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ABSTRACT: Human §-hexosaminidase (EC 3.2.1.52) is a lysosomal enzyme that hydrolyzes terminal N-
acetylhexosamines from GM, ganglioside, oligosaccharides, and other carbohydrate-containing macro-
molecules. There are two major forms of hexosaminidase: hexosaminidase A, with the structure a(3,8;),
and hexosaminidase B, 2(8,8,). Like other lysosomal proteins, hexosaminidase is targeted to its destination
via glycosylation and processing in the rough endoplasmic reticulum and Golgi apparatus. Phosphorylation
of specific mannose residues allows binding of the protein to the phosphomannosyl receptor and transfer
to the lysosome. In order to define the structure and placement of the oligosaccharides in mature hexos-
aminidase and thus identify candidate mannose 6-phosphate recipient sites, the major tryptic/chymotryptic
glycopeptides from each isozyme were purified by reverse-phase high-performance liquid chromatography.
Two major concanavalin A binding glycopeptides, localized to the 8, chain, and one non concanavalin A
binding glycopeptide, localized to the §, chain, were found associated with the §-subunit in both hexos-
aminidase A and hexosaminidase B. A single major concanavalin A binding glycopeptide was found to
be associated with the a subunit of hexosaminidase A. The oligosaccharide structures were determined
by nuclear magnetic resonance spectrometry. Two of them, the « and one of the 3, glycans, contained a
Man;-GlcNAc, structure, while the remaining one on the 3, chain was composed of a mixture of
Man,_~GlcNAc, glycans. The unique glycopeptide associated with the 8, chain contained a single GIcNAc
residue. Thus, all three mature polypeptides comprising the « and 8 subunits of hexosaminidase contain
carbohydrate, the structures of which have the appearance of being partially degraded in the lysosome. In
the « chain we found only one possible site for in vivo phosphorylation. In the 8 it is unclear if only one
or all three of the sites could have contained phosphate. However, mature placental hexosaminidase A and
B can be rephosphorylated in vitro. This requires the presence of an oligosaccharide containing an «1,2-linked
mannose residue. Only the single Mang_; (of the Man;_;-GIcNAc, glycans) containing site on the 8, chain
retains this type of residue. Therefore, this site may act as the sole in vitro substrate in both of the mature

isozymes for the phosphotransferase.

B-Hexosaminidase (EC 3.2.1.52) is a lysosomal hydrolase.
There are two major isozymes in normal human tissues,
hexosaminidase A and B. Hexosaminidase A is composed of
two subunits, an « subunit, consisting of a single polypeptide
chain, and a @ subunit containing two peptides, 8, and 8y,
derived by cleavage of a common pro-g precursor. Its structure
is a(B,8,). Hexosaminidase B, on the other hand, contains
two (3 subunits, 2(3,8,). Both enzymes are able to hydrolyze
many of the same natural and artificial substrates; however,
only hexosaminidase A, in combination with a specific activator
protein, can hydrolyze the terminal /V-acetylgalactosamine
residue from GM, ganglioside! [reviewed in Mahuran et al.
(1985)].

Like other lysosomal, secretory, and plasma membrane
proteins, the hexosaminidase isozymes are glycoproteins and
must be specifically targeted to their destination by the cell.
Much has been learned about the mechanism that the cell
employs to identify glycoproteins destined for the lysosome
[reviewed in Goldberg et al. (1984) and von Figura and Hasilik
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(1986)]. At least one oligosaccharide, contained on lysosomal
enzymes, must become phosphorylated by the addition of a
GlcNAc-phosphate residue to carbon 6 of an «l,2-linked
mannose residue (Couso et al., 1986). This reaction is cata-
lyzed by the enzyme N-acetylglucosaminylphosphotransferase,
situated in the cis Golgi [reviewed in Kornfeld and Kornfeld
(1985)]. The terminal GlcNAc residue is subsequently re-
moved by N-acetylglucosamine-1-phosphodiester-N-acetyl-
glucosaminidase, exposing the mannose 6-phosphate recog-
nition site on the protein. Lysosomal proteins achieve com-
partmentalization through binding of the phosphomannosyl
moiety to the phosphomannosyl receptor and translocation of
the enzyme-receptor complex to the lysosome (Natowitz et
al., 1983).

Several lines of evidence have demonstrated that hexos-
aminidase is transported via the phosphomannosyl receptor
pathway. First, both the pro-o« and the pro-g8 polypeptide
chains of hexosaminidase have been shown to contain a
phosphorylated high-mannose oligosaccharide(s) and are thus
in vivo substrates for the phosphotransferase enzyme (Hasilik
& Neufeld, 1980). Second, mature hexosaminidase which has

! Abbreviations: GM,, GalNAcB(1-4)[NANa(2-3)-]Galg(1-4)-
Gle-ceramide; GlcNAc or Gn, N-acetylglucosamine; Man, mannose; Con
A, concanavilin A; TFA, trifluoroacetic acid; NMR, nuclear magnetic
resonance; RP-HPLC, reverse-phase high-performance liquid chroma-
tography; Endo H, endoglycosidase H.
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lost its original phosphate through degradation in the lysosome
can be rephosphorylated in vitro with a partially purified
preparation of the phosphotransferase (Goldberg et al., 1984).
This reaction occurred in preference to the phosphorylation
of glycoproteins not destined for the lysosome and suggested
the existence of a unique protein structural component that
functions as a recognition site for the phosphotransferase.
Finally, in phosphotransferase-deficient fibroblasts from pa-
tients with I-cell disease (Reitman et al., 1981), hexos-
aminidase, along with numerous other lysosomal enzymes, fails
to be phosphorylated and is secreted by cells rather than in-
corporated into lysosomes (Hasilik & Neufeld, 1980).

To begin to understand the details of the biosynthesis and
the mechanism directing hexosaminidase to the lysosome, it
is first necessary to define the location and structure of the
attached oligosaccharides on the mature isozymes. This would
allow identification of candidate mannose 6-phosphate recip-
ient sites in the pro forms and focus the search for peptide-
associated recognition markers (Lang et al., 1984) to nearby
sequences. We have previously shown that the mature a and
By polypeptides bind Con A lectin, indicative of the presence
of attached high mannose type oligosaccharides (O’Dowd et
al., 1985). We now report the location and structure of these
oligosaccharides and localize a single GIcNAc residue to the
8. polypeptide. In a previous paper, we described the amino
terminus of the «, 8,, and G, polypeptides of hexosaminidase
(Mahuran et al., 1988). Together these data provide a near
complete description of the primary structure of mature
hexosaminidase A and B.

