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Protein C-mannosylation is the attachment of a-mannopyr-
anose to tryptophan via a C-C linkage. This post-translational
modification typically occurs within the sequence motif
WXXW, which is frequently present in thrombospondin type-1
repeats (TSRs). TSRs are especially numerous in and a defining
feature of the ADAMTS superfamily. We investigated the pres-
ence and functional significance of C-mannosylation of
ADAMTS-like 1/punctin-1, which contains four TSRs (two with
predicted C-mannosylation sites), using mass spectrometry,
metabolic labeling, site-directed mutagenesis, and expression in
C-mannosylation-defective Chinese hamster ovary cell variants.
Analysis of tryptic fragments of recombinant human punctin-1
by mass spectrometry identified a peptide derived from TSR1
containing the 3*WDAWGPWSECSRTC* sequence of interest
modified with two mannose residues and a Glc-Fuc disaccharide
(O-fucosylation). Tandem mass spectrometry (MS/MS) and
MS/MS/MS analysis demonstrated the characteristic cross-ring
cleavage of C-mannose and identified the modified residues as
Trp®® and Trp*?. C-Mannosylation of TSR1 of the related pro-
tease ADAMTS5 was also identified. Metabolic labeling of
CHO-K1 cells or Lec35.1 cells demonstrated incorporation of
p-[2,6-°*H]mannose in secreted punctin-1 from CHO-K1 cells
but not Lec35.1 cells. Quantitation of punctin-1 secretion in
Lec35.1 cells versus CHO-K1 cells suggested decreased secre-
tionin Lec35.1 cells. Replacement of mannosylated Trp residues
in TSR1 with either Ala or Phe affected punctin secretion effi-
ciency. These data demonstrate that TSR1 from punctin-1 car-
ries C-mannosylation in close proximity to O-linked fucose.
Together, these modifications appear to provide a quality con-
trol mechanism for punctin-1 secretion.

The ADAMTS (a disintegrin-like and metalloprotease do-
main with thrombospondin type-1 repeats) superfamily (1)
consists of 19 secreted metalloproteases (ADAMTS proteases)
and six ADAMTS-like proteins in humans. ADAMTS-like
proteins closely resemble the ancillary domains of ADAMTS
proteases and like them have a conserved modular organiza-
tion containing one or more thrombospondin type-1 repeats
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(TSRs)? (2-5). TSRs are modules of ~50 amino acids having
a characteristic six-cysteine signature. The prototypic
ADAMTSL, ADAMTSLI, also referred to as punctin-1
because of its punctate distribution in the substratum of
transfected cells, is a 525-residue glycoprotein containing
four TSRs (4). A longer punctin-1 variant arising from alterna-
tive splicing, containing 13 TSRs and homologous to
ADAMTSLS3, is predicted by the human genome sequencing
project (NM_001040272) but has not yet been physically cloned
and expressed. The function of ADAMTSL1/punctin-1 is
unknown. Recently, ADAMTSL2 and ADAMTSL4 mutations
were identified in the genetic disorders geleophysic dysplasia
(6) and recessive isolated ectopia lentis, respectively (2). In
genome-wide analysis, the ADAMTSL3 locus has been associ-
ated with variation in human height (7). Thus, in addition to
known genetic disorders caused by ADAMTS mutations (8, 9),
ADAMTSL family members are now also implicated in human
disease. Among the ADAMTS proteases, ADAMTS5 and
ADAMTS4 are strongly associated with cartilage destruction in
arthritis (10-12).

Like most secreted proteins, the ADAMTS superfamily
members undergo post-translational modification and are pre-
dicted to contain N-linked oligosaccharides. In addition, TSRs
of ADAMTS superfamily members, by virtue of high sequence
similarity to the corresponding motifs in thrombospondin 1
and properdin, are predicted to contain two uncommon types
of glycosylation. Specifically, TSRs often contain the sequence
motifs WXXW ™2 and C'X,_,(S/T)C>XXG, which are consen-
sus sites for protein C-mannosylation of the W° residue and
O-fucosylation (of Ser/Thr) respectively, in close proximity to
each other (13, 14). In recently published work, it was shown
that ADAMTSL1 and ADAMTS13 are modified by O-fucosy-
lation, the covalent attachment to Ser or Thr residues of fucose
or a fucose-glucose disaccharide (15, 16). Punctin-1 contains
consensus sequences for O-fucosylation in all four of its TSRs,
but the presence of the glycans was previously only confirmed
on TSR2, -3, and -4 (16). Addition of O-fucose is mediated by
protein O-fucosyltransferase 2 (POFUT2), which is a distinct
transferase from that which catalyzes addition of O-linked
fucose to epidermal growth factor-like repeats (POFUT1) (17,
18). A B3-glucosyltransferase subsequently adds glucose to the

2The abbreviations used are: TSR, thrombospondin repeat; TSR1, throm-
bospondin type-1 repeat; HPLC, high pressure liquid chromatography;
Dol-P-Man, dolichyl-phosphate mannose; CHO, Chinese hamster ovary.
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3’-OH of the fucose (19, 20). It was further demonstrated that
O-fucosylation, which occurs after completion of TSR folding,
was rate-limiting for secretion of punctin-1 and ADAMTS13
(15, 16). This role was inferred from the following two experi-
mental observations. 1) Expression of wild-type punctin-1 and
ADAMTS13 in Lecl3 cells, which do not fucosylate proteins,
led to their decreased secretion (15, 16). 2) Mutation of the
modified Ser or Thr residues greatly reduced secretion of punc-
tin-1 and ADAMTS13 (15, 16).

Protein C-mannosylation is the attachment of an a-man-
nopyranosyl residue to the indole C-2 of tryptophan via a C-C
linkage (14, 21). Unlike O-fucosylation, it can utilize protein
primary structure rather than tertiary structure as the determi-
nant, ie. mannose is added to unfolded polypeptides or
unstructured synthetic peptides (22). C-Mannosylation uses
dolichyl-phosphate mannose (Dol-P-Man) as the precursor
and appears to be enzyme-catalyzed within the endoplasmic
reticulum (23), but the responsible mannosyltransferase has
not yet been identified. A variety of mammalian cell lines can
perform this modification (24). Proteins known to be C-man-
nosylated include human RNase 2, interleukin 12, the mucins
MUC5AC and MUCS5B, and several proteins containing TSRs,
such as thrombospondin-1, F-spondin, and components of
complement (C6 and C7) and properdin (13, 21, 25-27).

