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Primary structure of the cytosolic f-glucosidase of guinea pig liver
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The cytosolic f-glucosidase (EC 3.2.1.21) present in the livers of
mammalian species is distinguished by its broad specificity for
sugars and its preference for hydrophobic aglycones. We purified
the cytosolic #-glucosidase from guinea pig liver and sequenced
142 amino acid residues contained within 12 trypsin digest
fragments. Using degenerate oligonucleotide primers deduced
from the peptide sequences, a 622 bp cytosolic S-glucosidase
cDNA was amplified by reverse-transcriptase PCR, using total
guinea pig liver RNA as template. The ‘rapid amplification of
cDNA ends (RACE)’ method [Frohman (1993) Methods
Enzymol. 218, 340-356] was used to synthesize the remaining

segments of the full-length cDNA. The complete cDNA con-
tained 1671 nucleotides with an open reading frame coding for
469 amino acid residues. The amino acid sequence deduced from
the cDNA sequence included the amino acid sequences of all 12
trypsin digest fragments derived from the purified enzyme. Amino
acid sequence analysis indicates that the guinea pig liver cytosolic
p-glucosidase is a Family 1 p-glycosidase and that it is most
closely related to mammalian lactase-phlorizin hydrolase. These
results suggest that the cytosolic S-glucosidase and lactase-
phlorizin hydrolase diverged from a common evolutionary
precursor.

INTRODUCTION

In mammals, three prominent f-glucosidases have been well
characterized: lysosomal glucocerebrosidase, intestinal lactase-
phlorizin hydrolase (LPH), and the cytosolic #-glucosidase found
predominantly in the liver and kidneys. The metabolic roles of
both LPH and glucocerebrosidase are known, and deficiencies in
these two enzymes are associated with specific diseases. LPH
hydrolyses dietary lactose (EC 3.2.1.108) and glucosylceramide
(EC 3.2.1.62); LPH deficiency causes lactose intolerance [1-3].
Glucocerebrosidase (EC 3.2.1.62) hydrolyses glucosylceramide
derived from endogenous membrane glycolipids; deficiency of
this enzyme results in Gaucher disease [4,5]. Neither a metabolic
role nor an associated disease state have been described for the
cytosolic f-glucosidase [6].

Several kinetic and physical features distinguish the cytosolic
f-glucosidase from LPH and glucocerebrosidase. Unlike LPH
and glucocerebrosidase, the cytosolic f-glucosidase is freely
soluble and is not glycosylated [7-9]. While it accepts a variety of
sugar glycosides as non-physiological substrates, the cytosolic -
glucosidase does not hydrolyse the natural substrates of either
LPH or glucocerebrosidase [7,9]. Furthermore, it will not hy-
drolyse a number of f-glycosides known to be produced en-
dogenously in mammals [8,9].

The inability to identify an endogenous substrate for the
cytosolic p-glucosidase has led to the hypothesis that the enzyme
may serve to cleave dietary xenobiotic glycosides [10]. Supporting
this idea is the observation that the enzyme efficiently hydrolyses
a variety of plant glycosides, including amygdalin and prunasin
[10,11]. However, the cytosolic f-glucosidase has not yet been
shown to be required for the metabolic disposal of xenobiotic
glycosides. Thus there is insufficient evidence to either exclude

the presence of an endogenous substrate or to confirm a role for
the cytosolic f-glucosidase in xenobiotic transformation.

In this report, we describe the partial amino acid sequence and
the complete cDNA sequence of the cytosolic f-glucosidase from
guinea pig liver. Analysis of these sequences indicates that the
enzyme is a Family 1 f-glucosidase having the greatest homology
with LPH. We discuss the implications of these data for the
structure and function of this enzyme.

MATERIALS AND METHODS
Materials and reagents

Livers from Dunkon-Hartley guinea pigs were supplied by
Rockland, Inc. (Rockland, PA, U.S.A.). Substrates for glu-
cosidase assays, histone H1 and dipalmitoyl-phosphatidylserine
were obtained from Sigma (St. Louis, MO, U.S.A.). «-[**S]|dATP
and y-[**P]JATP were purchased from Amersham (Arlington
Heights, IL, U.S.A.). The Sequenase 2.2 DNA sequencing kit
from Amersham-USB was used for the determination of cDNA
nucleotide sequences. Recombinant human casein kinase 2
(CK2), rat brain protein kinase C (PKC), and 1-stearoyl-2-
arachidonoyl-sn-glycerol were purchased from Calbiochem (La
Jolla, CA, U.S.A.). All other chemicals were of reagent grade.

