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ABSTRACT. Neuroligins (NLs) are a family of transmembrane proteins that function in synapse formation
and/or remodeling by interacting wifltneurexins -NXs) to form heterophilic cell adhesions. The large
N-terminal extracellular domain of NLs, required f#NX interactions, has sequence homology to the

o/f hydrolase fold superfamily of proteins. By peptide mapping and mass spectrometric analysis of a
soluble recombinant form of NL1, several structural features of the extracellular domain have been
established. Of the nine cysteine residues in NL1, eight are shown to form intramolecular disulfide bonds.
Disulfide pairings of Cys 117 to Cys 153 and Cys 342 to Cys 353 are consistent with disulfide linkages
that are conserved among the familyodf; hydrolase proteins. The disulfide bond between Cys 172 and
Cys 181 occurs within a region of the protein encoded by an alternatively spliced exon. The disulfide
pairing of Cys 512 and Cys 546 in NL1 yields a structural motif unique to the NLs, since these residues
are highly conserved. The potential N-glycosylation sequons in NL1 at Asn 109, Asn 303, Asn 343, and
Asn 547 are shown occupied by carbohydrate. An additional consensus sequence for N-glycosylation at
Asn 662 is likely occupied. Analysis of N-linked oligosaccharide content by mass matching paradigms
reveals significant microheterogeneous populations of complex glycosyl moieties. In addition, O-linked
glycosylation is observed in the predicted stalk region of NL1, prior to the transmembrane spanning domain.
From predictions based on sequence homology of NL1 to acetylcholinesterase and the molecular features
of NL1 established from mass spectrometric analysis, a novel topology model for NL three-dimensional

structure has been constructed.

NLs! (1—4) comprise a family of membrane proteins that
interact with/3-NXs (1—3) to function as heterophilic cell
adhesion molecules4). NL1 localizes to postsynaptic
densities of excitatory synapses).(The production of NL1

signal peptide, a large extracellular domain, a linker domain
resembling an O-glycosylation cassette, a single transmem-
brane region, and a cytoplasmic C-terminal tdi). (An
N-terminal hydrophobic sequence of NLs, followed by a

and NL2 in nonneuronal cells has been shown to induce thetypicaj C|eavage site’ was Suggestive of a Signa] peptide and

in vitro formation of presynaptic structures in axons of
cocultured neurons from the central nervous sys@niNXs

confirmed by amino acid sequence analy&s The large
extracellular domain of NLs shares significant sequence

present in presynaptic elements of neuronal pontine explants1-o|enﬁty (32-36%) with certain members (e.g., AChE) of

have been shown to function as NL partners in synapse

formation; stimulation of synaptic differentiation by NL1
recruits NXs to newly forming synapses)(

NLs are type 1 membrane proteins believed to be
composed of five distinct domains: a cleaved N-terminal

the a/f hydrolase fold protein superfamiliL,(8). However,

the NLs lack amino acid residues critical for the characteristic
catalytic triad that confers hydrolase activity. Through
comparisons with the crystal structure of AChg (0),
tertiary protein structures for NLs have been proposkd (
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homology domain of NLs is required for their interaction
‘with 5-NXs, whereas the intracellular C-terminus region
contains a PDZ binding domain and functions to associate
with partnering proteinsg).

NLs contain several potential N-linked glycosylation
sequons that result in heterogeneously glycosylated proteins.
An O-carbohydrate-rich stalk is predicted in the linker region
between the hydrolase homology domain and the transmem-
brane region, on the basis of the homology to O-linked
glycosylation cassettes in other cell surface recept®dys (
For NL1, purified from rat brain by affinity chromatography
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with immobilized -neurexin, deglycosylation with glyco- the mature proteinl({ 2). The construct was subcloned into
hydrolases for N- and O-linked sugars accounted for the pcDNA3 expression plasmid to generate NL1/FLAG-
approximate 21 kDa size difference between the native pcDNA3. For production of soluble NL1, a stop codon was
protein and its primary translation produdj ( introduced at Tyr 692 to truncate the protein prior to the

The disulfide bonding pattern of NLs has been proposed transmembrane-spanning segment. Soluble recombinant rat
from sequence homology to thef hydrolase fold protein ~ NL1 (NL1-691) was produced by transfection of NL1/
superfamily {, 2), since four of the six disulfide-bonded ~FLAG-pcDNA3 expression plasmid into human embryonic
cysteines in AChE are conserved in all esterases in thiskidney (HEK293) cells, maintained in DMEM with 10% fetal
family. An alternatively spliced sequence in NL1 contains bovine serum at 37C, 10% CQ. By selection of expressing
two cysteines that may form an internal disulfide loop. The cells using G418 resistance, cultures were established that
alternatively spliced regions of NLs are found at loop secreted milligram quantities of soluble NL1 into the growth
positions in the AChE crystal structur®, (10) and may = media. FLAG-tagged NL1-691 was purified from serum-
indicate these regions form a tertiary structure of extended free growth media by immunoaffinity chromatography on
surface loops. NLs contain a conserved cysteine residueM2 anti-FLAG gel according to the manufacturer’s instruc-
between predicted disulfide loops that does not appeartions. For subsequent analysis by mass spectrometry, purified
involved in intermolecular disulfide bonds, since NLs have NL1-691 was buffer exchanged into 50 mM DHCO;, pH
similar migration when resolved by reducing and nonreduc- 7.8, by spin filtration, aliquoted, lyophilized, and stored at
ing SDS gel electrophoresig)( An additional cysteine pair ~ —20 °C. Purification to homogeneity was confirmed by
is present in the C-terminal region of the ectodomain, SDS—polyacrylamide gel electrophoresis and silver staining
conserved among the NLs, but in a region where sequence{results not shown). The protein quantity was determined
identity to the hydrolase protein family diverges. by the method of Bradfordlq).