MATERIALS AND METHODS

Isolation of the Glycopeptides from Hexosaminidase A and
B. Hexosaminidase A and B were purified 8000-fold from
human placenta (Mahuran & Lowden, 1980). The basic
method for the isolation of Con A binding tryptic glycopeptides
derived from hexosaminidase A and B by reverse-phase HPLC
has been described (O’Dowd et al., 1985). To improve the
yields of the glycopeptides, siliconized collection tubes (Pro-
sil-28, Speciality Chemicals) were used throughout the pro-
cedure. Two lots of hexosaminidase B (30 mg, i.e., 600 nmol
of the 8 subunit, each) and hexosaminidase A (20 mg, i.c.,
200 nmol of the & and 200 nmol of the @ subunits per lot) from
separate enzyme preparations were precipitated from con-
centrated stocks by the addition of 4 volumes of acetone. The
protein pellets were denatured in 7 M guanidine hydrochloride,
reduced, and alkylated, and the protein was reprecipitated with
10 volumes of ethanol—glacial acetic acid, 99:1. In order to
obtain sufficiently small glycopeptides that would decrease the
likelihood of specifically losing one due to a lack of solubility,
each protein pellet, suspended in 15 mL of 0.1 M NH,HCO,,
was digested with an excess of trypsin [ratio of 50:1 (mg/mg)
protein:trypsin, DPCC treated from Sigma), for an extended
period of time (15 h) at 37 °C. Due to the presence of residual
chymotryptic activity in the trypsin preparation, these reaction
conditions were sufficiently severe as to cause the hydrolysis
of most of the major and some of the minor chymotryptic sites
as well as all of the tryptic sites (Smyth, 1970) in the proteins.
The digests of the hexosaminidase isozymes were lyophilized
and the peptide fragments separated from the residual protease
by molecular sieve HPLC as previously described (O’Dowd
et al., 1985).

One lot of lyophilized tryptic/chymotryptic peptides was
loaded onto the Con A column, and the column was washed
with several hundred column volumes of buffer. Con A
binding glycopeptides were released by rotating the tube ov-
ernight with a 15% solution of methyl a-mannoside. The resin

was subsequently centrifuged and the supernatant removed.
The solution was lyophilized, and the glycopeptides and
mannoside were dissolved in 0.1% TFA in water and passed
through a C18 Sep-pack (supplied by Waters). The CI18
Sep-pack was washed (0.1% TFA; 12 mL) to remove the
unbound mannoside from the bound glycopeptides. The gly-
copeptides were eluted (2 X 4 mL) with 2-propanol-aceto-
nitrile (1:2). The solution was lyophilized and the residue
dissolved in 0.1% TFA (1 mL). RP-HPLC separation (5 X
200-u] aliquots) of the glycopeptides was performed on a 5-um
ODS, 25-cm reverse-phase Altex column.

The above procedure was repeated with the second lot of
enzyme except that a 3-um ODS, 7.5-cm Altex column was
used for the final separation, Further purification and/or
analytical separations after digestion with Endo H (Genzyme)
or glycopeptidase F (N-glycanase, Genzyme) (see below) were
performed on either a 5-um Ultrasphere ODS reverse-phase
Altex column (Beckman), 4.6 X 250 mm; a 3-um Ultrasphere
ODS, 4.6 X 75 mm Altex column (Beckman); or a 5-um
Sepralyte ODS reverse-phase Jones column, 4.6 X 250 mm
(Analytichem International), as noted under Results and in
the figure legends. The glycopeptides were eluted with a
gradient of increasing amounts of acetonitrile/2-propanol (2:1)
containing 0.06% TFA, and the peptides were detected at 214
nm (O’Dowd et al., 1985).

A third lot of a similar amount of each isozyme was di-
gested, as above, and each of the total digests was separated
by RP-HPLC on a Jones Sperisorb 5-um ODS 25-cm column.
Fractions were collected so that no fraction contained more
than four closely eluting peptide peaks. Glucosamine analysis
was carried out on each of the Con A binding glycopeptides
and each of the fractions from the total digest to confirm the
presence of oligosaccharide (O’Dowd et al., 1985). Fractions
from the total digest that proved to be GlcNAc positive were
repurified by reverse-phase and molecular sieve HPLC
(Korneluk et al., 1986), and each peak was retested for
GlcNAc.

I1H NMR Spectroscopy of the Con A Binding Oligo-
saccharides from Hexosaminidase. Glycopeptides were
prepared for 'H NMR spectroscopy by repeated dissolution—
lyophilization in D,O (99.8 atom % D, Merck-Sharp-Dohme
Canada, Ltd.) after concentration in a 0.1-mL cylindrical
microcell (Wilmad Glass Co., Buena, NJ) with a speed-vac
concentrator (Savant Instruments). After final filling of the
microcell with D,O (99.96 atom % D) under an argon at-
mosphere, the microcell was sealed and inserted in a standard
5-mm NMR tube. NMR spectra were recorded on a Nicolet
NT-360 spectrometer or Bruker AM-500 spectrometer located
at the Centre for the Determination of Carbohydrate Struc-
ture, University of Toronto. Procedures for the 360-MHz 'H
NMR spectroscopy have been described (O’Dowd et al., 1985).
The Bruker AM-500 spectrometer was operated in the
Fourier-transform mode at 50 or 70 °C under the following
conditions: a 16K data set was acquired with a 72° (8 us)
observe pulse after 4 s of presaturation of the HDO peak with
the homonuclear decoupler (gated off acquisition). Full
quadrature phase cycling and a 5000-Hz sweep width were
employed and approximately 8000 transients accumulated.
Prior to transformation to the frequency domain, the accu-
mulated free-induction decay was apodized by Gaussian
multiplication and the data set zero-filled to 32K. Chemical
shifts were measured relative to that of acetone at 2.225 ppm.

The amount, in nanomoles, of oligosaccharide present in the
microcell was determined from the observed signal to noise
ratio and the number of accrued accumulations (prior to



5218 BIOCHEMISTRY

O'DOWD ET AL.

Table I: Summary of 8-Hexosaminidase Peptides Containing Putative Glycosylation Sites

amino acid sequence {deduced

sensitivity®

(cDNA); found (isolated peptide)] GlcNAc Endo H Glyco F Con A
Mature o Subunit
(1) cDNA LVVSVVTPGCNQLPTLESVENYT
peptide A4° VVSVVTPGCN + - nd +
(2) cDNA FFINKTEIEDFPR?
peptide not found -
(3) cDNA NPSLNNTYEFM*
peptide not found -
Mature 8,8, Subunit
Bp chain
(1) cDNA YISHSPNSTAGPTA¢
peptide not found
(2) cDNA QSECDAFPNISSD
peptide A3“ SECDAFP-IS + - + +
peptide B3 SECDAFP-IS + - + +
(3) cDNA FTINESTIIDSPR?
peptide A1 TI-ESTIIDS + + + +
peptide B1° TI-ESTIIDS + + + +
peptide A2° TI-ESTIIDS + - + +
peptide B2¢ TI-ESTIIDS + - nd +
8. chain
(4) cDNA KLDSFGPINPTLNTTYSFL®
peptide® LDSFGPINPT® + - nd -
N-terminus (K)LDSFGPINPTL-TTYSFL¢
(5) cDNA YVDATNLTPR
peptide VDATNLTPR/ nd nd nd -

aThe amino acids found in the first ten “turns” of the sequenator from the RP-HPLC isolated glycopeptide. ®First coincident, putative glycosy-
lation sites in the aligned )arimary structures of the o and 8 chains. “Second coincident, putative glycosylation sites in the aligned primary structures

of the « and 8 chains.

This peptide is not present in the mature protein (Figure 2) (Mahuran et al.,, 1988). ¢The single non Con A binding

glycopeptide from hexosaminidase B compared with the partial N-terminus of the 8, chain from hexosaminidase A (K residue not found) and B (K
residue present) (Mahuran et al., 1988). /Previously isolated peptide (Korneluk et al., 1986). 8Abbreviations: nd, not determined; Glyco F,
glycopeptidase F; (-) in amino acid sequence, no amino acid was detected in this turn of the sequenator (indicates the presence of an attached
oligosaccharide); (+), (%), and (=) in the sensitivity columns, good, poor, and no, respectively.

