonsrated
by including NMR-derived constraints. In this analysis, the herein.
peptide backbone was found to maintain the polyproline type
Il motif, although the experimental backbone couplings near
the sites of glycosylation suggest more negathangles than Synthesis of the glycopeptides used in this study has been repbrted.
are associated with the canonical polyproline motif derived from The STTAV peptide was prepared in the Microchemical Facility of
crystallographic data of collagen-related peptitfeShese Sloan-Kettering Institute. NMR spectra were obtained on Varian
compounds also showed evidence of NOE interactions betweenNOVA 600 and 800-MHz instruments. The samples were dissolved

the GalNAc methyl and thé-methyl of ani -+ 2 alanine residue, N H20 or DO with 10 mM phosphate buffer at a pH 6#.5 and had
concentrations in the range of-20 mM. Studies were done at 18

(66) Kramer, R. J.; Bells, J.; Brodsky B.; Berman, H. 84.Mol. Biol. 2001, except for the determination of the temperature dependence of the amide
311, 131-147. shifts.'H 1D and 2D TOCSY and NOESY experiments inQHwere

Experimental Section

J. AM. CHEM. SOC. = VOL. 124, NO. 33, 2002 9843



ARTICLES Coltart et al.

recorded using a WATERGATESsolvent suppression scheme. #D- protocol’® The conformations of the sugar rings were held fixed in
N HSQC data were collected using coherence selected field gradient-the chair conformation. The simulated annealing consisted of 30 ps of
based experiments with sensitivity enhancement available from the dynamics computed with a time step of 15 fs at 50 000 K followed by
Varian ProteinPack distribution. 1D, double quantum filtered COSY, cooling b 0 K in 30 ps and2000 steps of energy minimization.
TOCSY, NOESY, andH—%C HMQC and HMBC spectra in fD were

obtained using pulse sequences in the Varian standard software library. Acknowledgment. This paper is dedicated to Professor Bruce
The 3D TOCSY-NOESY experiment used WATERGATE solvent  Merrifield on the occasion of his 80th birthday. The NMR data
suppressioffand was carried outin4®, with a pulse sequence written  \yere collected at the Structural Biology NMR Resource of the
by D.H.L. The TOCSY mixing time was 45 ms, and the NOESY mixing éJniversity of Minnesota, supported by grants from the Min-

times were between 350 and 400 ms. 1D and 2D data were processe . . .
using the Varian software, and the 3D data were processed with nmrPipeneSOta Medical Foundation and NSF BIR-961477. Computation

software®® IH and™3C chemical shifts are given relative to DSS, and and visualization was carried out on facilities of the Minnesota

15\ are given relative to NK Supercomputing Institute. This work was supported by the
The temperature dependence of the amide chemical shifts wasNational Institute of Health (N.I.H.) (Grants: Al-16943, CA-
measured from peak positions in 1D spectra over a range-263C, 28824 (S.J.D.)). Postdoctoral fellowship support is gratefully

with the data being fit to a line by the linear regression utility in the acknowledged by D.M.C. (Natural Science and Engineering
Vnmr software. The amide proton lifetimes were determined in several Research Council of Canada, PDF-230654-2000; and Alberta
experiments covering different time regimes to allow for the substantial Heritage Foundation for Medical Research, 199901330), L.J.W.
variation in lifetimes. Signal intensity data were fit to a single decaying (N.LH., F32CA79120), P.W.G. (American ,Cancer Sociéty PF
exponential using the Vnmr regression analysis package. 86.26” AR X

o ), D.S. (The Irving Institute and M. R. Bloomberg), S.D.K.

CD spectra were obtained at room temperature on a Jasco J 71
instrument on solutions diluted from NMR samples. Concentrations (U.S. Army Breast Cancer Grant, DMAD 17-98-1-8154), and

were determined from quantitative amino acid analysis. J.B.S. (N.L.H., F3218804). We thank Dr. George Sukenick of
Cross-peak intensities from NOESY spectra were classified as strong,the Sloan-Kettering Institute Core Facility for mass spectral
medium, or weak, with distance ranges of 240.6, 2.9+ 1.1, and analyses. We thank Judit Puche of the Chemistry Department

3.4 + 1.6 A, respectively. PARALLHDG.PRO (Version 4.02, M. at the University of Minnesota for providing amino acid

Nilges) was used in assigning parameters for the pentapeptide. For the, 51y ses The receipt of a Pfizer Award to S.J.D. for Creative
glycans, ideal geometry values were taken from CHARMM19 (MSI) Work in Organic Synthesis is gratefully acknowledged
with the bond, angle, and improper force constants set to match those ’

in PARALLHDG.PRO. The electrostatic term was turned off, and van

der Waals terms were used for the nonbonded interactions. The initial lglﬁ&or?g InformatmnﬁAv;:lgble: Fqulr _reglon.T ck))fl thféH_ f
extended structure generated by INSIGHTII/BIOPOLYMER was QC spectrum ob. Is material Is available free o

initially minimized to idealize the covalent geometry. Peptide backbone Charge via the Internet at http://pubs.acs.org. See any current
and sugar linkage torsions were randomized for generating starting masthead page for ordering information and Web access
conformations. Structure refinement was carried out with distance, three-instructions.

bondJ coupling, and dihedral angle restrained torsion angle dynamics

in X-PLOR Version 98.6 with an optimized version of the TAD HAQZ0208E
(67) Piotto, M.; Saudek, V.; Sklenar, \J. Biomol. NMR1992 2, 661-665. (69) Stein, E. G.; Rice, L. M.; Brunger, A. T. Magn. Resornl995 124, 154—
(68) Delaglio, F.; Grzesiek, S.; Vuister, G.; Zhu, G.; Pfeifer, J.; Bax]./&Biomol. 164.

NMR 1995 6, 277—-293. (70) Badger, J.; Kumar, R. A.; Yip, P.; Szalma,Boteins1999 35, 25—33.

9844 J. AM. CHEM. SOC. = VOL. 124, NO. 33, 2002