Krieg et al. (22) proposed a model in which the C-mannosyl-
transferase bound directly to the WXXW *2 motif, analogous to
the Asn-X-(Thr/Ser) motif for N-glycosylation, and later anal-
ysis showed that both the Trp residues in the WOXXW "3XXX
motif and the sole Trp residue in a (F/Y")XXW "3 motif could
be modified (13). Based on meta-analysis of the C-mannosyla-
tion literature, Julenius (28) used a neural network approach to
develop a prediction algorithm for protein C-mannosylation,
termed NetCGlyc. This analysis suggested that Cys was an
acceptable substitute for Trp at the +3 position (i.e. permitting
C-mannosylation of W° in a W°SSC motif). Julenius (28)
reported a clear preference for small and/or polar residues (Ser,
Ala, Gly, and Thr) at the +1 position, whereas Phe and Leu were
not allowed. The NetCGlyc algorithm provides a useful guide
for prediction of C-mannosylation sites, especially in the
ADAMTS superfamily, which has a large number of TSRs
(Table 1). Nonetheless, this modification has not been experi-
mentally identified nor functionally characterized in any
ADAMTS superfamily member. In general, the functional sig-
nificance of C-mannosylation is unclear, although a previous
analysis of the MUC5AC and MUC5B Cys subdomains sug-
gested it could have a role in regulation of protein secretion
(27). Here we specifically inquired whether the short form of
punctin-1, the prototypic ADAMTSL, is modified by C-man-
nosylation, analyzed the role of Trp residues in the punctin
TSRs, and investigated its possible functional significance in
punctin-1 biosynthesis. By demonstrating that TSR1 of
ADAMTS5 is also C-mannosylated, we extended the analysis to
identify this unusual modification in an ADAMTS protease.

EXPERIMENTAL PROCEDURES
Expression Plasmids, Site-directed Mutagenesis, and Cell

Culture—Mammalian expression plasmids for wild-type
human punctin-1 or the N-glycosylation-defective punctin-1
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mutant N251Q (punctin-NQ), each having a C-terminal tan-
dem Myc and His, tag, were described previously (16). Site-
directed mutagenesis (QuikChange site-directed mutagenesis
kit, Stratagene, LaJolla, CA) was used to substitute Trp residues
of interest within likely motifs (Trp>®, Trp*®, Trp*?, Trp**°, and
Trp**®) with Ala or Phe. The primers used for mutagenesis are
available on request. The CHO cell mutants Lec15.2 or Lec35.1,
which lack Dol-P-Man synthase activity or the ability to utilize
Dol-P-Man, respectively (23, 29), were kindly provided by Dr.
Mark Lehrman, University of Texas Southwestern Medical
Center. These mutants, and CHO cells, were routinely grown
on tissue culture plastic in Ham’s F-12 medium supplemented
with 15 mm HEPES, pH 7.2, 2% fetal bovine serum, 8% calf
serum, and antibiotics. Transient transfections of HEK293
cells, CHO-K1 cells (both from ATCC, Manassas, VA), Lec15.2,
and Lec35.1 cells were done using FUuGENE 6 (Roche Diagnos-
tics) as per the manufacturer’s directions.

Metabolic Labeling, Autoradiography, and Immunoblotting—
CHO-K1 or Lec35.1 cells transiently transfected with punc-
tin-NQ were cultured in serum-free, low glucose (0.5 mm) Dul-
becco’s modified Eagle’s medium supplemented with 0.3 mm
L-proline and 30 mCi/ml p-[2,6-*H]mannose (23). After bio-
synthetic labeling for 18 h, the conditioned medium was col-
lected, and punctin-NQ was affinity-purified using Ni*" -agar-
ose as described previously (4). 80% of the sample was used for
reducing SDS-PAGE followed by gel autoradiography as
described previously (16) The remaining 20% was used for
reducing SDS-PAGE and Western blotting with anti-Myc anti-
body to ensure that punctin-1 was indeed affinity-isolated. For
quantitative comparison of cellular protein content and
secreted levels of punctin-NQ and Trp mutants, HEK293F or
CHO cells were co-transfected with the appropriate punctin-1
plasmid and the plasmid HIgG-pRKS5 for expression of the Fc
portion of human IgG (16). Following Western blotting with
anti-Myc polyclonal antibody (for punctin detection) and anti-
IgG, the levels of punctin-1 and IgG were determined by den-
sitometry. Punctin-1 levels normalized with respect to IgG
were used for comparative analysis as described previously (16).
Cellular levels of punctin-1 were similarly normalized to intra-
cellular glyceraldehyde-3-phosphate dehydrogenase.

Recombinant Protein and Mass Spectrometry—DPurification
of His-tagged wild-type punctin-1 using Ni*"-agarose was
described previously (4). Recombinant ADAMTS5 produced in
CHO cells and encompassing residues Ser**>-Glu’>® was a
kind gift from Dr. Elisabeth Morris at Wyeth Pharmaceuticals.
Purified proteins were subjected to in solution digest, adapted
from the method of Stone and Williams (30). Briefly, ~1 ug of
protein was precipitated with 4 volumes of acetone overnight at
—20 °C. Air-dried proteins were suspended in 10 ul of 8 M urea,
10 mM tris(2-carboxyethyl)phosphine, and 0.4 M di-ammonium
phosphate, pH 8.0, vortexed, and heated to 50 °C for 5 min.
Samples were alkylated by adding 100 mm iodoacetamide, 50
mM Tris-HCI, pH 8.0, vortexed, and incubated in the dark for 30
min. The urea was diluted to 2 M, and samples were incubated
overnight at 37 °C with 150 ng of trypsin. Digested samples
were acidified (with 7 ul of 5% formic acid), and particulates
were removed using a 0.22-um spin filter.
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A W3STACSSSCGGG

WHSSPCTVTCGQG

C-Mannosylation—Peptides that
differed in mass by 162 Da (for each
mannose) from predicted tryptic

