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Background: Assembly of the functional nicotinic 
:~cetylcholine receptor (nAChl<) is dependent on a series 
of exquisitely coordinated events including polypeptide 
synthesi\ and processing, side-chain elaboration through 
post-translational modifc:ltions, and subunit oligomrriza- 
tion. A 17-residue sequence that includes :I cystine disul- 
fide and an IL-linked glyco+ation site is conserved in the 
extracellular domain of each of the nAChK subunits, and 
is involved in intersubunit interactions that are critical for 
xstxnbly of intact, pcntanleric complexes. A polypeptide 
representing the relevant sequence front the a-subunit of 
the nAChK (Ac-Tyr-Cys-Glu-lle-Ile-Val-Thr-His-Phe- 
Pro-Phe-Asp-Gln-Cln-Asn-Cyc-Thr-NH,) is small 
enough to Jlow detailed structural analy&, which mny 
provide insight into the role of glycosylation in the rnatu- 
r:ltion process that I~xds to ion-channel assenlbly. We 
therefore investigated the effect of IT-linked glycosylation 
on the structure of this heptadccapeptide. 

Results: Thermodynamic nnaly+ showr that glyco$yL- 
tion alter? disulfide fornlation in the loop peptide, shifting 
the equilibrium in favor of the diuulfide. Spectroscopic 
studies reveal that the cis/tvms atnide xonlcr ratio of the 
proline is also affected by the tnodification, with a resultant 
shift in the equilibrium in favor of the truf~ isonwr, even 
though the proline is several residues relnoved from the 
glycosylation Gte. Two-dilnensional NMK xlalysis of the 
glycopeptide does not indicate the presence of any specific 
interactions behveen the carbohydrate and the peptide. 
Conclusions: These studies detnonstrate that glycosyla- 
tion can have a significxlt influence on disulfide forma- 
tion and proline isomerization in a local peptide 
sequence. As both these processes are conridered slow 
steps in protein folding, it is evident that Slinked gly- 
cosylation has important indirect role? that influence 
the folding of the receptor subunit ,uld aswmbly of the 
pcntalneric conlplex. 
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Introduction 
Protein glycosylation is an essential part of the process of 
protein synthesis, folding and post-translational modifica- 
tion in eukaryotic cells. Asparagine-linked (&-linked) gly- 
cosylation, in particular, and the resulting glycopeptides 
and glycoproteins have been the subjects of a great deal of 
study [ 1 I. It remains a significant problem in biochen- 
istry, however, to understand the biological consequences 
and functions of &‘-linked glycosylation. Some of the 
roles ascribed to these modifications include protein tar- 
geting, protection of protease sensitive sites, modulation 
of ilnnlunogenicity,llLliiog~ni~ity, and intercellular recognition. 

A number of studies suggest that glycosylation can affect 
protein structure. In some cases, glycosylation has been 
shown to stabilize the fully folded protein structure 
[2-41. Even when glycosylation has little or no influence 
upon the final structure, it can have a very significant 
effect upon the kinetics of protein folding [5,6]. In fact, 
participation in protein folding may be one of the most 
important functions of N-linked glycosylation. The 
initial attachment of a carbohydrate to the protein 
occurs co-translationally, as newly synthesized, unfolded 
proteins are being translocated across the endoplasmic 
reticulum (ER) membrane and into the lumen of the 
EK. At this point in the protein synthesis process, 

Iv-linked glycosylation can significantly influence 
the course of protein folding by changing the local 
conformational tendencies of the protein, and several 
studies have indeed shown distinct conformational 
consequences of glycosylation on small peptides 17-I 01. 

Many multimeric proteins have specific, highly con- 
served glycosylation sites. Site-directed mutagenesis 
studies have implicated these sites in the processes of 
protein folding and oligomerization. One protein con- 
taining such sites is the nicotinic acetylcholine receptor 
(nAChR) (see Fig. 1 for a schematic drawing of the 
nAChR architecture) 11 I]. A highly conserved feature of 
each of the homologous subunits of the nAChR is a 15- 
residue loop peptide with the consensus sequence Cys- 
Xaa-Xaa-Xaa-Val-Xaa-Xaa-Phe-Pro-Phe-Asp-Xaa-Gln 
-Asn-Cys-Thr/Ser. This polypeptide forms part of the 
soluble, extracellular domain of the protein and is 
thought to be involved in intersubunit interactions that 
are critical for the assembly of intact, pentameric com- 
plexes.The loop sequence in the mature a-1 subunit of 
the neuromuscular n AChR from Tor@o ral($wnim mm- 
prises residues 128-l 43, including an N-linked glycosy- 
lation site (Asn-Cys-Thr) flanking one of the cysteines 
(Cys142), and a proline (Yro136) at the remote end of 
the loop formed by the disulfide.The intermediate size 
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Fig.1. The organization of the nicotinic acetylcholine receptor. 
Left: the receptor is composed of five transmembrane subunits 
(including two OL subunits), which form an ion channel. Middle: 
The 01 subunit has four transmembrane domains. The position of 
the conserved peptide loop in the extracellular domain is circled 
and is shown in detail on the right. 

of the polypeptide renders it amenable to detailed struc- 
tural analysis, providing insight into the role of this loop 
in receptor complex assembly and into the importance 
of the conserved glycosylation site in this process. 
Although glycosylation of this site has been shown to be 
essential for proper assembly and for stability of the 
receptor complex [12-l 41, th e mechanism by which gly- 
cosylation influences the structure of the complex is 
unknown. If &-linked glycosylation is important for 
correct folding of the cr-subunit of this receptor, then it 
may act by producing significant changes in the confor- 
mation of the loop. We report here a study of the influ- 
ence of N-linked glycosylation on the conformation of a 
pcptide that corresponds to the nAChl< loop containing 
the conserved n’-linked glycosylation site. 

