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The uncovering enzyme (UCE) removes N-acetylglucosamine from lysosomal enzymes to uncover the mannose 6-
phosphate (Man-6-P) determinant necessary for targeting these enzymes to lysosomes. Failure to create the Man-6-P
determinant is one cause of lysosomal storage diseases. Despite its medical importance, little structural information
about UCE is available. In this report we have developed a model for the membrane proximal portion of the lumenal do-
main of UCE based on the structure of the EFG-3 and -4 domains of the extracellular segment of the beta chain of integrin
αVβ3. In this model the EGF-like domains of UCE (residues 285–345) are predicted to form a rod-shaped stalk region,
similar to the stem region in Golgi glycosyltransferases. This stalk causes the proposed catalytic domain (residues 1–277)
to be extended away from the Golgi membrane. A portion of the proposed catalytic domain (residues 85-256) resides in
Cluster of Orthologous Group (COG) 4632 with four bacterial proteins but is not homologous to any known eukaryotic
proteins. Thus, UCE may have evolved from the fusion of a unique catalytic domain with a common EGF-like stalk domain.
We have determined by mass spectrometry that the four disulfide bonds of the proposed catalytic domain are located
between Cys2–Cys172, Cys66–Cys99, Cys83–Cys274, and Cys258–Cys265. Finally, we determined that four of the six potential
N-linked glycosylation sites are glycosylated (Asn 159, Asn 165, Asn 247, and Asn 317) in COS cells.
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Keywords: disulfide bonds, mannose 6-phosphate, mass spectrometry, uncovering enzyme

Abbreviations: Man-6-P: mannose 6-phosphate; MPRs: mannose 6-phosphate receptors; TGN: trans-Golgi network; UCE:
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Introduction

Mannose 6-phosphate (Man-6-P) acts as a recognition signal for
targeting lysosomal hydrolases to the lysosomes [1]. Two en-
zymes catalyze biosynthesis of the Man-6-P determinant. The
first enzyme is N -acetylglucosamine-1-phosphotransferase,
which adds N -acetylglucosamine-phosphate to the C-6
hydroxyl group on selected mannose residues of lyso-
somal hydrolases to produce GlcNAc-P-Man. The sec-
ond enzyme is N -acetylglucosamine-1-phosphodiester α-
N -acetylglucosaminidase, the so-called uncovering enzyme
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(UCE), which catalyzes removal of the GlcNAc to expose Man-
6-P. Recognition of Man-6-P by either of two Man-6-P receptors
(MPRs) results in targeting and delivery of the lysosomal hy-
drolases to lysosomes [2]. Because UCE generates the Man-6-P
moiety responsible for high affinity binding of these hydrolases
to MPRs, UCE has an essential role in lysosomal enzyme tar-
geting.

Despite its functional importance, little structural informa-
tion is available about UCE. Cloned human UCE encodes a 515
amino acid, type I membrane glycoprotein that contains 28 cys-
teines and 6 potential N-linked glycosylation sites [3]. In this
study we created a molecular model of the cysteine-rich, mem-
brane proximal region. We also utilized mass spectrometric
analysis of a soluble form of UCE to identify the disulfide bonds
of the proposed catalytic domain and to determine the glycosy-
lation status of the potential N-linked glycosylation sites.
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Materials and methods

Uncovering enzyme (UCE)

The cDNA encoding full length human UCE (Swiss
Prot/TrEMBL accession #Q9UK23) [3] was modified in order
to replace the transmembrane and cytoplasmic domains with the
HPC4 epitope [4,5]. The resultant soluble form of UCE was ex-
pressed in COS cells and purified by affinity chromatography
on an HPC4 monoclonal antibody column [5,6]. This purified
UCE was a generous gift from Dr. William Canfield, Genzyme
Corporation.