W3DAW3GPW*2SECSRTCGGG

f# signal peptide
.Thrombospondin type 1 repeat
Cc Cysteine-rich module

[m Spacer module

f N-linked oligosaccharide

fragments that contained a WXXW
(WXXWXXW) motif, with or with-
out the consensus sequence for
O-fucosylation, were subjected to
MS/MS and/or MS/MS/MS. C-
Mannosylation of Trp is highly sta-
ble, so modification was confirmed

1 234
B Pulldown: Ni 2*resin
CHO-K1 Lec35.1
kDa UT pNQ UT pNQ
75—
Punctin-1— Fluorogram
50 —
75—
Punctin-1— IB: anti-myc
50 U—

FIGURE 1. Prediction of C-mannosylation and incorporation of radioactive mannose in punctin-1.
A, domain structure of punctin-1. The key to the various modules is shown in the box at right. The target
residues within recognition motifs for C-mannosylation and O-fucosylation within each TSR are underlined and
italicized, respectively. For these studies, the single N-glycosylation site was mutated (N251Q, this plasmid is
named punctin-NQ or pNQ) to prevent incorporation of mannose into the N-linked oligosaccharide. B, CHO-K1
and Lec 35.1 cells were transfected with pNQ, metabolically labeled with [2,6-*Hlmannose, and punctin-NQ
was affinity-isolated from the medium and analyzed as described under “Experimental Procedures.” UT indi-
cates untransfected cells (a negative control). The fluorogram, top panel, shows incorporation of [2,6-*HIman-
nose in the punctin-NQ secreted by CHO-K1 cells. Lec35.1 cells failed to add mannose to punctin-1. The bottom
panel is the corresponding Western blot using anti-Myc monoclonal antibody to illustrate that punctin-1 was
efficiently pulled down from both samples. Note the reduced level of punctin in medium from Lec35.1 cells

(compare with Fig. 3A). IB, immunoblot.

One- to 5-ul aliquots were analyzed by liquid chromatography/
tandem mass spectrometry using an Agilent 6340 ion-trap mass
spectrometer coupled to a nano-flow HPLC-CHIP system. Sam-
ples were separated using an Agilent (Zorbax 300SB) nano-CHIP
C18 column at a flow rate of 450 nl/min with a 25-min linear
gradient from 5 to 95% acetonitrile in 0.1% formic acid. Effluent
from the CHIP was sprayed directly into the mass spectrometer.
The drying gas (nitrogen) flow rate was 5 liters/min with a drying
gas temperature of 325 °C. The capillary voltage was maintained at
1800 V. Full MS scans (m1/z) 300-2200 were performed, and the
three most abundant ions in each spectrum were selected for col-
lision-induced dissociation (MS/MS).

O-Fucosylation—Peptides with O-fucose glycans were iden-
tified by neutral loss searches for the loss of glucose (hexose,
162 Da), fucose (deoxyhexose, 146 Da), or the sequential loss of
glucose-fucose (308 Da) as described previously (16). Peptides
identified as glycosylated by neutral loss were manually selected
in subsequent runs for MS/MS/MS, in which the most abun-
dantion from MS/MS (usually the unglycosylated parent ion) is
fragmented again, yielding high intensity b and y ions to match
the predicted fragmentation of unglycosylated parent peptides.
The mass of unglycosylated peptides was matched to predicted
tryptic peptides which contain the consensus sequence
C'X, 5(S/T)C*XXG.

30006 JOURNAL OF BIOLOGICAL CHEMISTRY

by both identification of b and y ions
where Trp residues may have the
additional 162 Da, but also by loss of
120 Da in MS/MS spectra, a charac-
teristic cross-ring fragmentation
product of aromatic C-glycosides,
as well as loss of water molecules
(31).

RESULTS

Incorporation of Mannose during
Biosynthesis of Punctin-1—On ex-
amination of the sequences of the
four TSRs present in the short form
of punctin-1, we noticed that TSR1
contained the classic consensus
sequence WXXW for C-mannosyla-
tion in tandem (Fig. 1A). TSR3 and
TSR4 each contain a Trp residue
with a Cys residue at the +3 posi-
tion (Fig. 14). TSR2 does not con-
tain either the WXXW consensus
sequence for C-mannosylation nor
the WXXC variant motif present in
TSR3 and TSR4. Analysis of human punctin-1 (GenBank™
accession number AF176313) at the NetCGLyc 1.0 server pre-
dicted that Trp®® and Trp*? in TSR1 and Trp**® in TSR4 were
likely to be modified (see Table 1). Surprisingly, in contrast to
the predicted modification of ***WSPC, modification of the
385WTAC motifin TSR3 was not predicted. TSR1 contains tan-
dem consensus C-mannosylation sequences, i.e. Trp*®-Asp-
Trp*°-Gly-Pro-Trp*?-Ser-Glu-Cys, such that Trp®®, Trp®’, or
Trp*? could each serve as the target residue for C-mannosyla-
tion, and Trp>® or Trp** could be the +3 residue for modi-
fication of Trp®® and Trp®’, respectively.

N251Q punctin-1 (punctin-NQ) was used for biosynthetic
analysis because this mutation eliminates the possibility of
incorporation of mannose into the single N-linked oligosaccha-
ride present in punctin-1 (4) (Fig. 1A), and thus reports exclu-
sively the incorporation of radiolabeled mannose at other sites.
This N-glycan-deficient mutant is secreted at a lower level than
wild-type punctin-1 but is nevertheless stable and is readily
detected by Western blot in conditioned medium of transfected
cells using anti-Myc monoclonal antibody (16). Affinity purifi-
cation of punctin-NQ was done using the medium of metabol-
ically labeled control CHO-K1 or mutant CHO cells that can-
not utilize Dol-P-Man (Lec35.1) (29). This demonstrated
incorporation of p-[2,6->H]mannose in punctin-NQ secreted
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TABLE 1
Predicted C-mannosylation sites? in the ADAMTS superfamily