Although the configuration of the NLs has been predicted _ '"YPSin and Endoproteinase Glu-C Digestigdl1-691
on the basis of the primary sequence, consensus sequons fdP0#9) was digested with sequence-grade modified trypsin
glycosylation, and homology to esterases and ot using the conditions 1.0 mg_/mL protein in 100 mM TFris
hydrolase proteins, direct biochemical evidence establishingHCl: PH 8.0, and 1:50 trypsin/protein (w/w) and incubated
structural features of NLs has yet to be reported. We have@t 37 °C for 20 h. Digestion of NL1-691 (5@.g) with
made a detailed structural characterization of soluble NL €ndoproteinase Glu-C was performed in a similar manner

(NL1-691), truncated prior to the membrane-spanning region, N 25 MM NHHCO;, pH 8.0, buffer and 1:50 Glu-C/protein
that contains the entire hydrolase-like domain and the (W/W). Simultaneous digestion with protease and removal

perimembrane linker region. A systematic approach of of N-linked oligosaccharides by PNGase F were carried out

peptide mapping and mass spectrometric analysis has beefQ" an aliquot of NL1-691 (52g) using the same conditions
performed to (i) deduce disulfide pairing of cysteine residues, &S described, with the addition of 15 mU of PNGase F to
(i) determine the occupancy and major oligosaccharide the incubation mixture. Digests were stored-&0 °C and
content of predicted N-linked glycosyl sequons, and (jii) thawed as needed. _

establish the presence of O-linked carbohydrates in the Ser/ CNBr Cleaage.NL1-691 (50ug) was cleaved with CNBr

Thr-rich region near the membrane-spanning segment. using the conditions 1.0 mg/mL protein in 70% TFA and a
500-fold molar excess of CNBr to Met residues in protein

MATERIALS AND METHODS (nine Met residues, 0.322 mg of CNBr) and incubated at
room temperature in the dark for 20 h. Immediately following
Chemicals and ReagenBequence-grade modified trypsin  incubation, the digest was spin vacuumed to dryness,
was purchased from Promega (Madison, WI), and endopro-resolubilized to 1.0 mg/mL protein in 100 mM NHCO;,
teinase Glu-C was from Roche Diagnostics (Indianapolis, pH 8.0, buffer, and stored &t20 °C. A sample of 2Qug of
IN). PeptideN-glycosidase F (PNGase F), endeN-acetyl-  CNBr-cleaved NL1-691 was de-N-glycosylated by treatment
galactosaminidaseCtglycanase), sialidase Aj3-(1-4)- with PNGase F using the conditions 1.0 mg/mL protein in
galactosidasgi-N-acetylhexosaminidase, ang(1-2,3,4,5,6)- 100 mM NHHCO;, pH 8.0, and 6 mU PNGase F and
fucosidase were purchased from Prozyme (San Leandro,incubated at 37C for 20 h. Digests were stored a20 °C
CA). pFLAG-CMV-1 expression plasmid, M2 anti-FLAG  and thawed as needed.
immunoaffinity gel, and other general chemical supplies were  Reduction of Disulfide BondBroteolytic digests of NL1-
purchased from Sigma (St. Louis, MO). Mutagenesis of 691 were reduced by the addition of an aliquot of freshly
recombinant DNA constructs was performed with a Strat- prepared DTT (1.0 mg/mL solution), such that a 10-fold
agene Quickchange kit (San Diego, CA). Dulbecco’s modi- molar excess of DTT to cysteine residues was present. DTT-
fied Eagle's medium (DMEM) and pcDNA3 expression treated samples were incubated at°® for 1 h prior to
plasmid were purchased from Invitrogen (Carlsbad, CA). L.C—MS.
Ultraculture serum-free medium was purchased from Bio-  Differential Alkylation of Cys ResiduedL1-691 (100ug)
whittaker (Walkersville, MD). Centrifugal spin filter devices was treated with IAA to carboxymethylate any free cysteine
were purchased from Millipore (Bedford, MA). residues using the conditions 1.0 mg/mL protein in 50 mM
Expression and PurificationThe sequence encoding rat NH4HCOs, pH 7.8, buffer and 50 mM IAA and incubated
NL1 was subcloned into pFLAG-CMV1 expression plasmid for 2 h. The samples were spin filtered to remove excess
to generate a construct that encoded a preprotrypsin leadetAA, buffer exchangedd 6 M guanidine-HCI, pH 6.5, and
peptide, a FLAG octapeptide epitope tag at the N-terminus, incubated for 1 h. Disulfide linkages were reduced by
a 10-residue linker peptide, and NL1. The coding sequencetreatment with 10 mM DTT for 1 h, after which the
for NL1 begins at GIn 46, the first amino acid residue of remaining cysteine residues were pyridylethylated by the
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addition of 50 mM 4-VP and incubated for 2 h. All toa microbore HPLC system plumbed directly into a hybrid
incubations were performed at 3€ in the dark. The protein  quadrupole TOF mass spectrometer, QSTAR. The resultant
was spin filtered to remove the alkylating reagents, buffer datasets were analyzed and the peptides assigned on the basis
exchanged with 50 mM NHHCO;, pH 7.8, buffer, and  of mass. This was facilitated by the excellent mass accuracy
lyophilized. Also, samples of NL1-691 were denatured by of the QSTAR; typical errors for mass-based assignments
the addition & 6 M guanidine-HCI, pH 6.5, to the were below 25 ppm. Trypsin, GluC, and CNBr digests were
lyophilized protein and incubated for 1 h, prior to differential analyzed, in nonreduced and reduced conditions, to elucidate
alkylation in a manner similar to that described above. disulfide pairings and obtain lower mass peptides for the

Samples of alkylated NL1-691 were stored-&0 °C, until characterization of glycosylation sites. Aliquots of NL1-691
they were thawed for subsequent digestion with trypsin and were de-N-glycosylated by treatment with PNGase F to
PNGase F. characterize the occupancy of N-glycosylation sites. PNGase

