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Asparagine-linked glycosylation, a co-translational protein chc’?"' /ﬁ*
modification reaction, has the capacity to influence the protein
folding process.Within the extracellular domain of the-subunit B\ COH
of the nicotinic acetylcholine receptor (nAChR), &hlinked HO™ Y BH OH m(elcNAc)g
glycosylation site at Asn141 has been demonstrated to be essential °H O
for the folding and assembly of the multimeric nAChR complex. OH O
The disulfide bond between residues Cys128 and Cys142 that Ao LOH

closes this conserved extracellular loop is also critical for the
structural integrity of the receptor complex; mutation of the 5: R = Gal,GlcNAc,MansGicNAc$ 6: R = GIcNAcManaGlcNAC3
cysteine residuér expression of the protein in the presence of
reducing agentsseverely impacts the oligomerization of the
protein complex. In addition, this loop includes a conserved
proline residue at position 136 that is required for nAChR folding
and assembl§.

In previous studies of this extracellular loop peptide (peptide
1),% a simple chitobiosyl derivative, representing a truncated
analogue of the saccharide attached in vivo, at Asn141 was found
to influence the free energy of disulfide bond formation and the
cis/transisomerization of the proline peptide bond. Since these
processes represent slow steps in the protein-folding prodaiss,
observation may provide insight into wiNtlinked glycosylation
is required for the folding and oligomerization of the nAChR.
The purpose of this report is to examine the structural effects
that larger, mature oligosaccharides exert on the structuie of
Although it is known that outer saccharide residues play critical
roles in glycoprotein functiof,studies to establish how larger
saccharides impact peptide and protein conformation have bee
limited due to the difficulties associated with the preparation
of sufficient quantities of homogeneous samples of complex
glycopeptides to allow detailed spectroscopic analysis. Since
disulfide bond formation and proline isomerization can be assesse
guantitatively, it was envisioned that these aspects of peptide
structure could be used to accurately measure the conformationa
effects of the outer saccharides.

Glycosylated analogues of peptide derivatized with a
monosaccharide?], and with a disaccharid&);, were synthesized
using previously published methotl¥. Glycopeptide 4, an
analogue derivatized with a complex-type, biantennary saccharide
at Asnl4l, was prepared via a powerful chemoenzymatic

Figure 1. Peptidel and glycopeptideg, 3, 4, 5, and6.

with Endo-M, an endoglycosidase enzyme that catalyzes a
transglycosylation reaction between the synthetic glycopeptide
and a proteolytic fragment of the glycoprotein transferrin to
produce glycopeptidé in good yield. Additionally, the outer sialic
acid and galactose residues were enzymatically cleaved 4rom
to generate glycopeptidésand6 (see Figure 1), respectively.

The solution structures of peptides were investigated using
standard homonuclear 2D NMR techniques. An NOE-restrained
simulated annealing protocol revealed that the peptides adopted
a turn structure at the central residues of the loop (His134 and
Phe135)3 Although inspection of the NOESY data revealed no
major structural changes between the nonglycosylated and gly-
cosylated peptides, the glycosylated peptides exhibited a number
of spectroscopic characteristics that together reveal a modest, but
n;jetectable effect upon modification with larger saccharide deriva-

ives

NMR studies reveal several weak NOE signals between the

asparagine and proximilacetylglucosamine in glycopeptide
dbut these NOE signals were not observed for peptitlaad 3,
suggesting that the outer saccharides may conformationally
tabilize the core N-acetyl glucosamine residues. The absence of
hese NOE signals could also be due to the lower molecular
weight of 3; however, examination of a series of reference cross-
peaks of glycopeptide8 and 4 revealed that the change in
molecular weight did not impact the relative NOE intensities of
these peptides. It is noteworthy that neither glycopepbide 6
exhibited any significant changes in the NOESY spectra relative