Results and discussion 
The glycopeptide 2a (Fig. 2) was prepared by oligosac- 
chary1 transferase catalyzed glycosylation of synthetic 
peptide la using “H-labeled dolichylpyrophosphoryl 
(L>ol-I’P)-I”\:,I”l;‘-diacetr]chitobioce as the disaccharide 
donor [81, or by chemical synthesis in which the chito- 
biosyl amine is coupled to a polypeptidc bound to a solid 
support [ 15, IO]. The glycosylated peptide is modified 
with a truncated disaccharide (two :\Lacctylglucosanii~i~ 
moieties, GlcNAc,) in lieu of the tetradccasaccharide 
(GlcNAc~Man,Gl~~~) normally present irl I+CI [ 1 ] (see Fig. 
2). The biosynthetic prepal-ation of the glycopeptide 
offered the opportunity to assess the glycosyl acceptor 
propertiec of both the reduced and oxidized forms of the 
loop peptide, and also provided a radiolabcled standard as 
a reference for the synthetic preparation. The chemical 
synthesis of the glycoprptide afforded mg quantities of‘ 
homogeneous material for detailed spectroscopic analysis. 

Effect of disulfide formation on oligosaccharyl 
transferase activity 
The conformation of a peptide is an important determi- 
nant of whether it is a good substrate for oligosaccharyl 
transferase [ 17,181. Consequently, disulfide bond forma- 
tion may influence the capacity of peptidc 1 to serve as a 
substrate for this enzyme. To optimize enzymatic synthe- 
sis of the glycopeptide, samples of both the reduced and 
oxidized peptide were assayed for oligocacchnryl trans- 
f&se activity. K, and relative V,,,,,X vnlucc were obtained, 
and arc summarized in Table 1 Formation of the disul- 
fide bond clearly impairs glycosylation of peptide 1, by 
both weakening the bindin, 1’ to the enzvmc si-x-fold, and 
reducing the maximal enzyme velocity, giving an overall 
decrease of%‘,,, ,, /K, by X.2.This result is consistent with 
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Fig. 2. The amino-acid sequences and 
modifications of the loop peptides from 
the a-subunit of the Torpedo californica 
nicotinic acetylcholine receptor. Partial 
sequence of the mature receptor protein 
is shown above in single-letter code, 
with the residues studied in boldface. 
Sequences of the non-glycosylated 
peptide, 1, and the glycosylated peptide 
2, in both reduced (la and 2a) and oxi- 
dized (lb and 2b) forms are shown 
below in three-letter code. 
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Table 1. Kinetic constants of peptides as substrates for 
porcine liver oligosaccharyl transferase. 

Substrate Relative V,,, 
(dpm/min) 

K, (/J-W 

Peptide la (reduced) 5259 36 
Peptide 1 b (oxidized) 3563 201 
Bz-NLT-NHMe 7162 554 

Benzoy-Asn-Leu-Thr-NHMe IBzNLT-NHMe) is included as a 
st,mdard. 

thv propos~~l that the preferred conformation for efficient 
cnzym~tic Slinked glyco~ylation is the Asx-turn, with a 
h)-drogcn bond between the side chain of an aspartate or 
x+ira+ne residue and the peptidr backbone [IX]. 
Osidaiion to the disulfide (peptide lb) would be 
exprcted to disrupt Ass-turn formation, since one of the 
t\\‘o cysteincs involved occupies the central position in 
the -Asn-XaCl-Thr- triad, which is the COI~S~I~SUC 

scqutmw for form,ltion of this structure. Modeling 
medics who\\- that an Asx-turn can still be formed by the 
osidized pcptide. however, and in Get this pcptide shoxvs 
liniitcd ~Iycosyl xcrptor properties. 

It h,ls bccm showy that Nlinked glycosylation takes 
pl,lcc’ shortly after tramlocation into the ER [I ‘I], often 
before a protein is tillly folded [20,21 J. Since the nascent 
polypeptide is not ready for disulfide bond formation 
nntil both cysteine residues have fully emerged into the 
orldizing environnient of the ER, it is prcbable that 
dlsulfide bond formation cxc~~~-s after glycosylation.The 
killctic dnta for the reduced and oxidized peptides 
support ‘1 model in which Slinked glycosy’iation pre- 
ct‘dcs disultide bond formation. Peptide 1 (and prerun- 
,lbly the cr-subunit from \vhich the sequence was 
dc~rived) is thus well engineered for effective procmsing. 
as glvcosyl.~tion is significantly iiiorr efficient prior to 
diwllidc foi-inxion. 