O-DeglycosylationNL1-691 (100ug) was treated witha ~ F hydrolyzes N-linked oligosaccharides from Asn side
cocktail of glycosidases for the removal of O-linked glycans chains, converting the Asn to Asp, N-glycan is present.
using the conditions 1.0 mg/mL protein in 50 mM MO, PNGase F treated tryptic digests of NL1-691, in nonreduced,
pH 5.5, buffer, 4 mUO-glycanase, 20 mU sialidase A, 12 reduced, and differentially alkylated states, were analyzed
mU B(1—4)-galactosidase, 160 mp-N-acetylhexosamini- by LC—MS/MS techniques to confirm peptide assignments
dase, and 100 mid-fucosidase and incubatedrfd d at 37 based on mass. Additionally, NL1-691 was subjected to a
°C. The de-O-glycosylated protein was buffer exchanged to cocktail containingO-glycanase and other glycosidases to
50 mM NH;HCO;, pH 7.8, by spin filtration and lyophilized.  effect de-O-glycosylation of the protein and to characterize
Samples were stored at20 °C, until they were thawed for ~ the O-glycosylation sites.
subsequent digestion with proteases and de-N-glycosylation, Following this strategy, 97% of the amino acid sequence
in a manner similar to that described previously. of NL1-691 was accounted for with assignment of the

Liquid Chromatography-Mass Spectrometry (LEMS). pep.tides from t_rypsin LeMslMS datasets (see the Sup-
Proteolytic digests of NL1-691 were separated by reversed-Porting Information) and confirmed by GIuC and CNBr +C
phase fractionation on a Michrom Magic 2002 microbore MS datasets. Three tryptic peptides were not resolved,
HPLC instrument (Michrom BioResources, Inc., Auburn, SPanning the contiguous sequence of K68579. The
CA). A 1.0 x 150 mm, 5uM, 200A Magic Gg column, released amino acid K661 a_n_d tryptic pep_tlde Q6KB79
operated at a flow rate of 50./min and column temperature ~ aré most likely too hydrophilic to be retained on the C18
of 22 °C, was used. A standard gradient was employed for column and eluted from HPLC separations in the void
all LC—MS/MS runs of 2% A isocratic for 5 min, im-  volume. The tryptic peptide N662ZK674 contains a potential
mediately followed by a 262% B gradient over 40 min. A N-glycosylation site at Asn 662 and severgl sites that are
is 2% (v/v) ACN and 0.05% (v/v) TFA, and B is 90% (V/v) predicted to be O-glycosylated by the algor!thrr_l NetOGlyc
ACN and 0.0475% (v/v) TFA. Typical injections were of ~Of Hansen and co-workerd2—14). The combination of N-
5-10 ug of digested protein. The eluant was run unsplit, and O-linked glycosylat_lon most likely accounts for the
directly into the electrospray mass spectrometer. absence of the peptide in resolved datasets.

Mass spectra were recorded on an Applied Biosystems Disulfide Mapping.The disulfide pairing of nine cysteine
QSTAR, a hybrid quadrupole TOF mass spectrometer residues present in NL1-691 was determined by comparison

equipped with the electrospray source (Applied Biosystems, of th.e nonreduced, reduced, and differentially alkylated

Foster City, CA). Standard electrospray operating conditions YPSin+ PNGase F digests and the nonreduced and reduced
were curtain gas 20, nebulizer gas (GS1) 80, and ion sprayG|UC+ PNGase F digests. PN'Gase Fwas utilized to remove
voltage (ISV) 5.20 kV. The instrument was set to scan mass \-9/ycans attached to asparagine residues (Asn 109, Asn 343,
(Da) to charge ratios of 4662000 every 1.00071 s. The ASn 547) close in sequence to three cysteine residues (Cys
data were analyzed with the Analyst & BioAnalyst software 117.' Cys 342, Cys 546). This strategy simplified the Q|su_|f|de

packages (Applied Biosystems). assignment process by removing microheterogeneity intro-

Topology Modeling of NeuroliginA structural model of duced byN-glycans and decreased the mass of the peptides

NLL was generated with the programs Homology and in\llr?l':/rEdéin+ PNGase F digests, two interpeptide disulfides
Insightll (Accelrys, Inc., 2002) using the crystal structure yp g ' Pep

of mouse AChE (1mah in the PDB database) as a templateand twq intrapeptide disulfides were clearly indipated by
for the extracellular domain. For the modeling of the comparing the Masses, frqgmgnt ions observed in MS/MS
C-terminal ectodomain of NL1, the following templates were spectra, and shifts in retentlon't|me be;tween the nonreduced
used: hydrolase (1blp), nitrogenase (2nip), binding protein and reduced datasets. Tryptic peptides DiR325 and

(1ola), and citrate synthase (1csc). After homology modeling, L126—K166 were linked in nonreduced conditions with an
the structure of NL1 was energy minimized for 10000 average mass of 6620.24 Da and separated upon reduction

iterations using the distance-dependent dielectric COnStam\r,gg;)ergt?\?eol;solil%%cthn;?tsr?:ia?ifv ;iii.i%gavcgstzztesrsteg?c;
with the program Discover (Accelrys, Inc., 2002). Asp by PNGase F.
RESULTS Similarly, tryptic peptides E172R174 and K179-R182
were linked in the nonreduced datasets with a monoisotopic
Peptide MappingPeptide mapping was performed on the mass of 993.49 Da and separated upon reduction with a
664 amino acid residue recombinant soluble rat NL1-691 monoisotopic mass of 518.31 Da observed for KtR182.
using LC-MS/MS techniques. Digestion of the protein with  Tryptic peptide E174R174 was not observed in the reduced

trypsin, GIuC, or CNBr was followed by injection of peptides datasets, most likely due to its hydrophilicity and elution in
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Ficure 1: Disulfide linkage in the de-N-glycosylated peptide V34M56. (A) LC—MS TIC chromatogramnyz 400—2000) for the
nonreduced PNGase F treated trypsin digest of NL1-691. The elution position of disulfide-linked tryptic peptidekid340s indicated

at 32.7 min. (B) Mass spectrumm(z 915-925) of the disulfide-linked V340K356 eluting at 32.7 min. The doubly charged ion gives a
monoisotopic mass of 1833.85 Da. The predicted mass for the disulfide-linked peptide is shown in parenthesedME&T L chromatogram