Fourier transformation) for each sample as compared to those
of standards of known concentrations.

Endoglycosidase Treatment of the Glycopeptides from
Hexosaminidase. Positive evidence that the oligosaccharides
attached to isolated glycopeptides from hexosaminidase A or
B were substrates for the specific glycosidase enzymes was
taken to be the detection of an increase in the retention time
of the treated (deglycosylated) peptides versus those of the
original glycopeptides on RP-HPLC, reflecting an increased
hydrophobicity due to the removal of the hydrophilic oligo-
saccharide. In some cases this was confirmed by amino acid
sequencing. The GlcNAc-positive peaks from the HPLC from
hexosaminidase A and B (dissolved in D,O) were recovered
from the NMR microcell, and 5-nmol aliquots were lyophilized
and incubated with either (1) Endo H (6 L of a 74 ug/mL
stock) in 0.1 M sodium citrate, pH 5.5, at 37 °C overnight
(total reaction volume 40 uL), or (2) glycopeptidase F (2 uL
of a 5 unit/18 uL stock) incubated at room temperature ov-
ernight in 0.1 M NH,HCO, buffer, pH 8.6 (total reaction
volume 40 uL). The digestion mixtures were diluted in 0.1%
TFA to 250 uL and the peptides separated by RP-HPLC.
Each peak was hand collected as it emerged from the detector
and lyophilized for amino acid sequencing.

Amino Acid Sequence Analysis of the Con A Binding
Glycopeptides. The sequence of the first 10 amino acid res-
idues from each of the original and/or deglycosylated glyco-
peptides (2-10 nmol) recovered from the reverse-phase column
was determined in a Beckman 890c¢ sequenator. Phenylthio-
hydantoin derivatives of the amino acids were identified by
HPLC (Peckett et al., 1984). In some cases the presence of
the attached oligosaccharide or residual GlcNAc residue after
Endo H treatment on the predicted Asn of the putative gly-
cosylation site was confirmed by the occurrence of a “blank”

in the corresponding sequenator “turn”. When glycopeptidase
F was used, the predicted Asn residue was converted to Asp.

RESULTS

Analysis of the Con A Binding from Hexosaminidase B.
Initially, we examined the glycopeptides of hexosaminidase
B, since it contains only 8 subunits. The Con A binding
glycopeptides were resolved by separation on RP-HPLC with
an Altex 5-um, 25-cm ODS column. Two major glucos-
amine-containing glycopeptide peaks, designated B1 (~75
nmol as determined by NMR, 12% yield) and B3 (=50 nmol
as determined by NMR, 8% yield), and one minor glyco-
peptide peak, B2 (~5 nmol, estimated from OD,, with Bl
as a standard), were identified (Figure 1A). The sequence
of the first 10 amino-terminal amino acid residues from B1,
B2, and B3, recovered from the reverse-phase column, was
determined and compared to the deduced amino acid sequence
of the hexosaminidase B cDNA clone (Table I). The amino
acid sequences of B1 and B2 were identical and correspond,
with a perfect match, to residues 188-197 of the deduced
amino acid sequence. The sequence of the second peptide, B3,
was similarly localized to a single region, residues 136-145
on the cDNA clone, 20 residues from the previously deter-
mined mature amino terminus of the 8, polypeptide chain
(Mahuran et al., 1988) (Figure 2).

Two of the glycopeptides, Bl and B3, were available in
sufficient quantities for structural analysis of the attached
glycans by 'H NMR spectroscopy at 360 MHz. A preliminary
characterization of B1 has been made by !H NMR carried
out at 70 °C (O’Dowd et al., 1985). The availability of larger
quantities of B1 now allowed us to obtain spectra at 23 °C,
a temperature which provides a better resolution of chemical
shifts (Figure 3). For example, this would allow us to resolve
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FIGURE 1: (A) Elution profile of RP-HPLC (Altex 5 um, 25 cm)
separation of the Con A binding glycopeptides, B1, B2 and B3, from
tryptic/chymotryptic digests of hexosaminidase B. (B) The above
hexosaminidase B glycopeptides were incubated with Endo H and
rechromatographed on the RP-HPLC. The time of elution (in
minutes) of each peak is indicated. Peaks were detected by their UV
absorption at 214 nm, and the largest was automatically scaled to
100%. Blyg, indicates the deglycosylated (based on its increased
retention time) form of BI.

the 62-H1 and 3!-H1 signals which overlap in spectra obtained
at 70 °C. The 62-HI signal is important for identifying
mannoses in a1,2 linkages. As observed earlier (O’Dowd et
al., 1985), anomeric hydrogen signals were obtained for gly-
copeptide B1, consistent with a glycan mixture composed
principally of Mans-GIcNAc,-Asn (Figure 4A) and Man,-
GIcNAc»-Asn (Figure 4B). The former structure is indicated
by Man(a1,6)-H1 signals at 4.900 (6%) and 4.870 ppm (6)
and a Man(al,3)-H1 signal at 5.090 ppm (3!) (Figure 3). The
Mang-GleNAc,-Asn structure is indicated by a Man 3i2-H1
signal at 5.350 ppm and a Man 2!-H1 signal at 5.050 ppm.
However, in addition, a new signal (622, Figure 3) was observed
at 5.150 ppm, a chemical shift ascribable to the anomeric
hydrogen of a 2-O-substituted Man(a1,6) residue (Carver et
al., 1981; Takahashi et al., 1983). This observation could be
accounted for by the addition of a Man(«1,2) residue to the
6! residue of Mans-GIcNAc,-Asn, resulting in a second Mang
isomer (Figure 4C), or to the 6' residue of Mang-GIcNAc,-
Asn, resulting in a2 Man,-GIcNAc,-Asn structure (Figure 4D).
The two possibilities could not be resolved by 'H NMR
spectroscopy. The chemical shifts for the glycan mixture and
those of the authentic high-mannose oligosaccharides are given
in Table II. Glycopeptide B3 was also investigated by 'H
NMR. Figure 5A shows a partial 'TH NMR spectrum of B3
obtained at 23 °C. Only three diagnostic signals are clearly
discernible. A 9-Hz doublet is evident at 5.026 ppm and is

Table II: Chemical Shifts (ppm) of Bl Glycans at 23 °C
residue  Hex B A? M;Gn,-Asn - M¢Gn,-Asn M,Gn,-Asn

3t 5.090  0.005 5.095 5.090 5.090
32 5.350  0.002 5.348 5.352
6 4900 0.010 4.910 4910

6! 4870  0.005 4.875 4.868 4.870
612 5.150  0.000 5.150 5.150
2t 5.050 0.001 5.049 5.049

?Largest chemical shift difference between the appropriate Hex B
glycopeptide signal and the analogous signal from either ovalbumin
(Carver et al., 1981) or cathepsin D (Takahashi et al., 1983) in
Man;-GlcNAc,-Asn, Mang-GlcNAc;-Asn, or Man;-GicNAc,-Asn.