Thermodynamics of disulfide formation 
The polypeptide loop contains a disulfide bond 
bt~txveen Cys 12X and Cys142 in the mature protein, 
\\-hlch h,lc btxn shoxvn to be rsstmtial for proper 
subunit folding md receptor complex assembly 
[ 1.>,11,?2]. The free energy associated with formation 
of m into-amolccular disulfide can be indicative of the 
conformdtioii of that inolecul~, since preorganization to 
‘1 conformation which places the cysteine sulfhydryls in 
close proximity lowers the entropic cost of fbrming the 
m.~crocycle.The free energy of disulfidc formation can 
bc determined by measuring the ratio of reduced to 
OXI~IZC’~ pcptidc LV~ICII in equilibrium with an csccss of 
.I I-eft~ence thiol and its corresponding disulfide, ‘1s 
illustrated in Figure 3 [23,24]. Incubation of samples of 
,I dicystcine-cotlt‘~iiiiIl~ pcptidc under these conditions. 
follo\ved by ‘111 ,lcidic quench of the disulfide exchange 
JII~ rcvcrse-phC~se high-pressure liquid chromatography 
(IXP-HI’LC) allows nleasurement of the ratio of 
I-cduccd to oxidized peptide. 

The preparative oxidation of glycopeptide 2a vm 
slightly slo\vcr than that of the corresponding peptidc la. 
probably due to steric hindrance [25]. Incubation of the 
peptide la and glycopeptide 2a with glutnthione and 
oxidized glutathionr gave relative Krc, values of 21 md 
38 mM respectively, indicating that it is more favorable 
for the glycopeptide 2 to be oxidized (and hence cyclic) 
than for peptidc 1 by ,I ratio of about 1 .X: 1 This differ- 
ence amoutnts to a AilG of about 1 .-i kJ m01~‘. As glyco- 
sylation enlm~ces disulfide formation for this peptide, it 
must change the conformational tendenciec of the 
peptide, bringin, (7 the cvsteine side chain\ into closer 
proximity to each other: and the pcptide lnust adopt ‘1 

27 28 29 30 31 32 
Time (min) 

(b) 

30 31 32 33 34 is 
Time (min) 

Cc) 
2 G-SH z=f!= G-S-S-G t 2e‘ + 2Hf 

HS/p\ SH ==== ,/“, + 2ee + 2H+ 

P K 
HS ’ eq ‘St-j + G-S-S-G ‘G= ,/‘\, +2G-SH 

Fig. 3. Thermodynamics of disulfide formation. (a) Superimposed 
HPLC traces of the reduced peptide la (red) and the oxidized 
peptide 1 b (blue). (b) Superimposed HPLC traces of the reduced 
glycopeptide 2a (redi and the oxidized glycopeptide 2b (blue). (c) 
Equilibria established between a sample peptide and the reference 
thiol, glutathione. 
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Fig. 4. Glycosylation of the loop 
peptide causes an increase in the pro- 
portion of tram to cis isomer. (a) 
Structural representation of cis and 
tram proline amide isomers, (b) Two- 
dimensional NMR TOCSY spectra of 
the oxidized peptides 1 b and 2b at 
pH 4.5, showing a proline P-r cross- 
peak of both the cis and tram isomers. 

(a) Tram 

6) 

- 

Nonglycosylated 

1.8 

F2 (ppm) 
1.8 

F2 (ppm) 

conformation more consistent with its conformation in 
the mature, oxidized protein. Although the amount of 
energy involved is small (1.4 kJ mol-‘), the thermody- 
namic stability of a protein is also rather small, and small 
globular proteins typically have a stability of 32-40 
kJ mol-’ 1261. If this isolated loop behaves similarly to 
the peptide sequence when it is part of the protein, then 
glycosylation is making a measurable contribution to the 
stability of the whole protein. Additionally, since forma- 
tion of the correct disulfide bond is often one of the 
more difficult steps of protein folding [27], glycosylation 
may make an important contribution to the rate of 
proper folding of the nAChR a-subunit. 

NMR studies of peptide and glycopeptide: &/tram 
proline equilibria 
NMR analysis of the oxidized glycopeptide 2b showed 
that in water, at pH 4.5, the peptide was present as two 
slowly exchanging conformers, in a ratio of -2:l. These 
conformations were attributed to the cis and trar~s amide 
isomers of the proline residue. Chemical shift differences 
were observed for many of the backbone protons 

Table 2. Cistrans proline isomer ratios for the oxidized peptide 
and glycopeptide as determined by one-dimensional NMR. 