(m/z 400—2000) for the reduced PNGase F treated trypsin digest of NL1-691. The elution position of the reduced tryptic peptice V340
K356 is indicated at 33.5 min. (D) Mass spectrum'Z 915-925) of the reduced V340K356 peptide eluting at 32.7 min. The doubly

charged ion gives a monoisotopic mass of 1835.86 Da. The predicted mass for this reduced peptide is shown in parentheses. Note that the
V340—-K356 peptide is 0.98 Da heavier than the native sequence due to the conversion of N343 to D343 by PNGase F.

the HPLC void volume. However, the mass of 993.49 Da the form of incomplete digestion products. In the case of
was only observed in nonreduced conditions, 518.31 Da wasthe former, D109-R125 and L126-R167 behaved similarly
only observed following reduction, and acquired MS/MS to D109-R125 and L126:K166, and in the case of the latter,
spectra confirmed the peptide assignments. T475-K568 behaved similarly to T475K550. Moreover,
Two intrapeptide disulfides were observed by an increase independent confirmation of disulfides Cys HQys 153,
in mass of 2.01 Da (monoisotopic) between the nonreducedCys 172-Cys 181, and Cys 512Cys 546 came from
and reduced datasets and shifts in the retention times ofanalysis of the GluG+- PNGase F nonreduced and reduced
affected peptides. Tryptic peptide V348356 changed from  digests. The disulfide bonding Cys 512ys 546 was also
a monoisotopic mass of 1833.86 Da in nonreduced conditionsconfirmed by the analysis of CNB#+ PNGaseF digests
to 1835.87 Da following reduction and shifted retention time before and after reduction.
by 0.8 min. Figure 1 presents data used to determine disulfide Tryptic peptide 1275-R300 contains the single remaining
linkage between Cys 342 and Cys 353. MS/MS analyses for cysteine residue (Cys 286) in the extracellular domain of
peptide V340-K356, before and after reduction, were NL1. This tryptic peptide is observed as a disulfide-bonded
consistent with an intrapeptide disulfide linkage (Figure 2). homodimer in the nonreduced E®IS/MS datasets with a
Tryptic peptide T475K550 changed from an average mass monoisotopic mass of 5274.56 Da and as a monomer with
of 8410.09 Da in nonreduced conditions to 8411.87 Da a monoisotopic mass of 2638.28 Da in reducing conditions.
following reduction and shifted retention time by 0.4 min. It is not surprising that a peptide containing an unpaired
A weak ionization signal precluded the observation of cysteine residue, once released from the structural context
fragment ions in LE-MS/MS datasets for tryptic peptide of the native protein, forms a covalent dimer in the
T475-K550. nonreducing environment of the trypsin digest. To investigate
Thus, disulfide bonds present in NE691 are Cys 117 further the native state of Cys 286, NL1-691 was subjected
Cys 153, Cys 172Cys 181, Cys 342Cys 353, and Cys to differential alkylation. IAA was used to carboxymethylate

512—Cys 546. The trypsin- PNGase F data are summarized
in Table 1 for all cysteine-containing peptides. Additional
support for the assignment of disulfides Cys +T#s 153

and Cys 512 Cys 546 was observed in trypsin datasets in

free cysteines, and following denaturation and reduction of
disulfide bonds, 4-VP was used to pyridylethylate the
remaining cysteine residues. Carboxymethylation and py-
ridylethylation of cysteine residues results in an increase in
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FIGURE 2: 2. MS/MS spectranyz 55—1800) of the (A) reduced and (B) oxidized de-N-glycosylated peptide ¥B&56. The identities

of the b and y fragment ions are indicated above the fragment ion masses. The sequence of the peptide is shown along with the observed
and predicted masses; the predicted masses are shown in parentheses. N343 is converted to D343 by PNGase F treatment. D343 is showr
in bold text.

Table 1: Massésand Elution Times Observed for Cys-Containing Peptides in Nonreduced and Redue®dS_Datasets of PNGase F
Treated Tryptic Digests of NL1-691

nonreduced reduced
elution time mass elution time mass
disulfides (min) (Da) (min) (Da) sequence
C117-C153 40.4 6620.24 (6620.39) 30.3 1843.89 (1843.89) D10 ATQFAPVCPQNIIDGRy25¢
42.6 4774.35 (4774.31) 1ksPEVMLPVWFTNNLDVVSS
YVQDQSEDCLYLNIYVPTED
VK 166
Cl172-C181 9.8 993.49 (993.48) 1:CAR174
7.2 518.31 (518.30) KdCR1s2
Cc28¢6 33.7 5274.56 (5274.55) 33.0 2638.28 (2638.28) 7sTVFGSGAGGEXVNLLTLS
HYSEGNRs 0o
C342-C353 32.7 1833.86 (1833.85) 335 1835.87 (1835.86)  3408CDVSDTVELVECLQK 356
C512-C546 39.8 8410.09 (8410.35) 39.4 8411.87 (8412.37) 475, TALFTDHQWVAPAVAT
ADLHSNFGSPTYFYAFYHHC
QTDQVPAWADAAHGDEVPY