Enzyme purification

All purification steps were performed in a standard buffer
containing 10 mM sodium phosphate, pH 6.0, and 1 mM f-
mercaptoethanol (f-ME), with specific modifications as noted
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below. Unless otherwise stated, all procedures were performed at
4 °C or on ice. Ten guinea pig livers (183 g) were homogenized in
buffer supplemented with protease inhibitors [l mM EDTA,
1 mM p-ME, 0.029, NaN,, 1 ug/ml leupeptin, 6 ug/ml peps-
tatin, 5 ug/ml aprotinin, 17 mM PMSF, 19, (v/v) isopropanol]
using a Waring blender and brought to a final volume of 380 ml.
The homogenate was centrifuged at 100000 g at 4 °C for 75 min.
The supernatant was precipitated with 20 %, (v/v) poly(ethylene
glycol) (PEG) 4000 (final concentration), and centrifuged at
2500 g for 30 min. p-Glucosidase activity was removed from the
PEG supernatant by batch elution from a DEAE-cellulose
column, using buffered 1 M NaCl as the eluent.

The eluent was dialysed against buffer to a final conductivity
of 2500 xS and then passed through a 0.45-um-pore-size filter.
The filtrate was loaded on to a Waters Protein-Pak DEAE-5PW
steel column (21.5 mm x 150 mm) using a Waters 650 Advanced
Protein Purification System (Waters, Milford, MA, U.S.A.). The
column was eluted with a linear gradient of 0 to 0.15 M NaCl;
f-glucosidase activity was eluted in a single peak at 0.06 M
NaCl. The pooled fractions from the DEAE column were brought
to a final concentration of 1.0 M (NH,),SO, in the standard
buffer, and passed through a 0.45 ym syringe filter. The filtrate
was loaded on to a phenyl-substituted hydrophobic interaction
column (Waters/Shodex PH-814; 8 mm x 75 mm) and eluted
with a decreasing linear gradient from 1.0 to 0 M (NH,),SO,.
The peak activity fractions were concentrated and desalted using
a Centricon 30 ultrafiltration device (Amicon, Beverly, MA,
U.S.A.), and injected on to a Waters DEAE-5PW anion-exchange
column (7.5 mm x 75 mm) equilibrated in the standard buffer at
pH 7.0. The column was eluted with a linear gradient of 0 to
0.2 M NaCl, with g-glucosidase activity being eluted at 0.08 M
NaCl. The enzyme was stored in 509, (v/v) ethylene glycol at
—20 °C, where it is stable for at least 1 year.

Enzyme assays

Assays for f-glucosidase activity were performed as described
previously [12] using fluorescence assays. One unit of enzyme
activity equals one ymol of substrate converted/min.

Protein determinations

Protein concentrations were measured using the dye-binding
method of Bradford [13] with BSA as the standard.

Peptide mapping and amino acid sequencing

Purified g-glucosidase (100 xg) in 50 %, (v/v) ethylene glycol was
concentrated with a Centricon 30 ultrafiltration device, washed
with 2.0 ml of 50 mM Tris, pH 8.1, and concentrated to a final
volume of 220 ul. The enzyme was heated to 99 °C for 10 min,
cooled to 2 °C, and incubated at 37 °C for 48 h with 2 ul of a
109, (w/v) solution of trypsin (Sigma). The trypsin digest was
stored at —20°C for later analysis. Prior to separation by
HPLC, the digest was thawed and p-ME was added to a final
concentration of 0.1 M. The solution was vortexed briefly, then
incubated at 37 °C for 15 min. The trypsin digest was injected on
to a 5um, 4.9 mm x 25 mm C,, reversed-phase HPLC column
(Alltech, Deerfield, MI, U.S.A.) equilibrated with Solvent A [5 %,
CH,CN, 0.19%, trifluoroacetic acid (TFA)] at a flow rate of
1.0 ml/min. The column was eluted with Solvent B (959,
CH,CN, 0.19%, TFA) according to the following linear gradient
programme: 0-5min, 1009% A; 5-127min, 0-559, B;
127-132 min, 55-1009, B; 132-142 min, 100 9%, B. The absorb-
ance of the eluent was monitored at 214 nm, and fractions were
collected manually. Fractions selected for sequencing were lyo-

philized in a Speed Vac (Savant, Farmingdale, NY, U.S.A.) and
resuspended in 50 ul of water. An aliquot (20 xl) of the concen-
trated fraction was injected into a Beckman LF3000 automated
microsequencer (Beckman, Fullerton, CA, U.S.A.).

Amino acid analysis

Amino acid analysis was performed on a sample (9 ug) of
purified enzyme using a Waters Pico-Tag system according to
established methods [14].