Compound Trans % 

Peptide 1 b, pH 4.5 55 
Peptide 1 b, pH 7.0 58 
Glycopeptide 2b, pH 4.5 70 
Glycopeptide 2b, pH 7.0 75 

Cis % 

45 
42 
30 
25 

throughout the peptide, but were most pronounced for 
the proline residue and for the residues in its immediate 
vicinity.The major conformer was assigned as the trans- 
proline isomer, since it showed the expected d,,(Phe, 
Pro) crosspeaks when examined by nuclear Overhauser 
effect spectroscopy (NOESY) [28].The absence of these 
characteristic crosspeaks demonstrated that the other 
conformer is not a trans-proline isomer. The d,,(Phe, 
Pro) and d,,(Phe, Pro) crosspeaks associated with cis 
amides were not observed, due to spectral overlap. In this 
case, it seems reasonable to assign the minor conformer 
as the rir-proline amide. 

An examination of two-dimensional ‘H spectra of the 
oxidized, non-glycosylated peptide lb also showed the 
presence of two slowly exchanging conformers, but in 
this case, at near equal proportions. Again, NOESY 
spectra confirmed that one conformer contained a tram 
proline, although the limited solubility of peptide lb did 
not allow a full assigmnent.The chemical shifts for these 
two conformers, however, were nearly identical to those 
observed for the oxidized glycopeptide 2b, allowing 
assignment of the conformers of the oxidized peptide lb 
as cis and tram proline isomers. Peptides with aromatic 
residues immediately preceding proline, such as this 
sequence, often have significantly enhanced populations 
of the c-is-proline conformer [29,30]. 

Having identified the two conformers as the cir and tram 
proline amide isomers, an interesting question arises 
regarding protein glycosylation: how does protein glyco- 
sylation influence ris-tram proline isomerism at a residue 
that is removed by several residues from the glycosylation 
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Fig. 5. The glycosylated and non-glycosylated peptides have similar CD spectra. The CD spectra of the oxidized peptide 1 b (blue), gly- 
tropeptide 2b (red), and chitobiosylamine (green) at (a) pH 4.5 and (b) pH 7 are shown. Spectra for the oxidized peptide 1 b and the 
oxidized glycopeptide 2b are presented in molar ellipticity units (0). For comparison, a spectrum of chitobiosylamine, normalizecl to 
‘lccount for concentration, is presented. All spectra were recorded at room temperature (22 “Cl. 

Gtc iit the line,u cequ~nce? The ris/tmrs proline iconm 
ratios Lvere determined for both the oxidized peptide lb 
md the oxidized glycopeptidc 2b using three independent 
cpcctroscopic indicators.The ratios were determined from 
the prolinc 64 and P-7 crosspeaks observed using total 
correl.ltion spectroscopy (TOCSY) (see Fig. 1). These 
croapeaks \vcrt‘ distinct. well resolved. and clearlv ascoci- 
Cltcd with either the iis or fmrr conformer. Since the cou- 
pliiig constant btmvccn these sets of protons should be 
rcl,lti\-ely mustnut, the crosspenk volume cm be used as a 
~-e~~sonabl~ indicator of 5ptx%s population. Further analysis 
showed that one threonine methyl resonance in the rir 
conforiiic’i- \vds cufticiently well resolved from other rc‘so- 
naiict‘s 10 JI\O be nscd for quantification by iiitegrdtion of 
one-dimensional spectr,l. Integration results using both 
one‘- md t~v~)-dimensioilnl data were very similar and are 
summarized in T,lble 2. Whereas raising the pH consis- 
tclitly cmw J smJ incrcasc in the population of the arms 
i\oiiit~r. glycosyl,~tiori causes d much larger increase, result- 
ing ill the rmm isomer predominating over the corre- 
\ponding iis isomer.Thr shift in the equilibrium constant 
iii thi\ c‘J\~‘ is 1.9:1. corresponding to a MC; of 
1 .6 kJ nl01~‘. Since these studies were carried out Lvith a 
truncClttd disaccharide cxbohydratc, it will be interrrting 
to JSSCSS whether the effects that wt‘ have observed are 
xcmtuC~ted with J larger oligosaccharide that niorc 
clmely retlects the glycosylation product iir IGVC~. 

l’rolinc c-ispmrrs isonierization is important in protein 
folding md, ;~long with disulfdr bond formation, it is toll- 

sidcl-ed to be me of the slow steps in the folding process. It 
is significant that eIlzy11les (pcptide prolyl isomtxases) exist 
to catalyze this potentially rate-limiting isonierization [ 3 1 ] 
Although it is not yet known which proline amide cool- 

former is found in the intact and mature a subunit, most 
proline rcsidum in proteins a-e found in the tmm form. If 
thi< is the case fcx- the 01 subunit sequence, it would seem 

unusual that this aroniatic-prolin~ site is strongly cm- 
served, unless a nxxhnnism exists for renlcdiating a delcte- 
rious proline amide isomer ratio. It seems as if 
glycosylation is capable of counteracting the inherent ten- 
dency of this sequence to adopt the rix amide isomer, 
thereby ensuring proper folding of the mature (x subunit. 
In this regard, the folding behavior of the a-7 variant of 
this subunit, which forms a hotnopentatneric receptor, is 
of great interest 1321. The a-7 subunit contain5 a number 
of mutations as compared to the ‘I;ju~&) a-l subunit; in 
particular, it lacks the glycosylation site that corresponds to 
Asn 112. while still preserving the Phcl35-Pro 136 
sec~uellce. It also possesses significantly niorc 
aromatic-proline sub-sequences, predicted to have 3 high 
tendency to form the c-is amide isomer. The folding and 
membly of this mutant is dependent on the peptidyl 
prolinc isomerase cyclophilin, unlike the heteropentnmeric 
receptor contC@ a-l [33]. The observations that wt‘ 
have nlade suggest that thr cyclophilin independence of a- 
l folding 11lay arise as J consequence of the glycosylation 
site. Further analysis of these systems will establish w:hcther 
this postulate is \vcll founded. 