Predicted modified residues and WKTGDW™®'STCSSTC
location™* ADAMTSI18 | W"SSCSROQYLKKF
ADAMTSI1 W*GMW**GPW>*>*GDCSRTC W¥'SAW > SKW*’SECSRTC
ADAMTS2 W*SSRCSQQEL W*SIDWPGEFPF
W**GAW > ’SPFGSCSRTC WSLGPW*”’SQCSKTC
W’*EPCSQTC ADAMTSI19 | W*SLW*?SPCSRTC
W?SQCSVTIC WMMTEW*TPCSRTC
ADAMTS3 W*’SRCSGQELKRYI WRMGDW'**SKCSITC
W*SECSVTC ADAMTS20 | W**SNCSRKYVTE
ADAMTS4 W**SPCSARFIT W*¥GPW’*EPYSSCSRTC
WGPW**GPW**GDCSRTC WAASEW '®'SECLV TC
ADAMTSS5 W*” WRRRRRSIS WQVGPW!'*GPCTTTC
W*SKCTSATIT ADAMTSL] | WDAW *GPW*SECSRTC
WGSW *GSW**GQCSRSC long form WLAQEW**SPCTVTC
W*LACSRTC W3SACTVTC
ADAMTS6 W*SACSRDYITS WEIGKW®*SPCSLTC
WGPW*SLW ** GECSRTC WAFSSW '"“*GQCNGPC
WVTGDW'*’GQCSAQC ADAMTSL2 | WETSSW™SECSRTC
ADAMTS7 W*SSRCSRQYITR WYTSPW’'SECTKTC
WSGW*SAW *’SICSRSC ADAMTSL3 | WDAW**GDW*SDCSRTC
W!'"SQCSVTCGEG W*SSRCSGQELKR
WVVGPW!?GQCSAPC WIAMEW**SQCTVTC
ADAMTSS8 WAPW ***GPW>*GECSRTC W 2SACSTTIC
WVLGDW?®*?SECSSTC WHVGSW"'"GPCSATC
ADAMTS9 | W?'GSW**SPFGTCSRTC W’SKCSVSC
WQAGPW!""*VQCSVTC WKTGPW’SECSVTC
WKALDW'SSCSVTC WEPGNW'*?SHCSATC
WRTGPW **"GACSSTC WFTSVW*'SQCSVSC
ADAMTS10 | WGPW™TPW™GDCSRTC ADAMTSL4 | WGPWVQW>ASCSQPC
ADAMTSI2 | WGRW ® SPW='SHCSRTC WEVGSPW**SQCSVRC
WQYGHW?*?TECSVTC ADAMTSL5 | WTPW*VSWTRCSSSC
WWAGEW **EACSATC Papilin WGPW?**SQW*SPCSRTC
WIVGNW'"2!'SECSTTC WSHGSW**SDCSAEC
CGLGAYW" ¥KRVEC
ADAMTS13 | W**SSW***GPRSPCSRSC
W' DRCQVC
ADAMTSI14 | WWPGRVG
W*SSRCSKLEL
WPSSWSTKFGSCSRSC
W’SQCSATC
WVAGEW ""GECSAQC
ADAMTSI15 | W**SACSAAIITDF
WVAGSW **GPCSASC
ADAMTSI16 | W'SPCSRQYLHK
W*¥SDW*? SSW**SPCSRTC
WSVGNW”*SACSRTC
W AECSHTC
ADAMTS17 | WSPW>*GAW>**SMCSRTC
WVAGPW *°SPCSATC

“ The full-length human reference ADAMTS sequences from GenBank™™ were analyzed at the NetCGly 1.0 server for prediction of C-mannosylation sites. For prediction of
O-fucosylation sites in the same peptide, the consensus sequence C'X,_5(S/T)C? XXG was utilized.
® The sequence context in which the predicted modified Trp residue occurs is provided, and the residue with predicted modification is numbered. Ser/Thr residues predicted to

be O-fucosylated based on the consensus sequence CXX(S/T)C are underlined.

¢ Sequences containing predicted C-mannosylation sites that are not within TSRs are shown in italics.

OCTOBER 30, 2009+VOLUME 284 -NUMBER 44

JOURNAL OF BIOLOGICAL CHEMISTRY 30007



C-Mannosylation of Punctin
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FIGURE 2—continued

y-ions

from CHO-K1 cells but not from Lec35.1 cells, despite success-
ful isolation of punctin-NQ from the medium of both cell types
(Fig. 1B). These data strongly suggested that mannose is incor-
porated into punctin-1 at one or more sites independent of
N-glycosylation.

Identification of the Mannose Attachment Sites and Linkages
on Punctin-1 and ADAMTSS5 Using MS—For analysis by mass
spectrometry, punctin-1 was purified by nickel-Sepharose

chromatography, digested with trypsin, and subjected to liquid
chromatography/tandem mass spectrometry. Analysis of tryp-
tic peptides from recombinant human punctin-1 by MS identi-
fied an ion with m/z = 892.5 (Fig. 24, MS). This ion was con-
sistent with the mass of the triply charged form of the peptide
*EEDRDGLWDAWGPWSECSR" derived from TSR1 and
modified by two mannose residues. MS? fragmentation of this
peptide showed characteristic cross-ring cleavage of C-man-

FIGURE 2. TSR1 of punctin-1 is modified with C-mannose and a fucose-glucose disaccharide. A, top panel, MS spectrum at 7 min of an HPLC run. The ion
at m/z 892.5 corresponds to the triply charged form of the glycopeptide defined as M. Bottom panel, MS/MS spectrum of m/z 892.5 from the top panel.
Cross-ring cleavage product from C-mannosylation is indicated by —40 (loss of 120 Da from triply charged ion). Two such losses are observed, consistent with
the presence of two C-mannosylated Trp residues. Loss of water molecules (also characteristic of C-mannose fragmentation (31) is indicated with an asterisk.
Fragment ions resulting from cleavage of peptide bonds (b and y ions) are indicated, confirming the identity of the peptide and the location of C-mannoses on
both Trp3® and Trp*2. C-Mannosylated Trp is indicated by W#. B, top panel, MS spectrum at 7 min of an HPLC run. The major ion, m/z 1008.2, corresponds to the
quadruply charged form of the glycopeptide defined as M. Middle panel, MS/MS spectrum of m/z 1008.2 from the top panel. Major ions representing the
sequential loss of a hexose (M + 4H-Hex) and deoxyhexose (M + 4H-Hex-dHex) from the parent ion (M + 4H) are indicated. Cross-ring cleavage product from
C-mannosylation is indicated by —30 (loss of 120 Da from quadruply charged ion). Bottom panel, MS/MS/MS of the peptide without the hexose and deoxy-
hexose (M + 4H-Hex-dHex) provides b and y ions verifying the identity of the peptide and presence of C-mannoses on Trp*® and Trp*2. C-Mannosylated Trp is
indicated by W# and O-fucosylation site by underlining. C, TSR1 of punctin-1 can be modified with one C-mannose and an O-fucose disaccharide. Top panel, MS
spectrum at 7.6 min of an HPLC run. The ion m/z 967.4 corresponds to the quadruply charged form of the glycopeptide defined as M. Middle panel, MS/MS
spectrum of m/z 967.4 from the top panel. Major ions representing the sequential loss of a hexose (M + 4H-Hex) and deoxyhexose (M + 4H-Hex-dHex) from the
parention (M + 4H) are indicated. Cross-ring cleavage product from C-mannosylation is indicated by —30 (loss of 120 Da from quadruply charged ion). Bottom
panel, MS/MS/MS of the peptide without the hexose and deoxyhexose (M + 4H-Hex-dHex) provides b and y ions verifying the identity of the peptide and the
presence of C-mannose on Trp3°. C-Mannosylated Trp is indicated by W#, and O-fucosylation site by underlining.