Table III: Chemical Shifts (ppm) of Glycopeptide B3 (Figure 5)
and an Authentic Man;-GlcNAc,-Asn-Linked Glycopeptide at 23 °C

residue Hex B A M,Gn,-Asn

4 4.770 0.005 4.775
3 5.098 0.000 5.098
6 4912 0.003 4915
Asn-Gn 5.026 0.002 5.028
core-Gn 4.600 0.020 4.620
core-GnNHAc 2.076

Asn-GnNHAc 2.007

9Largest chemical shift difference between the appropriate B3 gly-
copeptide signal and the analogous signal of a standard Man,-
GlcNAc,-Asn glycopeptide from cathepsin D (Takahashi et al., 1983).

ascribable to a GIcNAc residue linked to the side chain of Asn.
The other two signals at 5.098 (3!) and 4.912 ppm (6') are
characteristic of unsubstituted Man(a1,3) and Man(«1,6)
anomeric hydrogen, respectively (Takahashi et al., 1983; Grey
et al., 1982). The absence of any other mannose anomeric
signals and the presence of only two high-field N-(acetyl-
methyl) signals at 2.076 and 2.007 ppm (ascribable to the core
and Asn-linked N-acetylglucosamine residues of an N-linked
glycan, data not shown) lead us to conclude that a single glycan
structure is found at this glycosylation site, the Man,-
GlcNAc,-Asn structure shown in Figure 5B. The presence
of the Man(81,4)-GlcNAc (#1,-) disaccharide moiety is
presumptive upon the observed chemical shifts of the other
residues and their agreement with the known chemical shifts
of this glycan. The observed chemical shifts for the glyco-
peptide and those of the authentic glycopeptide from cathepsin
D are given in Table III.

The Con A binding glycopeptides, B1, B2, and B3 (Figure
1A), were incubated with Endo H (Figure 1B). The RP-
HPLC glycopeptide peak corresponding to B, which had
previously eluted at a time of 17.00 min, was no longer present,
and a new peak representing the deglycosylated form of Bl,
Bly, (retaining a single GlcNAc residue), eluted at a time of
18.73 min (Figure 1B), reflecting the loss of its hydrophilic
oligosaccharide moiety. This observation was confirmed by
finding identical amino acid sequences for the peptide con-
tained in the Bl g, peak and that in the untreated B1 peak. The
retention times of glycopeptides B2 and B3 were not affected
by treatment with Endo H (Figure 1B). This finding for B3
is consistent with the observation that Man.;-GIcNAc,;-Asn
glycopeptides are not substrates for Endo H (Tai et al., 1977),
confirming the finding by NMR that B3 lacks any larger
high-mannose oligosaccharide structures.

Analysis of the Con A Binding Glycopeptides from Hex-
osaminidase A. We next examined the Con A-Sepharose-
binding glycopeptides of hexosaminidase A. They were sep-
arated by RP-HPLC using the Altex 3-um, 7.5-cm ODS
column, and the glycopeptides of hexosaminidase B were run
on this column for comparison. Four glucosamine-positive
peaks, labeled Al, A2, A3, and A4 (Figure 6A), were resolved
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Acid #

o 22
B LALLTQVALVVQVAEA 42
Lt LWPWP -QNFQTSDQRY LYPNNFQFQYDVS SARQPGCSVLDEAFQRYR 68

ki * * * % &* * & & * * kEkk k*
B ARAPSVSAKPGPALWPLPLSVKMTPNLLHLAPENFYISHSPNSTAGPSCTLLEEAFRRYH 102

@
* o Ay..... I~ Gn-Gn-(Man)3
o DLLFGSGSWPRPYLTGKRHTLEKNVLVVSVVTPGCNQLPTLESVENYTLTINDDQCLLLS 128
* % * * * % * * * * hhkXx *

B GYIFGFYKWHHEPAEFQAKTQVQQLLVSITLQSECDAFPNISSDESYTLLVKEPVAVLKA 162
f B b @ (B3,A3) LGTI'G['I'(M&[‘I)S
oo ETVWGALRGLETFSQLVWKSAEGTFFINKTEIEDFPRFPHRGLLLDTSRHYLPLSSILDT 188
khkkhkkhkh kA kA hhi kkk kk * k hukk kkk Kk khkhkhkhkohkkik *k K
B NRVWGALRGLETFSQLVYQDSYGTFTINESTIIDSPRFSHRGILIDTSRHYLPVKIILKT 222
(Al,B1) (A2,B2)
Major [Minor]
Gn-Gn-(Man) ,

O«  LDVMAYNKLNVEFHWHLVDDPSFPYESFTFPELMRKGSYNPVTHIYTAQDVKEVIEYARLR 248
dk kk kk kk kkk kkk kkkk K khkkkk  dokkk h kk kk kkkkdkkkok

] LDAMAFNKFNVLHWHIVDDQSFPYQSITFPELSNKGSYSLS-HVYTPNDVRMVIEYARLR 281

@
¢¢ GIRVLAEFDTPGHTLSWGPGIPGLLTPCYSGSEPSGTFGPVNPSLNNTYEFMSTFFLEVS 308
khkkk hhkkhkrkrhhhk * *dokok ok ok K kkk kk Kk kk Kk kkk Kk *

B GIRVLPEFDTPGHTLSWGKGQKDLLTPCY‘@@E LDSFGPINPTLNTTYSFLTTFFKEIS 341
8. &
(Non-Con A binding glycopeptide)

SVFPDFYLHLGGDEVDFTCWKSNPEIQDFMRKKGFGEDFKQLESFYIQTLLDIVSSYGKG 368
Kk KK KkkAkkk K kk hkk KKkkkk khkk kkk kkkkhkkkx Kkk *%

B EVFPDQF IHLGGDEVEFKCWESNPKIQDFMROKGFGTDFKKLESFYIQKVLDIIATINKG 401

YVVWQEVFDNKVKIQPDTIIQVWREDIPVNYMKELELVTKAGFRALLSAPWYLNRISYGP 428
kkkhhhk kkk Kk kk kk K *  kk  kk k% kkhkkkkk kKK

p SIVWQEVFDDKVKLAPGTIVEVWK-DSA--YPEELSRVTASGFPVILSAPWYLDLISYGQ 458

O  DWKDFYVVEPLAFEGTPEQKALVIGGEACMWGEYVDNTNLVPRLWPRAGAVAERLWSNKL 488
* % * kkkk * k% *k k khkkhkhkdh Rhkhkkdkk hhkk hhkhkkkkk kk kukhkkk K
B  DWRKYYKVEPLDFGGTQKQKQLFIGGEACLWGEYVDATNLTPRLWPRASAVGERLWSSKD 518
@ 1
O TSDLTFAYERLSHFRCELLRRGVQAQPLNVGFCEQEFEQT 528
* *k k& * %k * %k *kkk & *
B VRDMDDAYDRLTRHRCRMVERGIAAQPLYAGYCNHENM 556
Putative Amino Acid Residues Removed Indicates the Amino
Signal Peptides from the Pro-8 Chain to Produce Termini of the
the Mature 8a and Bb Chains Mature Polypeptides

@ Putative Glycosylation Sites for which no Corresponding Glycopeptide was Isolated.

= = Amino Acid Sequence Obtained from Isolated Peptides, Gaps Represent
"Blanks" from the Sequenator Caused by Attached Oligosaccharides.