,Vlinked glycosylation is clearly an important element in 
defining the local polypeptide conformation. when the 
effects on proline amide isotncrization are combined 
with the effects on disulfide bond formation. 
Glycosylation thus has the potential to influence protein 
folding by affecting at least two kinetic steps that x-e 
considered to be rnte-limiting. 

Circular dichroism spectroscopy of the peptide and 
the glycopeptide 
The circular dichroism (CL]) spectra for the oxidized 
peptide lb, the oxidized glycopeptide 2b and chitobiosyl 
amine ‘it pH 7.0 and at pH 1.5 are shown in Figure 5. 
Chitobios~lamiiie was used to estimnte the contribution 
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Fig. 6. A model of the structure of the 
oxidized glycopeptide 2b as determined 
from NMR. Where the peptide is drawn, 
the amino terminus is afthe lower right, 
and the carboxyl terminus at the upper 
right. (a) Superimposition of the peptide 
backbone atoms of the 19 structures 
with the lowest energy and restraint vio- 
lations. (b) Conformation of lowest 
energy structure of the oxidized ply- 
copeptide 2b. (c) Superimposition of the 
disaccharide unit and asparagine 
residue. (d) Superimposition of alpha 
carbon traces for the peptide of the same 
19 structures, with the carbohydrate 
residues drawn in purple. 

(b) 

(d 

of the carbohydrate to the CD spectrum of the glycopep- 
tide.A change in pH has only a small effect on the spec- 
trum of the non-glycosylated peptide, and no readily 
discernible effect upon the spectra of either the glycopep- 
tide or chitobiosylamine. Both glycopeptide and non-gly- 
cosylated peptide have spectra that are similar to each 
other and to a random coil structure whose residues have 
either (Y or p dihedral angles [33]. There is a small shift in 
the negative ellipticity observed for the glycopeptide to 
longer wavelengths as compared to the peptide; since this 
shift is not due to the chitobiosylamine it may indicate a 
slightly decreased random coil content. CI1 spectra 
showed no concentration dependence, demonstrating that 
aggregation effects are not significant and that the peptide 
is principally present as a monomer. 

Solution structure of the glycosylated loop peptide 
A detailed analysis of the NMR spectra of the oxidized 
glycopeptide 2b was carried out to gain additional infor- 
mation on its structure and on the effects of glycosyla- 
tion. Similar analysis of the oxidized, non-glycosylated 
peptide lb was not possible, because of poor solubility 
and the high proportion of the tic-proline isomer, making 
spectroscopic assignments ambiguous. For the oxidized 
glycopeptide, a number of distance and torsional con- 
straints were derived from a series of NOESY spectra, and 
these were used to determine an NOE restrained simu- 
lated annealing structure. Only crosspeaks associated with 
the tuclns-proline conformer were used to generate these 
constraints.Thirty-four structures were calculated, and the 
structures with excessive NOE restraint violations or sig- 
nificantly higher energies than the average were dis- 
carded, resulting in a family of 19 structures remaining. 
These structures all share a common main-chain trace, 
with an average root mean squared deviation (KMSD) of 

1.68 A from the average structure for backbone atoms of 
residues 2-l 6 (see Fig. 6a).The structure formed is a loop, 
with the proline at the i+l position of a p-turn, as illus- 
trated in Figure 6b.The carboxy-terminal strand between 
the disulfide and the p-turn is quite linear.The amino- 
terminal strand has a distinct bulge around residues 5-8, 
as might be expected since this section also contains more 
residues than the carboxy-terminal strand. The terminal 
residues are much less well defined than those in the 
macrocycle, with an average RMSD of >4.0 A. In 
general, the side-chain conformations are not well 
defined, with the exception of the cysteines forming the 
disulfide bond and the two residues that are part of the p- 
turn. The overall conformation of the peptide is consis- 
tent with the Cl1 spectra, which indicated a mixture of 
random coil and P-sheet structure. 

The conformation of the carbohydrate portion of the oxi- 
dized glycopeptide 2b is of particular interest, as we have 
already demonstrated that this moiety influences both the 
ease of disulfide bond formation and the equilibrium 
between ris and trunr proline isomers. The disaccharide is 
extremely well defined, as can be seen in Figure 6c. 
However, the NOESY data do not clearly define the tor- 
sional angles of the asparagine side chain, due to the lack 
of long range NOESY crosspeaks between the carbohy- 
drate and the peptide. Simulated annealing performed 
without such restraints produces RMSL) values for the 
carbohydrate atoms that are extremely high (6-lO& 
when the peptide backbone atoms are superimposed.The 
location of the carbohydrate with respect to the peptide is 
thus not well defined, as illustrated in Figure 6d. 