OCTOBER 30, 2009+VOLUME 284-NUMBER 44  YASHMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 30009



C-Mannosylation of Punctin

TABLE 2
C-Mannosylated peptides from ADAMTSL1 and ADAMTS5

# indicates mapped sites of C-mannosylation. Underlined S or T indicates sites of O-fucosylation. NA means not applicable.

[M + HJ]* [M+ HJ]" Predicted

Protein Glycopeptides identified of parent of product [M + H]* Parent-product
ADAMTSLI1 TSR1, ?EEDRDGLWDAW#GPW#SECSR*” + Man + Man 2676.4 NA 2767.59 NA
TSR1, EEDRDGLWDAW#GPW#SECSRTCGGGAANSLR®® + Fuc-Glc + Man + Man ~ 4030.2 3721.0 3721.6 309.2
TSR1, EEDRDGLWDAW#GPWSECSRTCGGGAANSLR®® + Fuc-Glc + Man 3868.2 3558.6 3559.6 309.6
ADAMTS5 TSR1, **°YYSTSSHGNWGSW#GSW#GQCSRSCGGGVQFAYR?*! 4268.52 3958.2 3959.2 310.3

+ Fuc-Glc + Man + Man

nose, resulting in sequential losses of 120 Da (40 Da for a triply
charged peptide), supporting the presence of two C-mannose
residues on this peptide (Fig. 24, MS/MS). Multiple losses of
water molecules (indicated by *) are also consistent with the
presence of C-mannose (31). In addition, a series of y ions
clearly reveals the presence of C-mannose on Trp*® and Trp**.
In contrast, the b10 ion demonstrates Trp>® is unmodified.
These data support C-mannosylation of Trp®>® and Trp** but
not Trp>°.

Another peptide containing these C-mannosylated Trp res-
idues resulting from incomplete trypsin digestion was also
detected (Fig. 2B, MS). This peptide (m/z = 1008.2) also con-
tains the predicted O-fucosylation site in TSR1. MS/MS frag-
mentation of this peptide showed sequential loss of glucose
(m/z 967.5) and fucose (m/z 931.0) (Fig. 2B, MS?), confirming
the presence of the glucose-fucose disaccharide. A major ion
characteristic of the cross-ring cleavage of a C-mannose on Trp
was also observed (—30, MS/MS, Fig. 2B). MS® fragmentation
of the m/z 931.0 ion provided sufficient sequence information
to confirm the C-mannose modifications on Trp*® and Trp*?,
as shown above (MS/MS/MS, Fig. 2B), although the fragmen-
tation pattern is more complicated because of the larger size of
the parent ion. The same peptide modified with a single man-
nose on Trp®® and the glucose-fucose disaccharide was also
identified (Table 2 and Fig. 2C), but no forms of this peptide
lacking either mannose or O-fucose were found, suggesting that
both modifications on this peptide occur at high levels of
stoichiometry.

Identification of C-Mannosylation and O-Fucosylation in
ADAMTS5—Analysis of the entire ADAMTS superfamily
using the NetCGlyc 1.0 server predicted that each ADAMTS
protease and each ADAMTS-like protein was likely to contain
at least one modified Trp (Table 1). The majority of predicted
sites were in TSR1 of the respective family members (Table 1).
Accordingly, to extend the analysis of punctin-1 to additional
members, we undertook MS analysis of recombinant
ADAMTSS5 as for punctin-1. We specifically asked whether
like punctin-1, ADAMTSS5 also contained C-mannosylation
and O-fucosylation in TSR1. These experiments identified a
peptide from TSR1 of ADAMTS5 modified with two C-man-
noses and the glucose-fucose disaccharide (Table 2 and Fig.
3). Although the primary structure of ADAMTS5 predicts
two TSRs (Table 1), recombinant ADAMTS5 frequently
undergoes C-terminal processing that results in loss of
TSR2, which was not present in the recombinant prepara-
tion used for this analysis.

Effect of Lack of C-Mannosylation on Punctin-1 Secretion—
We investigated the consequence of inhibiting C-mannosyla-
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tion of punctin-NQ using CHO-K1 variants, Lec15.2 and
Lec35.1, and compared the levels of protein in the conditioned
medium to that in parental CHO cells. Quantitation of secreted
punctin-NQ was done in relation to the level of secreted co-
transfected IgG. The punctin-NQ levels so normalized showed
a statistically significant reduction of levels in medium from
Lec35.1 cells but not in medium from Lec15.2 cells (Fig. 4A).
Quantitative comparison also suggested accumulation of punc-
tin-NQ intracellularly in Lec15.2 and Lec35.1 cells, but this was
statistically significant only in Lec35.1 cells (Fig. 4B). Because
we had previously shown that O-fucosylation led to decreased
secretion, and because the O-fucosylation consensus sequences
were intact in the expressed punctin-NQ, we asked whether
supplementation with exogenous L-fucose (to ensure no defi-
ciencies in GDP-fucose levels exist in these cells) would modify
the secretion defect in Lec15.2 and Lec35.1 cells. However, the
relative levels of punctin-NQ in the medium of CHO, Lec15.2,
and Lec35.1 cells were unaffected by L-fucose supplementation
(Fig. 4C).