method!! Specifically, glycopeptid® was subjected to treatment (9) ES MS forl (CosH13N23025S;): Calcd 2098.36; Obsd [MH]2099.)
3, 4,6-0-acetyl)N-acetylglucosamine-modified asparagine was synthesized
§ Massachusetts Institute of Technology. as previously reported (Christiansenbrams, I.; Meldal, M.; Bockl.kChem.
*Kyoto University. Soc. Perkin Trans. 1993 1461-1471). This residue was used directly in
(1) (@) Rudd, P. M.; Dwek, R. ACrit. Rev. Biochem. Mol1997, 32, 1-100. peptide synthesis to generate an acetylated derivati2e@€protection with
(b) O’Connor, S. E.; Imperiali, BChem. Bio.1996 3, 803-812. 10 equiv of NaOMe in MeOH afforde@. MALDI MS for peptide 2

(2) (@) Mishina, M.; Tobimatsu, T.; Imoto, K.; Tanaka, K.-l.; Fujita, Y.;  (Cio2H14éN24033S;): Caled 2299.5; Obsd [MH] 2300.
Fukada, K.; Kurasaki, M.; Takahashi, H.; Morimoto, Y.; Hirose, T.; Inayama, (10) ES MS for peptid@ (Ci10H150N25038S,): Caled 2504.7; Obsd [MH]

S.; Takahashi, T.; Kuno, M.; Numa, Bature1985 313 364—369. (b) Gehle, 2505. See Supporting Information.

V. M.; Sumikawa, K.Mol. Brain Res.199], 11, 17—25. (11) Haneda, K.; Inazu, T.; Mizuno, M.; Iguchi, R.; Yamamoto, K;
(3) Sumikawa, K.; Gehle, V. MJ. Biol. Chem.1992 267, 6286-6290. Kumagai, H.; Aimoto, S.; Suzuki, H.; Noda, Bioorg. Med. Chem. Lett.
(4) Gelman, M. S.; Prives, J. M. Biol. Chem1996 271, 10709-10714. 1998,8, 1303-1306. MALDI MS for 4 (Cy76H266N28050;): Caled 4303.31;
(5) Fu, D.-X.; Sine, S. MJ. Biol. Chem.1996 271, 31479-31484. Obsd [MH]" 4303.

(6) Rickert, K. W.; Imperiali, B.Chem. Biol.1995 2, 751—759. (12) ES MS for Glycopeptid8 (CisgH23sN27073S,): Caled 3719.49; Obsd
(7) (a) Koide, S.; Dyson, J.; Wright, P. Biochemistryl993 32, 12299 [MH] *3719.) ES MS o6 (C14H219N27065S,): Caled 3395.54; Obsd [MH]
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Table 1. Percentage of ProlylPeptidyl Bondcis Isomer at pH
7.7, 65°C; Rates oftis/translsomerization at pH 7.7, 65C

peptide Y%cis Keis—trans (™) Kirans-cis (S™) 1o
1 39 14.7+ 0.2 23.0+£0.2 e
2 31 7.26+ 0.1 16.2+0.1 R A
3 32 7.10+0.2 17.4+0.2 e -
6 26 5.33+ 0.5 15.2+ 0.5

to 4, suggesting that the outermost saccharides do not have a majo
impact on the solution structure of the peptide. Analysis of the |fedZ & @1 I:I
amide variable temperature coefficients for ttens conformers T2t 19 17 15 2.1 1.8 1.7 1.5
indicated that most amide protons were unprotected from solvent . o °
exchange. However, His134 exhibited a substantially lowered l(:r:gl;]ge 2. Exchange (NOESY) spectra of peptider °C (left) 65°C
amide variable temperature coefficient, suggesting an increased

conformational stability in this region. Notably, for this residue,
the glycosylated derivatives exhibited a lower coefficient than
the nonglycosylated derivativé (peptide 1, (—)4.46 ppb/K;
glycopeptide3, (—)3.09 ppb/K; glycopeptidd, (—)3.11 ppb/K),
suggesting that glycosylation stabilizes this secondary structure
formation. Since the structures of glycopeptidest appeared

to be highly similar, further analysgigsyfoc?usped on dSFi)vatﬁ(e Kirans-cis = 2xdTm(@rctanh[1/xl .. + xclul) 1)

which exhibited the simplest spectral characteristics.