In light of the influence of the carbohydrate upon both 
disulfide formation and cis-truns proline isomerization, it 
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is important to understand exactly how these conforma- 
tional effects are achieved. As the carbohydrate position 
with respect to the peptide chain is not well defined, it 
becomes difficult to invoke a specific interaction that 
C~LWS these influences. Instead, the carbohydrate might 
induce these conformational effects by excluding por- 
tions of the peptide chain from volunm of space near 
the glycosylation site. An alternative explanation could 

be that the carbohydrate alters the ~~~iCroe~~viror~i~~ent of 
the nearby peptide strand, changing its conformational 
profile. Theoretical studies have suggested that peptide 
conformation can be highly- dependent upon solvent 
composition [ 311, and therefore the carbohydrate may 
act by altering local solvntion. 

Significance 
N-linked glycosylation is an important part of the 
protein processing pathway for membrane and 
secretory proteins in eukaryotic cells and it has a 
number of effects that ensure proper protein 
structure and function. In particular, studies have 
shown that N-linked glycosylation is essential for 
correct and timely folding of some proteins 
[5,6,35]. Studies with short peptides have shown 
that N-linked glycosylation can perturb the con- 
formational tendencies of these peptides, demon- 
strating one way by which glycosylation can 
influence protein folding [7-lo]. We have studied 
the effects of glycosylation upon a peptide repre- 
senting a loop from the a-subunit of the nicotinic 
acetylcholine receptor, which has been shown to 
require glycosylation for folding and assembly. 

Glycosylation seems to have a significant influ- 
ence on the conformational tendencies of this 
peptide. The intramolecular disulfide bond forms 
more easily in the glycosylated peptide, demon- 
strating that carbohydrate brings the two ends of 
the loop into closer proximity, as is the case in the 
mature protein. Furthermore, in the fully oxidized 
peptide, glycosylation significantly alters the 
cis/trans proline equilibrium, favoring the trans 
isomer. These results indicate that glycosylation 
can significantly alter the conformational tenden- 
cies of a peptide. Since both disulfide bond for- 
mation and cis/tvans proline equilibria are among 
the slower steps in the protein folding process, 
and thus of key importance, it becomes clear that 
N-linked glycosylation has the potential to signifi- 
cantly alter both the course of protein folding and 
the structure of the mature protein. 

Materials and methods 
Peptide synthesis 
I’cpt’dcs m ’ere synthesized using standard Fmoc solid-phase 
peptidc syntheclc protocols on a Milligen/Biosearch 9050 
C~utomated peptidc syntheGzer. using a PAL-PEG-I’S resin 
md pre-Clctivatrd pentatluorophenol esters.The glycopeptide 
prccur\or \\‘d \ Fynthmized with allyl-protected aspartlc 

acid; this iresidue LV:~E coupled using diisopropylcarbod- 
imide/hydror),beilzotri~zole (l~Il’C~L>I/HOBt) activatlou. 
and all deprotections for this peptide were performed using 
0.2. M  HOBt 1n 20 %  pipendlne. in order to yuppres\ CIspClr- 
timide formation 1361. All pcptidcs mvrc cleaved using 
Reagent R (90 %I tritluoroClcetic acid, 5 %  thiodnisolc, 2 ‘X 
Clnisole, 3 ‘%a ethmedith~ol) for 2 h, then preclpitnted \vith 
ethyl ether. Peptides were then oxidized by incubatiotl III 
20 ‘%I dillleth\lsulfosid~ (l)MSO), pH 7.5, at 0.5 nlg m m ’ fol 
12-l 0 h [37]. After oxidation, the colutioti wn~ diluted to 
10 ‘%I l)MSO, <end loaded onto <I (1-l 8 Scp-l’<~k column, 
which mx  then eluted \vlth J terim of Jcetonitrilc/\~~tcr 
mxhes. with the proportion of Clcetollitrile incre.lslng by 5 ‘Y, 
per fraction. Sep-l’~k fraction\ xverc .~nal~zed by HI’L<:. 
MALDI-MS ?lOl.l MH+. 

Chemical synthesis of the glycopeptide 
After standard solid-phase peptide synthesis, the .~llyl ester 1v.x 
deprotected by surpendin, ~7 the resin in J mixture of 37:2: 1 
chloroform:,icctic x?d:!i-methyl morpholinr, Cjdding three 
equivalents of tetrakis(triphenylphosphinc) pall,ldium, and 
incubating for 10 h [ 161. After the dcprotection. the resin m m  
rinsed \vith chloroform, 0.5 ‘%I dilsopropyleth~l~~mine in 
dii~lethylfori~lan~ide (I)MF), 0.5 ‘%  sodium dicthyldithioc.lr- 
batnate in I)MF. and I)MF.Thc resin \V.IS then treated \vlth J 
S-fold csccss of hydros)beiizotriazolyl tetr.unlethyluronium 
hexafluorophocphdte (HBTU), HOHt, diisopropylcthyl,lniiil~ 
(DIPEA), and chitobiosylaminc for 4-12 h in order to couple 
the peptide to the carbohydrate [ 151. After coupling. the rwll 
\VdS rinsed \vlth DMF, dichlorotiiethanc (IKM), md 
methmol. ,lnd dried under KICL~L~III bcforc cle,iving. Peptide 
\VJS cleaved from the rcsln following the procedure\ 
described above. The crude peptide \\as puriticd by ]<I’- 
HI’LC to give the pure glycopcptidc, end its identity coil- 
firmed bp ~mss rpectrometry. (MALI>I-MS M- 2503). The 
glycopeptide \VJS then o.xidized with I>MSC) ‘1s ,tbovc. The 
pure oxidized glycopcptide elutcd at -30 ‘%i ,icetonitrile. 