Modeling

The sequence of the soluble form of UCE was blasted against
the PDB database at http://dove.embl-heidelberg.de. The high-
est scoring segment pair was for the crystal structure of the
extracellular segment of integrin αVβ3 (P =1.13e-06; PDB
accession code 1JV2). The alignment was used to generate a
homology model using MODELLER 6.2 [7].

Liquid chromatography/electrospray ionization-tandem
mass spectrometry

A sample of UCE (0.62 nmol) was treated with excess N -
ethylmaleimide in 8 M urea and 0.1 M Tris-HCl buffer pH6.4
and incubated for 60 min at room temperature. Y30 Micro-
con (Millipore) was used to remove the urea and the N -
ethylmaleimide. Oligosaccharides were released from UCE by
treating with PNGase F (Calbiochem) in 50 mM NH4HCO3,
pH 7.5 overnight at 37◦C. Trypsin digestion overnight at 37◦C
was followed by chromatography on a capillary C18 column
(90 mm × 75 um i.d.; Nucleosil, 5 um particle size). A Finni-
gan LCQ ion trap mass spectrometer (San Jose, CA) with a
modified electrospray ionization (ESI) source was then used to
analyze UCE digests.

The detailed experimental setup for the LC/ESI-MS/MS
analysis is described elsewhere [8]. A positive voltage of 1.8 kV
was applied to the electrospray to generate the ESI signal.
Micro-LC system (Micro-Tech Scientific, Vista, CA) coupled
to the LCQ was used to conduct the LC/MS analysis with a
flow rate of 0.3 ul/min through the capillary C18 column. 0.5%
formic acid in water (mobile phase A) and 0.5% formic acid in
acetonitrile (mobile phase B) were used to elute the enzymati-
cally digested peptides from the C18 column with a three-step
linear gradient of 5 to 10% B in the first 10 min, 10 to 35% B
in the next 40 min, and 35–40% B in the last 5 min.

An automated data acquisition procedure was used to accom-
plish the LC/ESI-MS/MS analysis. In this procedure, a cyclic
series of three different scan modes was performed. Data acqui-
sition was conducted using the full scan mode (m/z 300–2000)
to obtain the most intense peak (signal > 1.5 × 105 counts)
as the precursor ion, followed by a high resolution zoom scan
mode to determine the charge state of the precursor ion and an
MS/MS scan mode (with a relative collision energy of 38%)

to determine the structural fragment ions of the precursor ion.
The resulting MS/MS spectra were then searched against a non-
redundant protein database using the Sequest program to con-
firm the sequence of tryptic peptides.

A fraction of the digested protein (0.62 nmol) was reduced
with DTT (dithiothreitol, 500-fold molar excess over protein)
at 60◦C for 20 min and alkylated with iodoacetamide (1500-
fold molar excess over protein) in the dark for 30 min to detect
peptides with alkylated Cys residues.

Matrix-assisted laser desorption ionization time-of-flight
mass spectrometry

The samples of reduced UCE and non-reduced UCE used for
MALDI-TOF were the same as those used above for LC/ESI-
MS/MS. Tof-spec 2E(Micromass) and a 337-nm N2 laser at
20% power in the positive ion linear or reflective mode were
used to obtain the mass spectral data. Spectral data were
obtained by averaging 10 spectra, each of which was the
composite of 10 laser firings. Mass axis calibration was ac-
complished using peaks from tryptic autohydrolysis. α-cyano-
4-hydroxycinnamic acid (Aldrich) was used as the matrix in
peptide analysis in MALDI-TOF. MassLynx software was used
to analyze data.

Hydrophobic cluster analysis (HCA)

HCA [9] was performed on UCE at the Expasy website
(Expasy.org).