VLGIPMIGPTELFRCDFSKsso

2 Monoisotopic masses recorded below 6000 Da, average masses above 60@@lbalated masses based on sequence are shown in parentheses
following observed masse$Cys residues are shown in bold type. Asn residues converted to Asp residues by PNGase F are shown in italics.
4286 is believed to be unpaired in monomeric NL1-691. However, a dimer ofHR380 is observed in nonreduced £@IS data.

monoisotopic mass of 58.01 and 105.06 Da, respectively. indicates that the majority of this residue is free in native
Tryptic peptide 1275-R300 is resolved in the alkylated NL1-691 and suggests that it does not form stable disulfide-
trypsin + PNGase F datasets with monoisotopic masses of linked homodimers of the NLs. The incomplete carboxy-
2696.29 and 2743.34 Da, corresponding to masses expectedhethylation observed for Cys 286 may be due to poor
for carboxymethylated and pyridylethylated peptides, re- accessibility, whereby IAA encounters steric hindrance that
spectively. The identification of the alkylated 1278300 limits its ability to interact with this residue in native NL1-
peptides was confirmed by MS/MS analysis. The abundances691. The denaturation of NL1-691 prior to the sequential
of the alkylated forms, as determined by ion peak areas, treatment with IAA, DTT, and 4-VP results in exclusive
indicated Cys 286 was 82.6% carboxymethylated and 17.4%pyridylethylation of Cys 286. In addition, denaturation of
pyridylethylated. The extent of Cys 286 carboxymethylation NL1-691 in the presence of IAA, followed by reduction and
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pyridylethylation, results in 11.5% carboxymethyl-Cys 286 substitution, fucosylation, and sulfation. Further, masses that
and 88.5% pyridylethyl-Cys 286. Taken together, these datacan be attributed to an additional GICNAc are observed for
suggest that Cys 286 exhibits great propensity to disulfide someN-glycans, consistent with/al,4-GIcNAc attached to
bond when released from the structural context of the protein. terminal mannose of the core.

Note that all other Cys-containing tryptic peptides of NL1-  aAgn 303 0ccupancy of N-glycosylation site Asn 303 was
691 were observed only as the pyridylethylated form, estimated to be 100%, as no nonglycosylated tryptic peptide
providing further confirmation of the disulfide linkages as \y301-k306 was observed in the reduced trypsin datasets.
assigned. _ o _ N-Glycopeptide W30+K306 elutes as a broad heteroge-

N-Glycosylation.NL1-691 contains six potential N-gly-  neous peak centered about 7.9 min, and the de-N-glycosy-
cosylation sites in the form of N-glycosylation sequons: |ated peptide was not observed in the reduced trygsin
N(—6)SS, N109AT, N303ST, N343VS, N547FS, and pNGase F datasets. Analysis of the masses associated with
N662ST. Comparison of LEMS datasets for the reduced the weakly ionizing trypticN-glycopeptide W301K306
trypsin and the reduced trypsinPNGase F digests indicates  gyggests glycans that are mainly consistent with sialylated
the first five potential N-glycosylation sites listed above are ¢ore fucosylated complex type-glycans of tetraantennary

all N-glycosylated. Note that the estimates of occupancy areype. We find no mass-based evidence for further modifica-
based on the assumption that nonglycosylated and de-N+jons of antennae at this site.

glycosylated peptides ionize with an equal efficiency.
Estimates olN-glycan structure predominance are based on
the assumption that aN-glycopeptide forms at a given site

Asn 343 0Occupancy of N-glycosylation site Asn 343 was
estimated to be 100% as no nonglycosylated tryptic peptide
S ) - ) . V340—K356 was observed in the reduced trypsin datasets.
ionize with equal efficiency. Since these assumptions may N-Glycopeptide V346 K356 elutes as a broad therogeneous

not be strictly true, the numbers should be viewed as best cak centered about 32.2 min. and the de-N-alveosviated
estimates. Oligosaccharide content, as determined by massPe2X o ’ glycosy
eptide elutes as a single sharp peak at 33.5 min. Figure 3

matching paradigms, is used to propose structures that would?
be consistent with typical complex glycans commonly shows the mass spectrum of the heterogenbbglycopep-

observed for mammalian expression systems (see the Sup.t-Ide V340-K356, indicating the doubly and triply charged

porting Information). These types of analyses have been'o"S and the reconstructgd mass spectrum showing the

shown to be fairly accurate when compared with more N—glycc_Jpepude masses derived from 'Fhe raw mass spectrum.

quantitative carbohydrate analysé$)( Each N-glycosyla- Analysis .Of glycan masses associated W'th. trypiie .

tion site will be considered separately below glycopeptl_de V346-K356 suggests they are mainly consis-
Asn—6. This N-glycosylation site is not nativ.e to NLL as tent with sialylated core fucosylated complex tyyglycans

it was in.troduced as part of an 18-residue FLAG pebtide of biant.enn.ary to tetraantennary type, With. _bia_ntennary

and linker region at the N-terminus of the recombinant predominating at this site. Additional modifications of

construct. Occupancy of N-glycosylation site Asi6 was antennae are suggested, by observed masses that would be