Determination of oligosaccharyl transferase kinetic-s 
Purified pcptide w~~ples. dissolved in I>MSO, Lvc‘rc‘ .ldded to n 
niicrocentrifuge tllbe containing lOI1 000 dp111 of 
36.5 Ci mmol~’ ‘H-labeled l)ol-l’I’-<;lcNAc-(~;lcNAc. As\,I) 
buffer (30 ~1. pH 7.3. 50 m M  HEPES, 1 .2 ‘%r Triton TX-1 00, 
110 m M  \ucrosc. 0.5 lng I& pho~ph~ltidylchohr7c, IO m M  
MnCI?) was added. Crude pig liver microtomes (200 ~1) \vc’rc‘ 
suspended in 1 .1 ml  JSSJ~ buffer, and I .50 p+l of thic mixture 
added to each microcentrlfuge tube to initlatc the enzyn~r redc- 
Con. Aliquots (10 ~1) v-cre withdra\vll ewl-y 20 Y  md quenched 
in 1.2 ml  3:2: I cl~lorofor~ii:mct~~‘~~lol:~ m M  M&I,. The 
aqueous phase \vds removed. aid the org‘iilic ph,~w cxtractcd 
twice \vith 700 PI theoretical upper phase (I 2: 192: I X0:2.79 
chloroiorm:meth,lnol:~~~lter:O.~S M  MgCl,). The combmed 
.lqueous phaw\ wcrc scintlllatlon countc2 using Ecolite(+) 
(ICN). Reduced pcptide la LVJS dissolved in I )MSO imnled~ 
dtely prior to dssayiii,, (7’ under these condition7 it WJC \hown th,lt 
no cigniticmt osid,ltlon of the pcptidc took pldcr before the 
‘Issay was con1pletrd. 

Enzymatic synthesis of Do/-PP-GlcNAc-GlcNAc 
Several 1 .j ml  microcentrifilgc tubes were prepxed by addIng 
.50 ~1 of 6 mg n&’ Dolichol-PI)-GlcNAc .uld 33.5 ~1 5 m M  
UDP-GlcNAc to r.lch md evaporating the solvent under 
nitrogen. For syntheses ofr~diolabeled I)ol~Pt’-C;lcNAc-[3HI- 
GlcNAc (13 mCi mmol-‘), 2 p.Ci UI~I’-[DH-C~lcNAc \V.IS 
added to exh tubc.This mixture wxs then dissolved in 0.50 ~1 
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of pH 7.0 50 mM Tris/acetate buffer (3 mM DTT, 0.25 M 
sucrose, 5 mM M&l,, and 1 ‘%, Nonidet NP-IO). Pig liver 
microsomes (50 ~1) were added to each tube, which was then 
shaken for l-2 h. This mixture was quenched in 10 ml 3:2 
chloroform:methanol and 2 ml 4 mM M&I,. The organic 
layer was extracted with 6 ml TUI’ ( no salt, 12: 192:l X6 chloro- 
form:methanol:water). After separating the organic layer iron1 
the proteinaceous pellet, the pellet wac further extracted with 
5 ml 3:2 chloroform:methanol. The organic extracts wcrc 
combined and the solvent removed.This 011 was then purified 
on a column of silica (Kieselgel 60), loaded in 72:21 :3 chloro- 
form:methanol:water, then after 35 x 50 drop fractions the 
product was eluted with 60:25:4 chloroform:methanol:water. 
Material synthesized without a radiolabel was quantltated by 
competition assays with radiolabeled material. 