Results

The UCE analyzed in this study was a soluble form in which
the signal sequence (residues 1-25 of the full length sequence)
and a propeptide piece (residues 26–49) had been removed;
therefore, all residue numbers described below refer to the po-
sition in the soluble form (Figure 1). When UCE was cloned
in 1999, it was reported to be a unique sequence, and a cur-
rent BLASTN query of the non-redundant database of NCBI
also failed to identify any homologous sequences. However,
two domains were identified in UCE in the Conserved Domain
Database of NCBI. The region of amino acids 85–256 resides
with a highly significant expectation value (S = 85.4 E = 3e-
17) in Cluster of Orthologous Group (COG) 4632 designated
EpsL (Figure 1). This COG contains UCE plus four bacterial
proteins. No crystal structures have been solved for any of these
four proteins. Interestingly, the only one of these bacterial pro-
teins with a known function, EpsL, is an exopolysaccharide
biosynthesis protein (NP 267068). Therefore, EpsL and UCE
may share structural elements involved in carbohydrate recog-
nition. Because no structural data is available for this domain,
we identified the four disulfide bonds of this domain and sur-
rounding regions of UCE by mass spectrometry (see text below,
Figure 3, and Table 1) as a first step in defining the structure of
this proposed catalytic domain.
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Table 1. Results of Disulfide bond assignment in the unreduced UCE by LC/ESI-MS/MS analysisa

Disulfide Detected massb Theoretical massb

bond (Dalton) (Dalton) Sequence (amino acid position)

Cys2–Cys172 3230.4 3230.4 DCTR (1-4)
DGSIYIDESQATECDETQETGSFSK (159–182)c

Cys66–Cys99 3124.4 3124.4 TFSVLEPGGPGGCAAR (54–69)
MNSGECLGNVVSDER (94–108)

Cys83–Cys274 1885.0 1884.9 AADCR (80–84)
QVSTVVCVHEPR (268–274)

Cys258–Cys265 4337.7 4338.0 QDVVNAINLDGGGSATFVLDGTLASYPSDHCQDNMWR (228–264)c

CPR (265–267)

a The unreduced UCE was digested with trypsin and PNGase F.
b The detected and theoretical mass is based on the monoisotopic mass.
c The Asp residues denoted in bold were converted from the N-linked Asn residue after PNGase F digestion.

Figure 1. A. Schematic of soluble UCE. The soluble form of UCE studied here contains an HPC4 epitope tag fused at residue 398
(see Materials and Methods) as denoted by the break in the line; the break in the line also indicates the location of the transmembrane
and cytoplasmic domains in full length UCE. The locations of conserved domains COG 4632 and KOG 1225 (see Results) are noted.
The 102 bp piece is deleted in UCE expressed in brain [3] and is not required for enzymatic activity. B. Summary of UCE structural
data. The dashed double lines indicate the locations of the four disulfide bonds identified by mass spectrometry (Cys2–Cys172,
Cys66–Cys99, Cys83–Cys274, and Cys258–Cys265). The dashed lines indicate the five disulfide bonds (Cys291–Cys296, Cys298–Cys308,
Cys313–Cys324, Cys318–Cys329, and Cys331–Cys340) predicted from the model in Figure 2. Italicized and bold N indicates the occupied
N-linked glycosylation sites determined by mass spectrometry.
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Figure 2. Modeling UCE with the EGF-3 and -4 region of the extracellular segment of the beta subunit of integrin αVβ3.

A second region of UCE, consisting of amino acids 277-360,
resides (S = 60.1 E = 1e-09) in a second domain, KOG 1225
(Figure 1). This domain contains 14 proteins and includes an
epidermal growth factor-like region of UCE (residues 285–345)
that was previously identified [3]. Interrogation by BLASTP
of the PDB database at the Bork website (http://dove.embl-
heidelberg.de) found the best fit for this region of UCE to be
with the crystal structure of the extracellular segment of the
beta subunit of integrin αVβ3 (P = 1.0e-05) [10]. Specifically,
UCE residues 285–345 aligned with the integrin EGF-3 and
EGF-4 domains. This region of the integrin forms one of two
thin cylindrical tails that cause the integrin to extend away from
the membrane. Modeling this region of UCE against the inte-
grin crystal structure shows that UCE in this region can also
adopt an extended, rod-shaped structure (Figure 2). This model
also predicts five disulfide bonds (Figure 2; see Discussion). In
summary, the type I membrane protein UCE appears similar to
the type II Golgi glycosyltransferases in that both contain stem
or stalk regions that cause the catalytic domain to be extended
away from the membrane.