1. No "Blank" Was Found at the 'N' of this Peptide Confirming that It Is Not Glycosylated.

FIGURE 2: Deduced primary structures of the « and 8 prepro polypeptide chains of hexosaminidase. Homologies between the two primary
structures are indicated by (*). The localization and glycan structures of the major glycopeptides (A1, Bl; A3, B3; A4) and the non Con
A binding 8, glycopeptide are indicated. The minor Con A binding glycopeptides, A2 and B2, whose glycan structure was not determined,
were localized to the same position as Al and B1. The positions of the putative signal peptides, the mature amino termini of each chain, and
the internal hydrolysis site in the pro-§ chain that gives rise to the two mature S, and 8, chains are indicated (Mahuran et al.,, 1988).

from hexosaminidase A. Two other small peaks eluting earlier vealed that while they were authentic « chain peptides, they
in the gradient (designated a and b in Figure 6A) were not did not contain a putative N-linked oligosaccharide attachment
GlcNAc positive. Amino acid sequencing of these peaks re- site.
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FIGURE 3: Partial 360-MHz '"H NMR spectrum of the Con A binding
tryptic/chymotryptic glycopeptide, B1, from hexosaminidase B (Figure
1). The glycopeptide spectrum was recorded at 23 °C as described
under Materials and Methods. Nomenclature for the various mo-
nosaccharide residues and their anomeric signals is that of Carver
et al. (1981).
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FIGURE 4: Structures of the glycans on the tryptic/chymotryptic
glycopeptide B1 from hexosaminidase B and A1 from hexosaminidase
A.
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By inspection of the HPLC profile, it appeared that several
of the glycopeptides of hexosaminidase A correspond to those
seen in hexosaminidase B (compare panels A and B of Figure
6). Thus, glycopeptides Al and Bl show similar retention
times, as do A2 and B2, and A3 and B3. A4 was unique to
the hexosaminidase A preparation. Amino acid sequencing
(first 10 residues) of the amino terminus of the associated
peptides (Table I) identified the attachment sites of the gly-
copeptides in the primary sequence of the « or 3 subunits. The
partial peptide sequences of A1 and Bl (as well as A2 and
B2, see below) were identical, indicating that they are attached
to the same site in the 8 subunit in both hexosaminidases A
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FIGURE 5: (A) Partial 360-MHz 'H NMR spectrum of the Con A
binding tryptic/chymotryptic glycopeptide, B3, from hexosaminidase
B (Figure 1). The glycopeptide spectrum was recorded at 23 °C as
described under Materials and Methods. Nomenclature for the various
monosaccharide residues and their anomeric signals is that of Carver
et al. (1981). (B) Structures of the glycans of the Con A binding
glycopeptide, B3, isolated from hexaminidase B.

Table IV: Chemical Shifts (ppm) of Glycopeptide Al and Standard
Ovalbumin Glycans at 70 °C

Manz' MsGﬂz-
residue Hex A A° Asn® Asn? M,Gn,*
3i2 5.338 0.003 5.336 5.341
3t 5.127 0.009 5.124 5.126 5.118
2! 5.058, 0.002 5.069 5.064
5.067
Asn-Gn 5.023 0.045 5.068 5.068
6! 4.920 0.002 4918 4.920
6! 4.881 0.003 4.880 4.883 4.884
4 4,768 0.004 4772 4.765 4.773
core-Gn 4.629 0.009 4.636 4.638
core-GnNHAc 2.065 0.002 2.063 2.063
Asn-GnNHAc¢ 2.023 0.002 2.021 2.022

¢Largest chemical shift difference between the appropriate Al gly-
copeptide signal and the analogous signal from ovalbumin in either
Mans-GlcNAc;-Asn or Mang-GIlcNAc;-Asn, whichever is larger.
¢ Shift values of ovalbumin glycan standards from Carver et al. (1981).
“Man,-GlcNAc, Endo H released oligosaccharide (Hakimi et al.,
1981).

and B. Similarly, A3 and B3 were localized to a single putative
glycosylation site and are, therefore, also # subunit glyco-
peptides. Only A4 showed a unique N-terminus, and it was
localized within the primary sequence of the « subunit (Figure
2).

The 'H NMR spectroscopy of the hexosaminidase A gly-
copeptides was carried out with a 500-MHz instrument at 50
°C (Figure 7) and 70 °C (spectra not shown, but data in Table
IV are given for 70 °C due to a lack of published standards
at 50 °C). The higher temperatures and the use of the 500-
MHz instrument allowed resolution of spectra for the smaller
amounts of material available from the hexosaminidase A
digests. As in glycopeptide B1, the set of observed chemical
shifts for glycopeptide Al (=15 nmol, 8% yield) (Table IV)
is consistent with the presence of a mixture of high mannose
type structures. Mans-GlcNAc,-Asn (Figure 3A) is again the
dominant glycan present with a mixture of either Mang-
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FIGURE 6. Preparative RP-HPLC separation of the concanavalin A
binding glycopeptides from tryptic/chymotryptic digests of (A)
hexosaminidase A and (B) hexosaminidase B (separated on the Altex
Ultrasphere, ODS 3 um, 7.5 cm). The time of elution (in minutes)
of each peak is indicated. Peaks were detected by their UV absorption
at 214 nm, and the largest was automatically scaled to 100%. The
amino acid sequences of the labeled peaks are shown in Table I, and
their location in the primary structure of the polypeptides is shown
in Figure 2.

GlcNAc, structural isomers (Figure 3B,C) or Mang isomers
plus a single Man, isomer (Figure 3D). For the Mans-
GIcNA,-Asn structure, the two Man(«l,6)-HI signals are
observed at 70 °C at 4.920 (6") and 4.881 ppm (6'), while the
two Man(«a1,3)-H1 signals are at 5.127 ppm (3!, double in-
tensity) (these signals can be identified at approximately the
same positions in the spectrum taken at 50 °C in Figure 7).
While the core-GlcNAc H1 signal cannot be discerned due
to spectral overlap with peptidyl signals, the 9-Hz Asn-GIcNAc
H1 doublet is clearly evident at 5.023 ppm (Figure 7). The
presence of terminal Man(«1,2) residues in either Mang or
Man, structures can be deduced from the characteristic
downfield displacement of 2-O-substituted Man H1 signals,
i.e., substitution of the 3! or 6! mannose residues. Substitution
at the 3' position produces the 32-H1 signal which is displaced
downfield from 5.127 (unsubstituted, 3*) to 5.338 ppm (sub-
stituted) at 70 °C (Table IV; also observable at 50 °C, Figure
7). Substitution at the 6' position gives the 6!2-H1 signal at
5.137 ppm, detected only at 50 °C, displaced from 4.923
(Figure 7). In addition, the Hl signals of the terminal
Man(al,2) residues, 2%, are observed as a doublet, reflecting
the two different structures (compare structures B and D of
Figure 4) at 5.067 and 5.058 ppm (70 °C, Table IV). Finally,
the identification of the glycans of Al as only of the high-
mannose type is further substantiated by the observation of
only two high-field NV-(acetylmethyl) signals at 2.065 and 2.023
ppm (70 °C, Table IV). We therefore conclude that glyco-
peptides, Al and B1 are identical, corresponding to a conserved
glycosylation site and glycan within the 8 subunits of hexos-
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FIGURE 7: Partial 500-MHz 'H NMR spectrum of the Con A binding
tryptic/chymotryptic glycopeptide, A1, from hexosaminidase A (Figure
6A). The glycopeptide spectrum was recorded at 50 °C as described
under Materials and Methods. Nomenclature for the various mo-
nosaccharide residues and their anomeric signals is that of Carver
et al. (1981). The chemical shifts indicate the presence of one Man;
oligosaccharide, two isomeric Mang, and a Man, (structures outlined
in Figure 4).

aminidase A and B, respectively.