The free energy of formation of the disulfide bond is an indirect ~ Adoption of the correct prolyl isomer is often a slow step in
assessment of the conformation of the molecule; preorganizationthe protein-folding process due to the relatively high activation
of the free sulfhydryl groups of the cysteine residues will lower energy required for isomerization (20 kcal/m&l)'he saccharide
the entropic cost of forming the macrocycle, resulting in a net could slow the rate of peptide bond isomerization by more
lowered free energy of formation. The equilibrium constant of effectively solvating the proline residue; desolvation of the proline
intramolecular disulfide bond formation can be measured by amide bond has been proposed to favor the neutral transition state
incubating the peptide with a reference thiol; disulfide exchange of the isomerization proced%However, it is unlikely that the
between the sulfhydryl groups brings the sample into equilibrium, smaller saccharides that decorate peptiand3 would be able
and the equilibrium constant can then be calculated as previouslyto directly interact with the proline peptide bond. Alternatively,
described? In this study, peptideq, 2, and6 exhibited small the saccharide may decrease the flexibility at the glycosylation
differences inK¢q values. Nonglycosylated peptideexhibited site; numerous examples have been described where glycosylation
the lowestKeq value (20.0+ 0.2 mM), suggesting that the  rigidifies or stabilizes the structure of the peptide or prot&iA.
sulfhydryl moieties are the least favorably positioned to form the decrease in flexibility of the peptide backbone may result in a
macrocycle. HigheKeq values were exhibited by both glyco- decrease in the rate afs—transinterconversion of the proline
peptide2 (24.6+ 1.7 mM) and6 (28.9+ 2.3 mM). These data, = amide bond.
along with the previously published value for chitobiose (38  This study suggests that addition of tNelinked saccharide
mM),8 suggest that addition of the first two saccharide residues affects certain key steps of protein folding, namely disulfide bond
has an impact on disulfide bond formation, but that the outer formation anctis/transproline isomerization. Herein we directly
saccharides do not appear to impart any significant additional compare the conformational effect of truncated saccharides with
effect. larger oligosaccharide structures found in vivo. Although the first

Investigation of the proline amide isomers also provided an two N-acetylglucosamines residue mediate the bulk of the
opportunity to investigate the effect bElinked glycosylation on  conformational effect, the addition of the outer saccharide residues
the conformational properties of this peptide. As expected for a also appear to influence the peptide structure, indicating that nature
proline residue flanked by aromatic phenylalanine residues, may also utilize these outer residues to favorably affect peptide
peptidel exhibits a high content afis-proline isomefs A notable structure. The spectroscopic studies presented suggest that the
divergence in the amount dafis isomer occurred among the  primary conformational effect of thid-linked glycan is derived
peptide derivatives as the temperature was increased t€65 from the first two saccharide residues; the lack of observed
As summarized in Table 1, the percentageisfsomerdecreases ~ NOE signals between saccharide and peptide suggests that the
as increasing numbers of saccharide residues are added to th&accharide rigidifies the local structure of the peptide and does
polypeptide backbone. not interact directly with specific residues (such as proline) in

At temperatures above 3T, proline isomerization becomes  the peptide backbone.
sufficiently fast to observe chemical exchange peaks betwisen
and trans conformers in NOESY spectra (Figure 2). These
exchange peaks were used to quantify the ratecisftrans
isomerization using eq *.The rates of isomerization at 3T
were too low to be accurately quantitated; however, after raising  supporting Information Available: Details of glycopeptide syn-
the temperature to 6%C, the rate ofis/transisomerization for thesis, NMR studies, determination &, values and chemical shift
nonglycosylated peptidewas measured to be 2-fold faster than assignments (PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.

that of the glycosylated derivatives (Table 1). The rate of
isomerization was decreased most dramatically by the addition
of the first N-acetylglucosamine residue; addition of the outer
saccharides appeared to have an additional, albeit modest, effect.
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