Enzymatic preparation ofglycopeptides 
Tlventy microcentrifuge tubes, containing 50 000 dpm of the 
radiolabeled Dol-PI’-GlcNAc-GlcNAc (12 mCi mmol~‘), or 
approximately the same amount (1.9 nmol) of unlabeled mate- 
rial. were prepared and 0.1 mg of peptide la in 10 ~1 DMSO 
was added to each.To each tube was then added 40 ~1 of assay 
buffer (1.2 o/I, Triton-X-100. 0.5 mg nil-’ PC, 50 mM HEPES, 
140 mM sucrose, 10 mM I>TT. 10 mM MnCII), and then 
150 kl microniix (700 pl assay buffer, 100 kl pig liver micro- 
somes). These tubes were prepared and shaken for 3 h, then 
quenched into 20 ml 3:2 chloroformmethanol and -I nil 
4 mM MgCI,. After separating phases, the organic phase 
was extracted with 14 ml TUP (12:192:186:2.79 chloro- 
form:methanol:water:0.25 M MgCl,).The combined aqueous 
phases were blown down or centr<fuged under V~CUUIII to 
remove the organic solvents, and then purified using Sep-Pak 
colunms, eluting in 3 ml of 5 ‘% incremented acctonitrile 
content. The Slycopeptidc 2a eluted during the 25-30 ‘%I 
ncetonitrile fractions, and was then further purified by HPLC, 
using an analytical Cl8 colunm and a 15-40 ‘%, acetonitrile 
gradient. The identity of the purified glycopeptidc was 
confirmed by mass spectrometrp (MALlII-MS MH+ 2506). 

Thermodynamics of disulfide formation 
l’eptide disulfide thermodynamics were established by incu- 
bating a 50 FM or less solution of the peptide with 2.4 mM 
oxidized glutathione and 7.15 mM reduced glutathione, in a 
0.1 M  Tris, pH 8.5 buffer, with 1 niM EDTA. After 2 h of 
incubation, several aliquots were analyzed by HPLC, using an 
analytical Cl 8 column and a 25-40 ‘%I acetonitrlle gradient for 
the nonglycosylated peptide.A 15-40 ‘%I gradient was used for 
the glycopcptide as its retention times had already been char- 
acterized with that gradient. Reduced and oxidized peptidc 
peaks were either quantitated uring their UV absorbance, cor- 
rected for change5 in UV absorbance due to the disulfide 
bond, or in the case of the glycopeptide, based on “H label. 
Both methods gave similar results. Equilibria were calculated 
from the average of several such measurements. 

Circular dichroism spectroscopy 
Samples were prepared at 100-150 PM in unbuffered, pH 
adjusted, degassed water. CD spectra were invariant from 600 to 
40 PM (data not shown). Spectra were acquired from 280 to 
195 nm at room temperature on a Jasco J600 spectrometer and 
averaged over 8 scans. Spectra of peptides were converted to 
molar ellipticities; spectra of chitobiorylaminc were converted to 
normalized millidegrees. Peptide concentrations were calculated 
from the unique tyrosinc absorbance (Xlnns 27X nm; E,,,.,~ 1 lo()), 
chitobiosylamine concentrations were based on weight. 

NMR spectroscopy 
NMR samples were dissolved in 00 ‘%I H,O, 10 ‘%I D,O and the 
pH was adjusted to 4.5. Most NMR spectra were acquired on a 
Varian 600 MHz NMK spectrometer; data Lvere subsequently 
processed using Felix 2.3.0 (Biosym Technologies, San Diego. 
CA) and analyzed using Felix and Pronto 31 I”2 (381. Additional 
spectra. were acquired at pH 7.0, in 100 ‘%I D,O. or usmg ;I 

Bruker AMX 500 MHz NMR spectrometer as nccessary.&ltcr 
suppression was achieved either using presaturatloll of the water 
resonance during the relaxation delay, or a WATEKGATE pulse 
sequence [30]. Spin systems were principally assigned ti-0111 ‘1 
TOCSY spectrum 140,41 J. Ci>/rrurls proline ratios were dcter- 
mined by integration of the Thr7 methyl peak at 1.0X ppm 
which is associated with the c-is isomer only, and comparing it 
with the integration of the valine/isoleucine methyl peaks from 
0.97-0.83 ppm as representative of both isomers. 

Structure generation 
NOESY crosspeak intensities were measured on a series of 
NOESY [42] spectra taken with 100 ms, 200 ms and 300 ms 
mixing times. Additional crosspeak intensities, for crosspeak\ 
obscured by residual water signals, were measured using a l),O 
NOESY taken with a 200 ms mixing time, and from WATER- 
GATE NOESY spectra at 200 ms and 300 111s mixing times. 
Crosspcak Intensities were compared with a number of p-p 
crosspeaks of known internuclear distance. Using buildup I-atcs 
derived from a linear tit of the crosspeak volunles versus mixing 
times, or a single mlxmg time calculation for the crosspeaks 
observed only in the D,O spectrum, interproton distances wcrc 
calculated and these distances were sorted into three classes: 
short, medium and long. These distances \verc then used to 
produce distance restraints for simulated anmealing of 
1 .O-2.5 A, 1 .8-3.5 A, and 1 .X-5.0 A foi- the short, nledium, and 
long classes respectively. Standard pseudo-atom corrections were 
applied 1281. Dihedral restraints, consistent with the NOESY 
crosspeak data indicating rvurls-amide bonds, were placed upon 
the proline amide bond, and upon each of the amide bond\ 
associated with each of the acetyl groups.These restraints \\ere 
then used in a simulated annealing protocol, ,IS described by 
Nilges rt al. 1331 using NMKchitect (Biosym Technologies, San 
I>iego, CA).Thirty-four structures were generated, of which 15 
with energies or NMR rrstramt violations significantly above 
the average were discarded. 
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