Insufficient amounts of the minor A2 glycopeptide were
available for investigation by 'H NMR; however, a partial
characterization of the attached oligosaccharides was at-
tempted by chemical and enzymatic means. A mixture con-
taining predominantly glycopeptide A2 with some residual Al,
initially isolated on the Altex Ultrasphere ODS 3-um, 7.5-cm
reverse-phase column, was rechromatographed on the Jones
Sperisorb ODS 5-um, 25-cm reverse-phase column. This
column resolved the A2 peak into two smaller peaks at 20.44
(labeled A2 in Figure 8-1) and 22.84 min (labeled «). The
amino acid sequence of the 22.84-min peak was determined
and mapped to the « chain, although it did not contain a
possible oligosaccharide attachment site (data not shown).
Aliquots of the mixture (in Figure 8-1) were treated with two
endoglycosidase enzymes, Endo H (cleaves core GIcNAc~
GlcNAc glycosidic bonds of high-mannose structures larger
than Man;) and glycopeptidase F (removes the entire oligo-
saccharide by hydrolysis of the GIcNAc~Asn bonds of most
N-linked oligosaccharides) (Figure 8, panels 2 and 3). Endo
H produced a loss of the residual Al peak (19.83 min in Figure
8-1) and gain of a new sharp peak labeled Aly, (21.93 min,
Figure 8-2). A similar shift was observed for Endo H treated
and untreated glycopeptide B1 of hexosaminidase B (Figure
1). Glycopeptide A2 from hexosaminidase A, however, was
not affected by Endo H (retention of peak at 20.32 min, Figure
8-2). Also, as expected, the retention time of the un-
glycosylated a peak remained essentially unchanged (22.73
min in panel 2). The increase in separation between Aly, and
A2 allowed A2 to be isolated in a pure form for amino acid
sequencing. The minor glycopeptide A2 (from Figure 8-2)
was sequenced and found to have the same amino acid se-
quence as Al (and Bl; Table I).

Glycopeptides A2 and Al (from Figure 8-1) were de-
glycosylated by glycopeptidase F as indicated by the loss of
their corresponding peaks at retention times of 20.44 and 19.83
min, respectively (Figure 8, compare panel 1 with panel 3).
In this case, due to the removal of the complete oligosaccharide
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FIGURE 8: (1) Analytical sample of a mixture containing predomi-
nantly glycopeptides A2 and some residual A1, purified on an Altex
3-um RP-HPLC column (Figure 6), was rechromatographed on a
Jones 5-um 25-cm RP-HPLC column. Peaks were detected by their
UV absorption at 214 nm, and the largest peak was automatically
scaled to 100%. In addition to the two glycopeptide peaks of Al and
A2 observed in the preparative separation (Figure 6), a third peak
containing an unglycosylated a peptide eluted with a retention time
of 22.84 min. (2) Incubation of an aliquot of the mixture shown in
panel 1 with Endo H. Peak A1 was deglycosylated by the action of
Endo H (Aly, represents glycopeptide A1 which retains a single
GIcNAc-Asn residue). The position of glycopeptide A2 remained
unchanged. (3) Incubation of the glycopeptides Al and A2 with
glycopeptidase F. Both Al and A2 were fully deglycosylated by the
action of glycopeptidase F (Al4 and A2y represent the deglycosylated
form of glycopeptides Al and A2), and both coelute with the un-
glycosylated o peptide.

both peptides now coeluted at 22.63 min with the contami-
nating unglycosylated a peptide. Thus, glycopeptides Al and
A2, containing identical peptides, differ in their sensitivity to
Endo H although their glycans are equally removed by gly-
copeptidase F. These data indicate that A1 and A2 contain
different oligosaccharide moieties.

It remained that A2 and B2, with similar retention times
by RP-HPLC, had significantly different peak heights (using
the heights of A1 and B1 as a standard of reference) in the
initial analyses (Figure 6). Therefore, a combined fraction
of the Con A binding glycopeptides from hexosaminidase A
(Al, A2, and A3) isolated from the Altex Ultrasphere ODS
3-pum column, was rechromatographed on the Jones Sperisorb
ODS 5-um reverse-phase column to examine peak heights of
the original material. The resulting chromatograph demon-
strates that the unglycosylated a peptide peak (revealed in
Figure 8-1) was contributing to the height of the peak A2 in
Figure 6 when the original Altex column was used for the
preparative separation (data not shown). Thus, peak A2 was
present in approximately the same relatively minor amounts
as peak B2. Therefore, these data suggest that the minor
glycopeptides A2 and B2 are present with identical structures
and frequency on the 3 subunits of hexosaminidase A and B
and that they correspond to the major glycopeptides Al and
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FIGURE 9: Samples of HPLC-purified glycopeptides B3 and A3
(Figure 6) were incubated with glycopeptidase F and rechromato-
graphed on the Jones Sperisorb ODS 5-um, 25-cm RP-HPLC column.
Although they appear resistant to total hydrolysis, a small amount
of deglycosylate peptide, B34 and A3y, was generated. The time of
elution (in minutes) of each peak is indicated. Peaks were detected
by their UV absorption at 214 nm, and the largest peak was auto-
matically scaled to 100%.

B1 with slight modifications in their glycan structure.

The structure of the N-linked glycan of A3 was determined
by comparison with that of glycopeptide B3. These two gly-
copeptides have the same amino acid sequence (Table I), and
their oligosaccharides share several characteristics: (1) While
both bind to concanavalin A (Figure 6), neither are substrates
for Endo H (Figure 1B, data not shown for A3). (2) Both
oligosaccharides are only slowly removed by the action of
glycopeptidase F (Figure 9, B34 and A3y). This was con-
firmed by amino acid sequencing of B34 and A3y. Due to
the action of glycopeptidase F, the “blank” in the sequenator
turn corresponding to the oligosaccharide-linked Asn residue
in the untreated samples was converted to a carbohydrate-free
Asp residue in the treated samples; the remainder of the se-
quences was identical (data not shown). (3) The elution times
of the two glycopeptides on two different RP-HPLC columns
are very similar (Figures 6 and 9, A3 and B3). (4) The NMR
spectral characteristics of A3 (=210 nmol, 5% yield), while
not conclusive in themselves, are consistent with a Man;-
GlcNAc,-Asn structure. The 500-MHz 'H NMR spectrum
obtained at 70 °C showed two presumptive mannose anomeric
signals at 5.124 and 4.920 ppm (peak area 1:1) (data not
shown). The chemical shifts of these two signals are in com-
plete agreement with those observed for the observed 3' and
6' anomeric protons of authentic Man;-GlcNAc,-Asn at 70
°C (Grey et al., 1982). These two shifts are not consistent
with any reported “complex”-type N-linked structure. Further,
the absence of any additional anomeric signals downfield of
5.142 ppm precludes the presence of larger high-mannose
oligosaccharides. Unfortunately, the presence of extensive
spectral overlap with peptidyl 'H signals did not allow for a
more definitive identification by NMR. Nevertheless, these
four observations together show that A3 and B3 are identical
glycopeptides and that they likely bear a Man,;-GlcNAc, ol-
igosaccharide.