Identification of the disulfide bond pairs of the proposed
catalytic domain

The proposed catalytic domain (residues 1–277) contains eight
Cys residues (Figure 1). We found that all eight Cys residues
were involved in disulfide bonds, with pairs formed between
Cys2–Cys172, Cys66–Cys99, Cys83–Cys274, and Cys258–Cys265.
LC/MS analysis of a tryptic digest of unreduced UCE produced
a triply charged ion at m/z 1078.0 and a doubly charged ion at
m/z 1616.5 (inset spectrum in Figure 3). These ions correspond
to a disulfide bonded pair of peptides containing amino acids 1–
4 and 159–183. The observed ions are equal to the mass of these
two peptides minus the mass of two protons which are lost as the
result of disulfide bond formation, plus the protons which bring
the charge, divided by the charge state (i.e., 2 or 3) of the ions.
Thus, the molecular weight of peptide 1–4 is equal to 493.2 and

that of peptide 159–183 is 2737.2. Linking these peptides via a
disulfide bond generates a dipeptide with a calculated mass of
3228.4. In peptide 159–183, there are two potential N-linked
glycosylation sites that we determined to be occupied (see Ta-
bles 1 and 2). The conversion of both Asn residues to Asp by
PNGase F treatment adds 2 Daltons to this peptide. Therefore,
the calculated mass of this pair of peptides should be 3230.4
which is identical to the detected mass of 3230.4. MS/MS
analysis of the doubly charged ion at m/z 1616.5 (Figure 3)
produced a spectrum with dominant fragments of (Y3y25)2+

at m/z = 1558.5, (Y4b25)2+ at m/z = 1608.1, (Y3b25)2+ at
m/z = 1550.4, (Y4y18)2+ at m/z = 1234.5, (B4y18)2+ at m/z =
1226.5, y10 at m/z = 1113.3, and y9 at m/z = 984.6. These
ions were generated from the Yn and Bn fragments from amino
acids 1–4 in combination with yn and bn from amino acids 159–
183. These data validated the disulfide-bonded tryptic peptide
pair.

The other three disulfide bond pairs linking Cys66–Cys99,
Cys83–Cys274, and Cys258–Cys265 were also confirmed by
LC/ESI-MS/MS and MALDI-TOF-MS analyses (data not
shown). The results of disulfide bond assignments of UCE from
mass spectrometric analysis are summarized in Table 1.

Occupancy of N-linked glycosylation sites

UCE contains six potential N-linked glycosylation sites [3].
Using a combination of PNGase F treatment and MS anal-
ysis, we determined that four of these sites (Asn159, Asn165,
Asn247 and Asn317) were glycosylated (Table 2). As an exam-
ple, the tryptic peptide containing amino acids 159–183 was
detectable by both MALDI-TOF (Figure 4, upper panel) and
LC/MS (data not shown) after treatment with PNGase F but not
before. The peak of the MALDI-TOF spectrum at m/z 2797.09
appearing after PNGase F treatment (Figure 4, lower panel)
was 2 daltons greater than the theoretical molecular weight of
this peptide (Table 2), indicating that both Asn159 and Asn165

had been occupied by N-linked chains and that upon cleavage
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Table 2. Theoretical and measured masses of tryptic peptides of UCE containing potential N-linked glycosylation sites.