Site-directed Mutagenesis Suggests a Possible Dual Role for
Trp Residues in Punctin-1—In a previously reported analysis of
O-fucosylation of punctin-1, mutagenesis of the modified Ser
or Thr residues demonstrated that O-fucosylation was essential
for secretion (16). A similar approach for analysis of C-manno-
sylation required consideration of the three-dimensional struc-
ture of TSR2 and TSR3 from thrombospondin-1, which had
suggested that Trp residues at the N terminus of TSRs have a
structural role through stacking with arginine residues present
in the anti-parallel B-strand (32). The mutagenesis strategy
used was therefore designed to minimize the potential struc-
tural consequences of mutating the Trp residues in the TSRs. In
initial analysis, we replaced Trp®®, Trp®°, Trp*?, Trp®**, and
Trp**® in punctin-NQ individually with Ala. Each is the target
Trp residue within a possible (Trp*®, Trp**®, and Trp**®) or
experimentally determined (Trp®** and Trp*?) C-mannosyla-
tion consensus sequence. In our previous analysis of punctin-1
O-fucosylation, we demonstrated that the peptides containing
Trp**° and Trp**® are O-fucosylated (16), but we did not obtain
any experimental evidence supporting C-mannosylation of
these Trp residues.

Punctin-NQ with and without the specific Trp mutations
was expressed in two cell lines, CHO and HEK293, to determine
the consequence of the mutation for protein secretion and to
elucidate the possible influence of cell- and species-specific
effects. In HEK293F cells, W36A punctin-NQ showed a small
but statistically significant reduction of secretion (Fig. 5, A and
B), whereas W39A punctin-NQ and W42A punctin-NQ were
not detectable in the medium, and therefore were not formally
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FIGURE 3. TSR1 of ADAMTSS5 is modified with two C-mannoses and an O-fucose disaccharide. Top panel, MS spectrum at 6.9 min of an HPLC run. The ion
m/z 1067.5 corresponds to the quadruply charged form of the glycopeptide defined as M. Middle panel, MS? spectrum of m/z 1067.5 from the top panel. Major
ions representing the sequential loss of a hexose (M + 4H-Hex) and deoxyhexose (M + 4H-Hex-dHex) from the parent ion (M + 4H) are indicated. Cross-ring
cleavage product from C-mannosylation is indicated by —30 (loss of 120 Da from quadruply charged ion). Bottom panel, MS® of the peptide without the hexose

and deoxyhexose (M + 4H-Hex-dHex) provides b and y ions verifying the identity of the peptide and the presence of C-mannoses on Trp
C-Mannosylated Trp is indicated by W# and O-fucosylation site by underlining.

quantitated (Fig. 5A4). The levels of both W385A punctin-NQ
and W445A punctin-NQ in conditioned medium were reduced
(Fig. 5, A and B). Analysis of cellular levels of punctin-NQ and
the Trp mutants demonstrated that there was an elevated
cellular content of each mutant (Fig. 4C). In addition, lysates
of cells expressing W36A, W39A, and W42A, and to a lesser
extent W385A but not W445A or pNQ, showed the presence
of molecular species of higher than the expected mass (Fig.
5C), suggesting the formation of aberrant complexes. The
molecular mass observed for the putative complexes, 120
and 180 kDa, corresponds to the expected mass of punctin
dimers and trimers, although we cannot exclude the possi-
bility that these molecular species could represent punctin-1
complexed with another protein. Similar results were
observed when the same mutants were transfected in
CHO-K1 cells. Specifically, in CHO-K1 cells, there was a
modest reduction of secretion of W36A and W42A, whereas
there was statistically significant reduction of secretion of
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312 and Trp3'®.

W39A and W385A with corresponding increases in cellular
levels (data not shown). Overall, secretion of the mutants in
CHO cells showed a similar trend as in HEK293F cells, but
with a milder effect, indicating that effects of mutagenesis
were dependent on the cell type used for the experiments.
Because HEK293F cells showed a more severe effect on the
punctin-NQ Trp substitutions, we used this cell line for fur-
ther analysis.

We interpreted the results of this set of Ala for Trp substitu-
tions as suggesting that mutation of Trp*® and Trp** had severe
consequences because these residues were themselves manno-
sylated, with Trp*? also serving as the +3 residue for mannosy-
lation at Trp>°, constituting in effect a double knock-out of
C-mannosylation. However, an alternative interpretation was
that structural consequences of W39A and W42A, i.e. lack of
structural stability resulting from absence of the Trp aromatic
side chain, could underlie the observed effect. Therefore, Ala
substitution might be potentially unable to distinguish between
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FIGURE 4. Expression of N251Q-substituted punctin-1 (pNQ) in CHO-K1, Lec15.2 and Lec35.1 cells.
A, Western blot analysis (left-hand panel) and quantitation by densitometry (right-hand panel) show that the
level of punctin-1 in the medium from Lec35.1 cells normalized to secreted IgG was significantly lower than
that from CHO-K1 cells (right-hand panel, two-tailed Student t test, n = 8). B, amount of punctin-1 relative to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) detected in the Lec 35.1 cells by Western blotting (left-
hand panel) was significantly higher than that in the CHO-K1 cells (right-hand panel, n = 8). The changes
observed in Lec15.2 cells were not statistically significant (n = 8), although they followed the same trend as in
Lec35.1 cells. Human IgG was used as a control for transfection and secretion efficiency and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as a control for cell numbers. C, secretion efficiency of punctin-NQ in
Lec15.2 cells, Lec35.1 cells, and CHO-K1 cells was compared in the absence (left-hand panel) or presence
(right-hand panel) of supplemental L-fucose. The relative levels of punctin-NQ in the medium were unaffected

by L-fucose supplementation.

the effects of C-mannosylation deficiency or the effects of
structural perturbation.