The final glycopeptide, A4 (=10 nmol), was also examined
by a comparison of 'H NMR and endoglycosidase analysis.
It produced similar spectral and chemical evidence to that
obtained for glycopeptides A3 and B3 (data not shown), in-
dicative of a Man;-GlcNAc, N-linked oligosaccharide. Its
peptide sequence, residues 95~104 on the a chain (Table I and
Figure 2), made it the only glycopeptide isolated that was
associated with the a subunit of hexosaminidase A.

Analysis of a Non Con A Binding Glycopeptide from
Hexosaminidase B. In order to identify any non Con A
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Table V: Summary of the Location and Predicted Secondary Structure of the Putative Glycosylation Sites in §-Hexosaminidase

residues (Figure 2)
from the mature

secondary structure?

residue no.? glycopeptide isolated N-terminus a helix 8 sheet 8 turn random coil
Mature a Subunit
(1) 114 A4 26 =56 72 61 117
(2) 156 none¢ 68 107 -100 60 40
(3) 294 none? 206 -152 -89 180 133
Mature 8,8, Subunit
B chain
(1) 84 none -38¢ -222 -21 -70 161
(2) 142 A3, B3 20 -136 -14 82 113
(3) 190 Al, Bl, A2, B2¢ 68 -90 79 51 7
B, chain
(4) 327 non Con A binding? 13 -218 60 199 167
(5) 497 none 82 -171 12 102 139

Distance, in residues, the putative glycosylation site, N, is from the putative initiation site (residue 1 in Figure 2). ®Probability that the jth
residue (expressed as an average of the three amino acids comprising the putative glycosylation site) has the given secondary structure, from a matrix
of statistically derived numbers given by Garnier et al. (1978). °First coincident, putative glycosylation sites in the aligned primary structures of the
a and § chains. ?Second coincident, putative glycosylation sites in the aligned primary structures of the « and 8 chains. ¢This peptide is not present

in the mature protein (Figure 2).

BI B3 B , glycopeptide

'

TIME (min.)

FIGURE 10: RP-HPLC separation of a total tryptic/chymotryptic
digest of hexosaminidase B (Jones Sperisorb ODS 5-um, 25-cm
RP-HPLC column). Glucosamine-positive peaks are indicated. The
identity of the peaks labeled Bl andd B3 was confirmed by amino
acid sequencing. The peak labeled 3, glycopeptide contained a unique
sequence which was localized to the §, region of the prepro-g chain
(Figure 2).

binding glycopeptides, total tryptic/chymotryptic digests of
hexosaminidase A and B were prepared and examined for
GlcNAc-positive peaks after RP-HPLC. Two GlcNAc-pos-
itive glycopeptide peaks were isolated from hexosaminidase
A and three from hexosaminidase B. Two pairs of these
included the major Con A binding glycopeptides Al and A3
from hexosaminidase A (data not shown) and B1 and B3 from
hexosaminidase B (Figure 10, peaks labeled B1 and B3). In
addition a small, GleNAc-positive peak (=20 nmol) which
was not sensitive to Endo H treatment (data not shown) was
isolated from the hexosaminidase B digest (Figure 10, 8,
glycopeptide).

Amino acid sequencing revealed a single sequence which
was localized to positions 316-325 on the deduced sequence
of the prepro-3 polypeptide chain. This corresponds to the
Asn residue of a putative glycosylation site 13 residues removed
from the mature amino terminus of the 3, polypeptide chain
(Mahuran et al., 1988) (Figure 2). The 500-MHz 'H-NMR
spectrum obtained at 70 °C showed a doublet at 5.031 ppm
with a 10.2-Hz coupling constant, consistent with the anomeric
'H of a GIcNAc-Asn residue (Figure 11). The corresponding
N-(acetylmethyl) signal appeared as a singlet at 1.996 ppm

—— 1 Asn-Gn
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FIGURE 11: Partial 500-MHz '"H NMR spectrum of the non Con A

binding 8, glycopeptide from hexosaminidase B (Figure 10). The

glycopeptide spectrum was recorded at 70 °C as described under

Materials and Methods. The chemical shifts indicate the presence

of a single GIcNAc residue.

(data not shown). These data correlate with signals at 5.057
and 2.019 ppm, respectively, found for the single GlcNAc
residue in a glycopeptide from cathepsin B (Takahashi et al.,
1984). Thus, we conclude that hexosaminidase B contains a
single GIcNAc residue at amino acid residue 315 (prepro-3
numbering sequence) in the 3, peptide of the mature 3 subunit.

DISCUSSION

Oligosaccharides were identified at one of three putative
glycosylation sites in the « subunit and at three of five sites
on the 3 subunit of hexosaminidase (Figure 2). These were
resolved as four glycopeptide peaks on RP-HPLC from hex-
osaminidase A (peaks A1-A4) and three peaks (B1-B3) from
hexosaminidase B after purification by Con A-Sepharose
chromatography, a procedure that enriches high mannose type
glycopeptides. One additional glycopeptide was isolated as
a glucosamine-positive peak on RP-HPLC after a tryptic
digestion of hexosaminidase B. The following summarizes the
characterization of the eight isolated glycopeptides.

Amino acid sequencing of the purified glycopeptides re-
vealed that A3 and B3 had identical peptide sequences and
were localized to the first available Asn-X-Thr(Ser) glyco-
sylation sites from the N-terminus of the mature 3, polypeptide
(Tables 1 and V; Figure 2). Similarly, the amino acid se-
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quences of the Al and A2, and Bl and B2, glycopeptides were
identical and were localized to the next available glycosylation
site in the 8, chain. Thus, glycopeptides A1-A3 and B1-B3
are all associated with the 8 subunit of hexosaminidase A and
B. The single hexosaminidase A specific glycopeptide, A4,
was localized near the mature amino terminus of the « chain,
also at its first available site (Figure 2).

The oligosaccharides contained on Al were found to be
identical with those on B1 by NMR. They consist of
Man;s_;-GIlcNAc, glycans in both isozymes. The oligo-
saccharide on B3, from hexosaminidase B, was shown by
NMR to contain a single Man;-GlcNAc, glycan. Although
insufficient quantities of its A3 counterpart were available for
conclusive structural characterization by NMR, the 500-MHz
'H NMR spectrum obtained was consistent with a Man,-
GlcNACc,-Asn structure. Also the chemical shifts were in-
consistent with any reported complex-type or larger high-
mannose oligosaccharides. Furthermore, the similar elution
times from two different RP-HPLC columns (Figures 6 and
9) and the observed glycosidase sensitivities (Table I) indicate
that glycopeptide A3 contains the same oligosaccharide moiety
as B3.

The minor Con A binding peptides, A2 and B2, isolated
from hexosaminidase A and B, respectively, showed longer
retention times on RP-HPLC than the major Al and Bl
glycopeptides. Since the amino acid sequences of all four
peptides were identical, it was left that the oligosaccharides
on A2 and B2 must contain some structural differences from
those identified in the major glycopeptides. Since A2 and B2
themselves had similar retention times on RP-HPLC, it is
likely that they contain the same oligosaccharide.