estimated to be 98% on the basis of a comparison of the (M cogsist?fnt_with GhaINAc forfGaI SUb;’thionl' fui:osylation,
+ 2H)?* ion peak areas of nonglycosylated tryptic peptide aE su ;tflon. The rrass or an additional GlcNAc was
D(—18)K47 and de-N-glycosylated peptide in the reduced observed for some glycan structures.. )
trypsin + PNGase F datasets. These two peptides differed ASh 547.0ccupancy of N-glycosylation site Asn 547 was
in mass by 0.98 Da, and nonglycosylated peptide eluted 0.6€Stimated to be 100%, as no nonglycosylated tryptic peptide
min before the de-N-glycosylated form. TNeglycopeptide ~ T475-K550 was observed in the reduced trypsin datasets.
D(—18)K47 elutes as a broad heterogeneous peak centeredhlthough the N-glycosylated form of the peptide containing
about 24.5 min, and the de-N-glycosylated peptide elutes asASn 547 was not observed in the reduced trypsin-IMS
a single sharp peak at 25.9 min. Analysis of the massesdata, the de-N-glycosylated peptide T475-K550 elutes as a
associated with tryptid\-glycopeptide D 18)K47 suggest  Single peak at 39.4 min in the reduced trypsirPNGase F
glycans that are mainly consistent with sialylated core datasets. The de-N-glycosylated peptide has a mass of over
fucosylated complex typeN-glycans of biantennary to 8000 Da and weakly ionizes; it is therefore not surprising
tetraantennary type, with biantennary predominating at this that the more massive and heterogenehieglycopeptide
site. Glycan masses are observed that would be consistenfl0€s not resolve. However, this precludes characterization
with several further modifications of antennae, including Of the type ofN-glycans associated with Asn 547 by mass
GalNAc for Gal substitution, typically found at the end of analysis.
nonsialylated antennae, fucosylation, and sulfation. Asn 662 The tryptic peptide containing Asn 662 (N662
Asn 1090ccupancy of N-glycosylation site Asn 109 was K674) was not observed in any of the trypsin or GluC
estimated to be 100%, as no nonglycosylated tryptic peptidedatasets. Treatment with both PNGase F and a glycosidase
N109-R125 was observed in the reduced trypsin datasets.cocktail for de-O-glycosylation failed to produce a mass that
N-Glycopeptide N109-R125 elutes as a broad heterogeneous could be attributed to deglycosylated peptide N68B&74
peak centered about 29.3 min, and the de-N-glycosylatedor incomplete cleavage products containing this peptide. The
peptide elutes as a single sharp peak at 30.3 min. Analysisabsence of the parent mass for this peptide in both the trypsin
of glycan masses associated with tryphieglycopeptide + PNGase F digested NL1-691 and the trypsirPNGase
N109-R125 suggests they are mainly consistent with F digested de-O-glycosylated NL1-691 suggests that both
sialylated core fucosylated complex typé-glycans of N- and O-glycosylations are occurring on this peptide. This
biantennary to tetraantennary type, with biantennary pre- may render the peptide partially resistant to enzymatic
dominating at this site. We find masses that indicate a numberdeglycosylation and/or confer sufficient heterogeneity that
of modifications of antennae, including GalNAc for Gal it elutes over an extended time with a poor ionization signal.
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Ficure 3: N-Glycopeptide V346-K356. (A) Summed mass spectrum/g 1100-2000, 31.4-31.9 min) from the LC-MS dataset of the
nonreduced trypsin digest of NL1-691. The ranges of doubly and triply charged ions of the heterogeneous-tiyaiipeptide V346

K356 are indicated by bars. (B) Reconstructed mass spectrum from 3400 to 4900 AMU of the mass spectrum shown in panel A. Monoisotopic
masses are shown above a representative set of peaks, and mass ranges of biantennary and triantennadyotycapkeare indicated

by bars. The five most prevalent masseNeflycopeptide V346-K356 are indicated in bold text.

O-Glycosylation.We find masses for tryptic peptide no other O-glycosylation sites are predicted N-terminal to
Q680-R690 that would be consistent with O-glycosylation residue Val 623.
by mucin-typeO-glycans, likely typical mono- and disialy-
lated GaB1—3GalNAax1-S/T glycosylation. Figure 4 shows DISCUSSION
the total ion current (TIC) chromatogram for the nonreduced  aater than 97% of the NL1-691 amino acid sequence
trypsin dataset as well as the extracted ion currents (XICS) h45 been accounted for and characterized by-MS and
for doubly charged ions of Q68ER690 in various O- | c_\S/MS analysis. N-glycosylation has been confirmed
glycosylation states. On the basis of doubly charged ion 4 five of the six possible sites, and theglycan content
intensities, it is estimated that th@-glycan occupancy of  pag heen characterized at four of the observed sites. The
this peptide is about 21%. Of the O-glycosylated peptide, masses of-glycans are typical of those observed in other
approximately 85% resolves as masses that can be attributedecombinant proteins expressed in mammalian cell lines,
to a single mucin-typé-glycan and 15% to two mucin-  gjaiviated core fucosylated compldkglycans with variable
typeO-glycans. There are only two possible O-glycosylation antennae numbers and structures. O-glycosylation has been
sites present in this peptide, indicating Ser 683 and Ser 686¢onfirmed at two C-terminal serine residues, and other likely
are O-glycosylated in NL1-691. O-glycosylation sites have been predictet-£14). A
Indirect evidence suggests O-glycosylation to occur in graphical summary of peptide, disulfide, and glycosylation
tryptic peptides V623 K648 and V649-R660. These two  data is presented in Figure 5.
tryptic peptides were observed only in the trypsin digests of ~ Given the homology of the extracellular domain of NLs
enzymatically de-O-glycosylated NL1-691. Upon de-O- to a/f hydrolase fold proteins, the pattern of cysteine
glycosylation, two new masses appear in the trypsin datasetsconnectivity and sites of oligosaccharide attachment of NL1
3035.56 Da at 30.6 min and 1354.75 Da at 15.6 min, provide a foundation to deduce the tertiary structure of NLs.
corresponding to masses expected for V6B848 and Moreover, the experimental evidence acquired here supports
V649—R660, respectively. The mucin-type O-glycosylation refining of a structural model for NL (Figure 6) constructed
prediction algorithm 12—14) predicts four O-glycosylation by predictions based mainly on homology to AChE.
sites in these two tryptic peptides, Ser 644, Thr 647, Thr  The truncation of rat NL1 prior to the transmembrane
652, and Thr 659. This does not preclude the possibility that segment produces a soluble protein comprising the entire
O-glycans other than the mucin type are attached to the twoectodomain. Recombinant soluble rat NL1-691 can be
O-glycopeptides. Four mucin-type O-glycosylation sites are purified to homogeneity, by use of an epitope tag, facilitating
also predicted in tryptic peptide N66K674. The predicted  detailed biophysical analysis by peptide mapping and mass
sites are Thr 664, Thr 667, Ser 668, and Thr 672. Note that spectrometric strategies. It is not known whether the glycosyl
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Ficure 4: O-glycopeptide Q686R690. (A) LC-MS TIC chromatogramnyz 400—2000) for the nonreduced trypsin digest of NL1-691
from 15 to 30 min. (B) XIC ofm/z 636.1-636.5 from the chromatogram in panel A showing the elution position of the doubly charged ion
of nonglycosylated peptide Q68MR690. Note that the mass of this tryptic peptide is 17.03 Da lower than that expected from the native
sequence due to conversion of the N-terminal residue Q680 to a pyroglutamic acid, as confirmed by MS/MS analysis. (G)VXIC of
964.4-964.8 from the chromatogram in panel A showing the elution position of the doubly charged ion ofR680+ monosialylated
HexNAcHex. (D) XIC ofm/z 1110.0-1110.4 from the chromatogram in panel A showing the elution position of the doubly charged ion
of Q680-R690+ disialylated HexNAcHex. (E) XIC ofivz1147.1-1147.5 from the chromatogram in panel A showing the elution position