Detected mass (Dalton) Mass difference (Dalton)

Peptide
Theoretical mass

(Dalton) By MALDI-TOF By LC/MS By MALDI-TOF By LC/MS
Potential N
-linked sites

N-linked sites
occupied

159–183 2795.2 2797.10 2797 2 2 Asn159 Yes
Asn165 Yes

228–264 4022.8 4023.47 4023.7 1 1 Asn247 Yes
305–330 2924.0 2925.07 2925.1 1 1 Asn317 Yes
331–355 2878 None detected 2878.2 NAa 0 Asn339 No
369–376 880.39 880.31 None detected 0 NAa Asn371 No

aThe theoretical mass is based on the monoisotopic mass.
bNA, not applicable.

Figure 3. The MS/MS spectrum and the inset full scan MS spectrum of the disulfide bonded pair of peptides between Cys2 and
Cys172. The disulfide bonded pair of peptides containing Cys2-Cys172 were detected at m/z 1616.2 and m/z 1078.0, for the doubly
and the triply charged ions, respectively. The MS/MS spectrum for m/z 1616.2 contains both b- and y-dominant fragment ions,
confirming the sequences. Both b- and y-dominant ions are defined according to the nomenclature of Biemann [17].

with PNGaseF each Asn had been converted to Asp. Similarly,
the tryptic peptide containing an occupied N-linked site at Asn
247 was detectable by both MALDI-TOF and LC/MS (data not
shown) after treatment with PNGase F but not before. In the case
of Asn317 the tryptic peptide containing amino acids 305–330
was detectable by both MALDI-TOF and LC/MS before and
after PNGase F treatment (data not shown). The peak detected
at 2925.04 is 1 mass unit greater than the theoretical molecu-
lar weight of this peptide (Table 2), indicating occupancy of the
glycosylation site at Asn317. In addition there was also a peak at
2924.04 prior to PNGase F treatment (data not shown) suggest-
ing that a portion of this site was not glycosylated. However,

after PNGase F treatment the size of the peak at 2925.04 was
much greater than that at 2924.04 indicating that a very high
percentage of this site was in fact glycosylated.

The peptide containing amino acids 331–355 was detected
by LC/MS for the doubly charged ion at m/z 1439.4 re-
gardless of whether the sample had been treated with PN-
Gase F or not, indicating that the site at Asn339 was not
glycosylated (data not shown). Similarly, the peptide con-
taining amino acids 369–376 was detected by MALDI-TOF
at m/z 880.31 in samples treated with or without PNGase
F, indicating that Asn371 was not glycosylated (data not
shown).
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Figure 4. The peptide containing Asn159 and Asn165 is glycosylated at both sites. A, MALDI-TOF analysis of the tryptic peptide
containing amino acids 159–183 of UCE without PNGase F treatment. B, the corresponding MALDI-TOF spectrum after PNGase F
treatment.

Discussion

The Man-6-P receptor system for targeting lysosomal hydro-
lases to lysosomes is conserved in mammals, birds, and fish
[11] but is absent in the unicellular protozoa Trypanosoma
and Leishmania [12,13]. Our results suggest that UCE may
have evolved from the fusion of two EGF-like domains with
a catalytic domain similar to four bacterial proteins found in
COG 4632 but unlike any other eukaryotic protein. The En-
sembl database (www.ensembl.org) predicts orthologs of UCE
in Danio and Fugu (data not shown). A region of strong ho-
mology between mammalian UCE and the sequences in these
two types of fish begins at residue 44 in the proposed catalytic
domain and extends to residue 341 to include the EGF-like
domains. Thus, the fusion of the EGF-like domains and the
proposed catalytic domain must have occurred prior to the time
when mammals and fish diverged.

EGF-like domains are present in a large variety of proteins,
many of which are membrane-bound proteins having the EGF-
like domain(s) in their extracellular region [14]. Although the
functional significance of EGF-like domains in many unrelated
proteins is unclear, we propose that the two EGF-like domains
in UCE create a cylindrical stem or stalk region that results in
the proposed catalytic domain being extended away from the
membrane. This proposal is based on the excellent fit of the two
EGF-like domains of UCE with the EGF-3 and EGF-4 domains
of the extracellular segment of the beta subunit of integrin αVβ3
(Figure 2).