It was previously shown that substitution of Ala for Trp at
the +3 position in the WXXW consensus position of RNase
2 abolished C-mannosylation, whereas substitution of Phe
for this Trp residue partially allowed the C-mannosylation of
RNase 2 (up to 23%) (22). Phe has not, however, been reported
to be a substrate for the putative mannosyltransferase. In view
of this and because Phe substitution for Trp constitutes a struc-
turally conservative substitution for Trp (both residues have an
aromatic side chain), we undertook substitution with Phe. We
substituted Trp>® and Trp** with Phe because Ala substitution
of these residues, which were shown to be modified by C-man-
nosylation, abolished punctin-1 secretion. We also substituted
Phe for Trp®, because Ala substitution had a more severe
effect on this residue than Trp**® (Fig. 5). Phe for Trp at posi-
tion 385 (i.e. ***FTAC, which contains no Trp residues, and
cannot be C-mannosylated) rescued the secretion defect
observed in W385A punctin-NQ, whereas W39F punctin-NQ
and W42F punctin-NQ were not detected in the medium (Fig.
6, A and B). However, we did not detect significant differences
in the cellular levels (Fig. 6C). These results suggested that
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cross-ring cleavage of the C-man-
nose, indicated C-mannosylation of
Trp*® and Trp*?, but not Trp*® in
punctin-1. Thus, the consensus
sequence by itself does not ensure a
100% likelihood of C-mannosyla-
tion, which may be influenced by
other sequence determinants or by
the presence of adjacent C-manno-
sylation or other modifications, as
previously proposed (13). The
experimental observations for TSR1
matched the predictions of the
NetCGlyc 1.0 server (Table 1), but
we have not obtained evidence in support of the predicted mod-
ification of punctin-1 at Trp**® in TSR4 (see Table 1 of Wang et
al. (16)). Consensus sites for C-mannosylation are present in
every member of the ADAMTS superfamily (Table 1). The
majority of predicted sites in the ADAMTS-superfamily are in
TSR1, consistent with the remarkable conservation of this TSR
within the family, and its close resemblance to the TSRs of
thrombospondins. This was supported by MS analysis of
ADAMTSS5, which also had C-mannosylation in TSR1.
Identification of C-mannosylation within the **WSEC motif
in TSR1 indicates that Trp*? serves as both a recipient and +3
residue in the context of C-mannosylation. Trp>* is followed by
an Asp residue, which is rarely found at the +2 position of the
C-mannosylation sequences (28) and may explain the lack of
C-mannosylation of this residue. The lack of mannosylation of
Trp®*® and Trp**® despite the presence of a +3 Cys residue (28)
is not currently explained. Notably, both of these residues are
preceded by another Trp, which occurs five residues upstream
and therefore does not constitute a WXXW motif. Indeed,
although the WXXW motif is consistently seen in TSR1 of
members of the ADAMTS superfamily, downstream TSRs fre-
quently contain a WXXXW motif preceding the WXXC motif,

VOLUME 284 -NUMBER 44 -OCTOBER 30, 2009



C-Mannosylation of Punctin

A ant reports exclusively the effect of
W36A W39A W42A pNQ W385A W445A kDa C-mannosylation. The demonstra-
150 - —150 tion of tritiated mannose incorpora-
100 — —100 tion into punctin-NQ, taken
Lo «— punctin-1 — » together with the unequivocal dem-
50 — — 50 onstration of C-linkage of mannose
57— —37 to Trp residues witbin the appropri-
«~— lgG¢ — ate consensus motifs, strongly sug-
gests that the observed effect in the
P=0.05 Lec variants are a consequence of
: the lack of C-mannosylation. Our
400 12 1 P=0.009 i k showed that interf
- P=0.006 previous work showed that interfer-
- ¢ ence with O-fucosylation also
6.00 - ) 0.8 .
2 b reduced secretion levels (16). The
T 4.00 - E modifying enzyme, POFUT2, as
e . g 0.4 1 well as the related enzyme POFUT]1,
g% . which adds fucose to epidermal
0.00 - 0.0 - - growth factor-like repeats, are
pNQ W36A pNQ W385A W445A believed to play roles in quality con-
c trol during biosynthesis of their tar-
W36A W39A pNQ  W42A PNQ  W385A WA445A get proteins. Such a role is also fea-
kDa kDa sible for the putative protein
150 — € 3 —150  C-mannosyltransferase and can be
100 — —100 . .
tested once this enzyme is cloned.
75— —75 AR
C-Mannosylation is likely to be a
<— punctin-1 —* . .
50 — —50 co-translational process because it
can occur on unfolded peptides and
37 = +<— GAPDH — —37

FIGURE 5. Ala substitution of specific Trp residues in punctin-1 interferes with secretion. A and B, Western
blots of conditioned medium (A) from transfected HEK293F cells and quantitative analysis of the punctin levels
in the medium normalized to secreted IgG (B). The levels of secreted protein obtained following transfection of
the various Trp mutants were compared with the levels of punctin-1 NQ. W39A- and W42A-substituted punc-
tin-1 are undetectable in medium. There is statistically significant reduction of W36A-, W385A-, and W445A-
substituted punctin-NQ (n = 5). C, Western blot analysis of the corresponding cell lysate shows an increase in
intracellular levels of all mutants relative to punctin-NQ. Note that Ala substitution of Trp>°, Trp3°, Trp*?
Trp®° led to formation of intracellular dimers and trimers (small arrows). GAPDH, glyceraldehyde-3-phosphate

dehydrogenase.

if present. The lack of conservation of WXXW in downstream
TSRs is suggestive of low evolutionary pressure to retain
C-mannosylation in the C-terminal TSRs.