of the doubly charged ion of Q68(R690+ monosialylated (HexNAcHex) (F) XIC of m/z 1292.7-1293.1 from the chromatogram in
panel A showing the elution position of the doubly charged ion of @&690+ disialylated (HexNAcHex) Note that the scale of the
y-axis (intensity, cps) is variable.

content resulting from production of recombinant NL1-691 ESTHER/general?whaindex). The disulfide linkage of Cys
in HEK293 cells is similar to those of NLs of neurons in 117 to Cys 153 in NL1 is homologous to anloop in AChE,
the central nervous system. However, NLs produced by shown to undergo distinctive conformational fluctuations that
heterologous expression in HEK293 cells have been shownare coupled to enzyme activityl®). While NLs lack
to interact with3-NXs (16) and to induce synapse formation hydrolase activity, it is tempting to speculate the homologous
loop domain may undergo conformational changes that affect
that the recombinant protein is properly folded and post- functional properties. Disulfide bonding of Cys 172 to Cys
translationally processed in a manner similar to that of native 181, presumably forming an exposed surface loop, is encoded
within an alternatively spliced exon. This region has been
Proteolytic digests of NL1 generated by treatment with identified in NL1 and NL2 isoforms of rat brai2{and may
trypsin, Glu-C, and CNBr were resolved to obtain an be involved in adhesion or recognition events. The cysteine
Over|apping7 Comprehensive coverage of NL1 peptides_ The pair in the C-terminal region of the NL ectodomain, distinct
amino acid sequence of recombinant NL1 was confirmed to from the majority of hydrolases in the family, is also shown
be the expected primary translation product encoded by theto disulfide bond. It is this region which likely possesses a
cDNA sequence; C|eavage of the signa| peptide was Con-tertiary structure Unique to the NL members. The overall
firmed, and no modifications of amino acids were evident. Cysteine pattern in the nonspliced region is highly conserved
Peptides of NL1 generated by specific proteolysis were among the NLs, suggesting these three disulfide-bonded
resolved in native and reduced conditions. Analysis of 100ps in the invariant regions are essential for defining the
peptides by mass-matching paradigms and fragment ion datetructural motif.
NL1 peptides containing N-glycosylation sequons have
of the nine cysteines in the NL1 ectodomain. Eight cysteines been mapped, in native conditions and following de-N-
are disulfide bonded, and one, Cys 286, is likely present asglycosylation, to demonstrate carbohydrate occupancy at Asn
a free cysteine. Cys 286 does not appear to participate in109, Asn 303, Asn 343, and Asn 547. An additional
intermolecular disulfide bonding between NL dimers, since N-glycosyl attachment site occurs in the linker peptide
a majority of this residue is converted to carboxymethyl- between the epitope tag and NL1 in the recombinant
cysteine on treatment with alkylating reagent. Two disulfide construct (Asn-6) and is occupied. N-glycosylation at Asn
bonds, Cys 117 to Cys 153 and Cys 342 to Cys 353, are662 could not be confirmed, since the peptide containing
highly conserved among the family of hydrolase proteins the sequon was not observed in proteolytic digests of NL1,
(oUp hydrolase protein database: http://bioweb.ensam.inra.fr/native or deglycosylated. It is likely that both N- and

in cocultured neurons( 7, 17). Such functionality indicates

NL.

from MS/MS spectra elucidated the disulfide bridging pattern
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Ficure 5: Peptide, disulfide, and glycosylation map of NL1-691. The sequence of rat NL1-691 expressed froiB@346is shown,

including the N-terminal FLAG and linker peptide designated as resiglésto —1 and contiguous with Q46; the FLAG peptide grafted

onto NL1-691 sequence is shown in italics. The alternatively spliced regions of the NLs-(\@E#B! and G298T305) are denoted by

a dotted line. The region from K661 to K679, shown in small letters, was not observed. Cysteine residues are shown in bold text, and
disulfide bridges are shown by connecting lines. The experimentally characterized glycosylation sites are marked by asterisks (O-glycosylation)
and by pound signs (N-glycosylation). The single potential N-glycosylation site in the unresolved region is indicated by a question mark.
Possible O-glycosylation sites, as predicted by the mucin-type O-glycosylation algorithm of Hansen and co-d@tkbts Gre marked

by ampersands.