The EGF-like domains are extremely rich in Cys residues,
making mass spectrometric identification of disulfides in this

region extremely difficult even when special techniques are uti-
lized [15]. Therefore, we used modeling based on the crys-
tal structure of the extracellular segment of the beta chain of
integrin αVβ3 to predict five disulfide bonds in this region
(Figure 2). This region of integrin αVβ3 contains within each
of the two EGF-like domains three disulfides in the 1–3, 2–4,
5–6 pattern typical of EGF domains plus one additional disul-
fide linking the two domains [10]. The predicted disulfides of
UCE retain the 1–3, 2–4, 5–6 pattern in the second EGF-like
domain and lack only the first disulfide bond of the first EGF
domain plus the interdomain disulfide (Figure 2).

We identified the four disulfide bonds of the proposed cat-
alytic domain by mass spectrometry. One convenient method
to visualize the relationship between the disulfide bonds and
the secondary structure of the proposed catalytic domain is hy-
drophobic cluster analysis (HCA) [9]. In HCA a protein se-
quence is written on a classical α-helix smoothed on a cylin-
der, the cylinder is cut parallel to its axis and unrolled, and,
finally, the representation is duplicated, making it easier to vi-
sualize the environment of each amino acid. The region of UCE
corresponding to COG 4632 (residues 85–256) contains many
stretches of β-strands and α-helices (data not shown), support-
ing the hypothesis that this region contains part of the catalytic
domain. The disulfide bond between Cys 83 and 274 flanks this
region and brings the two ends of this region into close apposi-
tion with each other. HCA also reveals another region between
residues 27 and 59 with both α-helical and β-strand structure
that may also be a part of the catalytic domain. The disulfide
bond between Cys 2 and 172 brings this amino terminal domain
in close proximity to the middle of the COG 4632 domain.
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The molecular weight of full length UCE produced in COS
cells was reported to be about 77,000 [3] which is consistent
with all six of the N-linked glycosylation sites being glycosy-
lated. Furthermore, the difference in molecular weight between
full length UCE and the variant form of full length UCE found
in brain that is missing the 102 bp piece was about 8000 [3].
This difference is consistent with the single N-linked site within
the 102 bp piece (at the position correspond to N371 in soluble
UCE; Figure 1) being glycosylated. However, by mass spec-
troscopy we found that only four of the six sites were actually
occupied in soluble UCE and that the site within the 102 bp re-
gion was not glycosylated (Table 2). This apparent discrepancy
in findings may be due to differences between membrane bound
and soluble forms of UCE in their ability to be glycosylated.

Full length UCE was found to be a membrane-associated
homotetramer consisting of two disulfide-linked homodimers
[16]. The recombinant UCE we examined in the current inves-
tigation is a soluble form which was truncated just before the
carboxy terminal transmembrane domain, epitope tagged at that
carboxy terminus, and expressed in COS cells. On non-reducing
SDS-PAGE gels, this recombinant UCE consisted mainly of
monomers with only a small percentage being dimers (data not
shown). There are several possible explanations for this dif-
ference between the native and recombinant forms. First, the
soluble form may fold differently from the full-length form,
thus preventing the formation of interchain disulfide bond(s).
Second, the differences in glycosylation between the full length
and soluble forms of UCE described in the preceding paragraph
may result in differences in interchain disulfide bond formation.
Third, the presence of the epitope tag could also prevent inter-
chain disulfide bond formation. The only free cysteine we could
detect in soluble UCE was Cys372 (data not shown), thus making
Cys372–Cys372 a potential interchain disulfide bond. However,
Cys372 is within the 102 bp region that is missing in brain and
is not required for enzymatic activity [3]. Therefore, if Cys372–
Cys372 is in fact the only interchain disulfide bond of UCE, then
the 102 bp form present in brain does not form dimers.
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