Functional analysis of C-mannosylation is limited at the
present time because the responsible C-mannosyltrans-
ferase has not yet been identified. Thus, specific tools such as
inhibitory RNA, gene knock-out, and chemical inhibitors are
not yet available, and the consequences of an organism-wide
lack of C-mannosylation are not known. However, a potential
role of C-mannosylation in regulation of punctin-1 secretion
was investigated by expression in Lecl5.2 and Lec35.1 cells.
These cells are expected to have reduction of all modifications
that depend on Dol-P-Man, such as N-glycosylation, glyco-
sylphosphatidylinositol-anchor formation, and O-mannosyla-
tion (23, 29). By using the punctin-NQ mutant, possible inter-
ference with N-glycosylation was eliminated. Other types of
mannosylation are not predicted to occur on Punctin-1. Punc-
tin-1 does not have a C-terminal signal anchor sequence for
glycosylphosphatidylinositol linkage (4), and O-mannosylation
typically occurs in mucin-type domains (33) that punctin-1
lacks. Thus, it is likely that expression of the punctin-NQ vari-

OCTOBER 30, 2009+VOLUME 284 -NUMBER 44

polypeptides (22), whereas O-fuco-
sylation of TSRs requires prior pro-
tein folding (17). The C-mannosyla-
tion motif WXXW is consistently
present in TSR1, the most N-termi-
nal independently folding module
in the ADAMTS-like proteins,
indeed it is the most N-terminal gly-
cosylation motif present in punc-
tin-1 and other ADAMTS-like pro-
teins. The fact that the peptide with C-mannose on Trp®®, but
not Trp*?, is still O-fucosylated (Table 2) suggests that C-man-
nosylation of Trp42 is not necessary for O-fucosylation. Further
work will need to be done to determine whether complete loss
of C-mannosylation affects addition of O-fucose. To rule out
any defect in GDP-fucose biosynthesis in the Lec35.1 cells, we
showed that supplementation of medium with L-fucose did not
alter the secretion efficiency in these cells. We conclude that
lack of C-mannosylation deficiency likely compromises protein
folding, which in turn restricts secretion efficiency.

There are no naturally occurring or engineered mutations
reported in the C-mannosylation consensus sequences in the
ADAMTS superfamily, which motivated us to undertake sub-
stitution of Trp residues in punctin-NQ with Ala and Phe. In
two instances of experimentally determined C-mannosylation
in TSRs, W is reportedly replaced with Phe or Tyr (22), with
C-mannosylation occurring at W2, In addition, a detailed
analysis of C-mannosylation of RNase 2 demonstrated that the
Trp at position +3 could be replaced with Phe, with C-manno-
sylation occurring at W°, albeit with a 3-fold decrease in mod-
ification (22, 28). In contrast, Ala is not acceptable at either

,and
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quantitation of secretion, because it is
secreted efficiently from cells and it is
relatively  protease  insensitive.
Indeed, the ADAMTS5 preparation
used here had lost the TSR2 by pro-
teolysis. Punctin-1 contains only
one N-linked oligosaccharide,
which we mutated in punctin-1 NQ,
and unlike many ADAMTS pro-
teins only four TSRs, thus facilitat-
ing analysis by mutagenesis and
mass spectrometry. ADAMTS5
contains several N-linked oligosac-
charide attachment sites (1, 34). The
functional implications of C-man-
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FIGURE 6. Phe substitution of Trp®® and Trp*? but not Trp>° interferes with secretion. A and B, Western
blots of conditioned medium (A) from transfected HEK293F cells and quantitative analysis of the punctin levels
in the medium normalized to secreted IgG (B). The levels of secreted protein obtained following transfection of
the various punctin-1 mutants (n = 5) were compared with the levels of punctin-1 NQ. Similar to W39A and
W42A and W39F and W42F were either undetectable in conditioned medium (W39F) or barely detectable
(WA42F), whereas in contrast to W385A, the level of W385F in the medium was comparable with that of punc-
tin-1 NQ. G, in the cell lysate there was no significant change in the level of any of the Phe substitutions of
punctin-NQ, and none of the Phe substitutions showed the formation of intracellular complexes. GAPDH,

glyceraldehyde-3-phosphate dehydrogenase.

WO or the +3 positions (13, 22). Consistent with these obser-
vations, we observed that Ala substitutions had a drastic
effect on punctin-NQ secretion, but whether this was
because of abolishing C-mannosylation, structural effects, or
a combination of both was unclear. We observed that the
effect of substituting an unconserved residue (Ala) for Trp
was reduced or eliminated altogether at Trp®*® by the use of
Phe, which we attributed a structural rescue, because Trp>*°
is not modified. However, Phe substitution did not improve
secretion of the Ala-substituted Trp®® or Trp*? punctin-NQ,
suggesting that C-mannosylation of these residues may be
critical for secretion of punctin. In this regard, it was intrigu-
ing that we identified a peptide from secreted punctin-1
lacking C-mannosylation at Trp*? (Table 2), yet mutagenesis
at this residue eliminated secretion. One possible explana-
tion is that this mutation eliminated C-mannosylation at
both Trp®** and Trp*>. However, because mutagenesis of
either residue clearly had a more dramatic effect than
expression in Lec35.1 cells, the probability that Trp has a
structural role at positions 39 and 42 is quite high.
Punctin-1 was chosen for the present analysis in preference to
ADAMTSS for several reasons. Its smaller size relative to other
ADAMTS superfamily proteins, such as ADAMTS5, makes it
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The identification of the glucose-
fucose disaccharide on TSR1 of punc-
tin-1 (and ADAMTS5) also resolves a
question regarding whether the pres-
ence of a positively charged amino
acid (Lys, Arg) at the —1 position of
the O-fucose glycosylation site
(CX2X"Y(S/T)CXXG) inhibits
O-fucosylation. No O-fucose had
previously been detected on TSRs
with a positive charge in this posi-
tion (16). In our previous analysis
of punctin-1 (16), we were unable
to confirm the presence of O-fu-
cose on TSR1. Here we have con-
firmed the presence of the Glc-Fuc disaccharide on peptides
from TSR1 of both Punctin-1 and ADAMTS5 (Table 2), both
of which have an Arg residue in the —1 position. No unmod-
ified forms of these peptides were detected, suggesting that
the presence of the Arg has no effect on the efficiency of
O-fucosylation. The finding is significant, because with the
exception of ADAMTSL4 and ADAMTSL5 (which have Pro
and Ser at this position, respectively), all members of the
ADAMTS superfamily have a positively charged residue at
this position in TSR1.

In future studies it will be important to extend the present
analysis to other members of the ADAMTS superfamily and
determine the functional role of C-mannosylation through
analysis of the consequences for proteolytic activity and inter-
molecular interactions. Such studies will be facilitated by the
fundamental observations made here using punctin-1 as a pro-
totype for the superfamily, but they are conditional upon iden-
tification of the mannosyltransferase, so that such effects can be
studied by specifically suppressing its activity rather than by
mutagenesis.

3D.R.McCulloch and S. S. Apte, unpublished data.
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