O-linked glycosylations on the peptides comprising this the recognition of proteirprotein interactions and to down
region lead to inferior resolving capabilities by EGIS modulate the activity of enzymes and signaling molecules
methods (discussed further below). (29, 20).

An analysis of the carbohydrate content at the first four  O-glycosylation in the segment of the NL1 ectodomain
N-glycosylation sites has been performed by mass-matchingthat links the hydrolase homology and transmembrane-
paradigms. A significant microheterogeneous population of spanning regions was confirmed by the direct observation
glycosyl residues is identified. The major species suggestedof masses that are consistent with mucin-like sugars on the
by the observed masses are consistent with trimannosyl corepeptides containing Ser 683 and Ser 686. The prediction of
complex carbohydrates, core fucosylated, bi-, tri- and tet- O-linked glycosylation by the NetOGlyc algorithrhZ—14)
raantennary structures, that can be sialylated, sulfated, andindicates Ser 644, Thr 647, Thr 652, Thr 659, Thr 664, Thr
or capped by neutr&l-acetylhexosamine. The most abundant 667, Ser 668, and Thr 672 have a high probability for
species, as determined by ion intensity in resolved massmaodification. Interestingly, Ser 683 and Ser 686, directly
spectra, were consistent with highly branched, core fucosy- observed to carry O-linked mucin-type sugars, were predicted
lated and sialylated carbohydrates. to have low probability of occupancy. O-linked carbohydrates

The occupancy of N-linked glycosylation sequons leads in the region spanning lle 639 to Arg 660 were inferred by
us to conclude that these domains are surface exposed anthe ability to observe the peptides only after deglycosylation
facilitates the prediction of tertiary protein structure from by a cocktail of glycohydrolases specific for O-linked
the amino acid sequence. Moreover, N-linked glycosylation oligosaccharides. It was not possible to resolve O-glycosy-
may play an important functional role. Studies on binding lated peptides within this region. Additionally, the peptide
interactions of NLs with5-NXs, by surface plasmon from Asn 662 to Lys 674, also containing &kglycosyl
resonance techniques, have shown glycosylation processingequon, was not detectable. A high content of oligosaccha-
of NL to inhibit this interaction {6). Interestingly, N- rides would contribute to inadequate separation by reversed-
glycosylation at Asn 303 occurs in a region alternatively phase chromatography and/or peptides with poor ionization
spliced among NL isoforms and may represent a mechanismpotential for detection by mass spectrometry. Further, we
for modulating NL and NX interactions. In previous studies, presume that a high carbohydrate content may interfere, by
large N-linked oligosaccharides have been shown to influencesteric hindrance, with the exposure of appropriate bonds to
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Ficure 6: Topology model of NL1 from amino acids Q4&640, generated with the programs Homology, Insightll, and Discover (Accelrys,

Inc., 2002) shown as a stereo image. Disulfide linkages are indicated in green. In the center of the molecule, the unlabeled yellow residue
on the left is Cys 286 and the disulfide bridge between Cys 117 and Cys 153 is to its right. N-linked glycosylation sites are indicated in
red. Alternatively spliced regions of NL1 are colored orange. The region where the novel structure is proposed to account for disulfide
linkage of Cys 512 to Cys 546 is indicated in cyan.

the glycosidase active site, thereby preventing deglycosyla- Mutations of X-linked genes encoding NLs have been
tion. found to be associated with autistic disorders and Asperger

O-glycosylation in protein domains with high Ser/Thr/Pro Syndrome Z5). The ability of NL1 to induce synapse
content and limited N-linked carbohydrates, such as that formation requires the specific interaction of NL1 with

found in the NL1 linker region, causes significant perturba- £-NXs and a homooligomerization of NL1, involving ex-
tions in secondary protein structure and has a striking tracellular protein domains that are discrete from the NL and

influence on tertiary conformationg1). The high number  NX binding interface 7). Defining the molecular topology

of oligosaccharides on Ser and Thr, combined with an of the extracellular region of NL1 and posttranslational

abundance of Pro residues, creates a bottlebrush-like strucmedifications, such as N- and O-glycosylation, is an

ture. Multiple interactions of GalNAc at Ser/Thr residues Important ad_vancg toward e_fforts to eIL_JC|date structure
and the peptide backbone lead to an elongation of the peptideac'"\”t.y rglan_onshlps essential for NL-induced synaptic
chain, as demonstrated in the P-selectin molec2® ¢or organization in the central nervous system.

the neurotrophin receptor, an O-glycosylation cassette thatACKNOWLEDGMENT

is heavily sialylated in a stalk-like region, similar to NLs,
helps to orient the ligand binding domain away from the
cell surface and is possibly involved in intercellular signaling
(23). Further, O-glycosylation cassettes can function in SUPPORTING INFORMATION AVAILABLE

conferring protein stability and protease resistance. Of -
particular interest is thaD-glycans have been shown to Taples S1 and 52 describing HMS/.MS datasets for
; . . . trypsin + PNGaseF treated NL1-691, in nonreduced and
influence the aggregation of proteins and their quaternary . -
- reduced conditions, Tables S35 describing the heteroge-
structure, as for lactase phlorizin hydrolagd)( A recent N-linked al | ) b d at Asn 109. A
study demonstrated that oligomerization of NL is required neous N-linked glycosyl species observed at Asn  ASh
for functional activity 7). Perhaps O-linked sugars serve to 303, and Asn 343 of NL1-691, as predicted by the average
dul tl NL cliv:\lyx ' . t'p : ug v mass (Da) of oligosaccharide chains, and Table S6 describing
modulate an ass.,os:la 1ons. _ the O-linked glycosyl structures of the mucin type found at
A topology model predicting the tertiary structure of the Ser 683 and Ser 686 in NL1-691. This material is available
NL1 ectodomain (Figure 6) has been refined to incorporate free of charge via the Internet at http:/pubs.acs.org.
the disulfide bonding pattern and position of extrafacial
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