The major non Con A binding glycopeptide isolated from
hexosaminidase B was found by NMR to contain a single
GlcNAc residue. We were unable to isolate a similar
GlcNAc-containing glycopeptide from the hexosaminidase A
digest, due to the smaller absolute sample size and the in-
creased complexity of the elution pattern resulting from the
combination of peptides from both the « and § subunits.
However, the occurrence of a sequenator “blank” at the pre-
dicted Asn residue was found when the N-terminal sequence
of the combined 8, and 8, polypeptide chains from hexos-
aminidase A was determined. Furthermore, the identical
SDS-PAGE pattern of the reduced 3, chain from either iso-
zyme was observed both before and after glycopeptidase F
digestion (Mahuran et al., 1988). This suggests that the
carbohydrate is also present in the mature § subunit from
hexosaminidase A. Thus, the 8 subunits from either hexos-
aminidase A or hexosaminidase B contain identical carbohy-
drate moieties.

The single GIcNAc residue comprising the carbohydrate
on the mature 8, chain has not previously been found on any
lysosomal enzyme except cathepsin B, whose localization to
the lysosome is uncertain (Takahashi et al., 1984). This may
indicate the presence of an endoglycosidase in the lysosome.

Only one Con A binding glycopeptide, A4, was mapped to
the o chain of hexosaminidase A. Partial characterization by
NMR and its lack of sensitivity to Endo H digestion strongly
suggest that it contains an N-linked Man;-GlecNAc, glycan.

Thus, the eight glycopeptides characterized in this study
were assigned to four of the seven eligible glycosylation sites
found on the mature « and @ subunits. The only remaining
site on the mature 8 subunit was excluded on the basis of
peptide sequence data. A previously isolated tryptic peptide
containing this site included the underivatized, i.e., un-
glycosylated, Asn residue (Korneluk et al., 1986; peptide

designated B-3-H2). We have, therefore, accounted for all
of the putative glycosylation sites on the mature 8 subunit.
There remains a single site in the procomponent of the prepro-8
sequence (Figure 2) which could not be examined in this study
that could contain an attached oligosaccharide.

Additional non Con A binding, i.e., complex type, oligo-
saccharides could yet be found on the two remaining sites in
the « chain. However, one of these sites is an unlikely can-
didate for glycosylation due to secondary structure constraints.
Most N-glycosylated Asn residues are located in regions of
the protein that favor the formation of §-turns or loops
(Kornfeld & Kornfeld, 1985). The secondary structure
predictions calculated by the method of Garnier et al. (1978)
strongly favor an « helix for the first of these regions, residue
56, in the « chain. In contrast, the homologous site in the 8
subunit is glycosylated (Mans_;-GlecNAc,), and its structure
is predicted to be a § sheet or random coil, consistent with the
hypothesis (Table V). The Garnier algorithm does suggest
a @ turn for the second « chain site, also opposite a glycosy-
lation site on the 8 subunit (GIcNAc). We have yet to se-
quence the relevant peptide.

Only the second available glycosylation site in the mature
8 subunit in either hexosaminidase A or hexosaminidase B
contained a mixture of oligosaccharide structures (Man;_;-
GlcNAc, in peptides Al and Bl and uncharacterized minor
structures in A2 and B2). There are precedents for such
heterogeneity of oligosaccharide structures at a single at-
tachment site. For example, similar results have been obtained
for the lysosomal enzyme cathepsin D. Both of its attachment
sites contain several high-mannose structural variants (Tak-
ahashi et al., 1983). One explanation for these findings is that
multiple structural variants are a reflection of progressive
glycolytic degradation occurring with lysosomes. This must
certainly be the case for the Man;-GlcNAc, glycan found in
glycopeptides B3 (and A3), and A4, as well as the single
GlcNAc residue found in the 3, glycopeptide, since no known
processing step within the Golgi could produce a Man;-
GlecNAc, or GINAc-Asn structure. These data do not rep-
resent artifacts of purification because (1) the same glyco-
peptides were isolated from three enzyme preparations each
from 10-15 placentas and (2) identical glycan structures from
these glycopeptides were found on the 8 subunit of both
hexosaminidase A and B. Thus, we propose that this
“processing” represents the rapid removal of nonessential
structural domains exposed to the catabolic milieu of the ly-
sosome. This can explain not only carbohydrate degradation
but the amino-terminal processing of the pro-a and pro-3
polypeptides we have described (Mahuran et al., 1988).

It has been shown that mature placental hexosaminidase
A and B can be phosphorylated in vitro (Goldberg et al., 1984)
and that the transfer of the phosphate group requires the
presence of an «al,2-linked mannose residue (Couso et al.,
1986). Thus, neither the Mans or Man; structures we have
found in the 8 subunit nor the Man; structure on « could
explain the in vitro phosphorylation of hexosaminidase. This
leaves only the Mang or Man, structures found on glyco-
peptides B1 and A1l (present along with the Man,). Since
these were mapped to a single glycosylation site on the G,
chain, we suggest that this site on the 8 subunit is solely
responsible for the in vitro phosphorylation of hexosaminidase
A and B. This argument does not extend to in vivo phos-
phorylation. Because of the evident glycolytic processing of
some of these sites in the lysosome, we are unable to predict
the structures generated during passage through the Golgi.
For example, the o chain has been shown to be phosphorylated
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in vivo (Hasilik & Neufeld, 1980). This must occur at the
site on glycopeptide A4 which, after lysosomal processing,
contains the Man, structure that is not a substrate for the
phosphotransferase. Thus, all three 8 subunit and the single
a subunit glycosylation sites remain candidates for in vivo
phosphorylation.

A comparison of the amino acid sequences near the glyco-
sylation sites in hexosaminidase A and B with those near
glycosylation sites in previously published lysosomal protein
sequences (Fukushima et al., 1985; San Segundo et al., 1985;
Calhoun et al., 1985; Faust et al., 1985; Nishimura et al., 1986;
Oshima et al., 1987) failed to reveal any obvious consensus
sequence that could be associated with phosphorylation. This
suggests that the three-dimensional structures of lysosomal
enzymes may play a role in the recognition of selected oligo-
saccharides by the phosphotransferase. Nevertheless, given
the simple and highly redundant consensus sequence for N-
linked glycosylation [Asn-X-Ser(Thr); where X can be any
amino acid except aspartic acid or proline (Kornfeld &
Kornfeld, 1985)], the existence of a similar type of highly
redundant consensus sequence (dependent on the local sec-
ondary structure of the polypeptide chain for recognition) for
phosphorylation cannot be ruled out.

ADDED IN PROOF

Recently Little et al. (1988) and Stirling et al. (1988) ex-
perimentally determined the sites of signal peptide cleavage
in the pre-a and pre- chains, respectively. The cleavage site
in the pre-a chain is located between residues 22 (Ala) and
23 (Leu) as predicted in Figure 2. However, the cleavage site
in the pre-g8 chain is located between residues 42 (Ala) and
43 (Ala) rather than residues 24 and 25 as we had predicted
in Figure 2. This suggests that the third (Met, residue 26 in
Figure 2) rather than the first in-frame ATG (Met, residue
1 in Figure 2) is the initiation site for synthesis of the prepro-8
polypeptide chain.
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