SDS/PAGE and isoelectric focusing (IEF)

Aliquots of purified enzyme (0.43 1g) in 509, ethylene glycol
were lyophilized, brought to 8 xl in 10 mM Tris/HCl/1 mM
EDTA/59% (w/v) SDS/0.01 %, (w/v) Bromophenol Blue/1.5 M
A-ME, and heated to 100 °C for 5 min. Electrophoresis was
performed with a Pharmacia Phastgel system using 12.59,
homogenous media (Pharmacia, Piscataway, NJ, U.S.A.). For
IEF, an aliquot (0.34 ug) of enzyme was focused using the
Phastgel system and IEF 4-6.5 media. The IEF and SDS/PAGE
gels were stained with AgNO, using the automated protocols
provided by the manufacturer.

cDNA cloning and sequencing

A sample (0.5 g) of liver from a freshly killed adult guinea pig
was homogenized in 5 ml of Tri-Reagent (MRC, Cincinnati,
OH, U.S.A.), and total RNA was extracted according to the
method of Chomczynski and Sacchi [15]. Total liver RNA (5 ng)
was used as the template for the synthesis of first-strand cDNA,
using Superscript reverse transcriptase (Gibco-BRL, Bethesda,
MD, U.S.A.). Priming was performed with oligo-dT , |, primers,
and reaction conditions were exactly as recommended by the
manufacturer. PCR was performed using 1 ul aliquots of first-
strand cDNA as template with hemi-nested primers correspond-
ing to the coding sequences of tryptic peptides 89 and 126 (sce
Figure 3) [16]. The outer amplification included 5 pmol of primers
89S and A126C, 20 mM Tris/HCI, pH 8.4, 50 mM KCl, 1.5 mM
MgCl,, 0.2 mM dNTPs and 2.5 units of Tag polymerase (Gibco-
BRL), in a final volume of 50 xl. Amplification was performed
for 45 cycles according to the following programme: 94 °C for
1.5 min; 45 °C for 2 min; 72 °C for 2 min. A final extension cycle
was performed at 72 °C for 5 min. The reaction mixture from the
outer amplification was diluted 1:20 with water, and an aliquot
(1 ul) was used as the template for hemi-nested PCR with
primers 89S and A126N (see Figure 3). Amplification was
conducted under the same conditions and thermal cycler para-
meters as the outer amplification, with a final reaction volume of
100 pl. The single 622 bp amplification product was gel-purified
and ligated into pCRII (Invitrogen, San Diego, CA, U.S.A.) as
described previously [17]. A single clone (A1) was isolated, and
the nucleotide sequence was determined by double-stranded
dideoxy sequencing methods [18].

3’- and 5'-directed RACE (rapid amplification of cDNA ends)

The ‘RACE’ technique was used to amplify cDNAs from the 3’
and 5" ends of the mRNA [19]. 3’-Directed RACE was performed
exactly as described by Frohman [19] using the primer Q, for
first-strand cDNA synthesis. The sequences of all primers used
for reverse-transcription PCR (RT-PCR) and RACE are shown
in Figure 3; the primer pairs are shown with their orientations
relative to the ¢cDNA in Figure 4 (upper panel). The outer
amplification employed the primers LS and Q,, (100 nM of each)
according to the following thermal cycler programme: 94 °C for
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Table 1

Units of enzyme activity are expressed in gmol of substrate hydrolysed per min.

Summary of the purification of cytosolic f-glucosidase

Step Volume (ml) Protein (mg) Activity («mol/min)  Specific activity (units/mg)  Fold purification Yield (%)
Crude homogenate 380 6150 420 0.00683 1) (100)
100000 g supernatant 465 4700 47.8 0.0102 1.49 (100
20% PEG supernatant 765 464 31.8 0.0686 10.0 75.7
DES2 (batch) 265 134 30.5 0.228 334 72.6
DEAE-5PW, pH 6.0 245 13.5 19.7 1.46 214 46.9
Hydrophobic affinity 47 1.25 6.65 5.32 779 15.8
DEAE-5PW, pH 7.0 7 0.293 4.7 16.0 2340 1.2
92
97 kDa .
66 kDa é 116
43 kDa % 8
31 kDa 3 " m
22 kDa y
14 kDa -
0.0 | | | |
60 80 100 120
Elution Volume (ml)
Figure 1 SDS/PAGE and IEF of the purified cytosolic f-glucosidase
$47 vV P YT B8 A K
The purity of the enzyme was assessed by SDS/PAGE (A) and IEF (B) gels as described in
the Materials and methods section. Staining was with AgNO,. The sizes of molecular mass #51 G V D Y Y N K
markers in kDa (Bio-Rad low-range molecular mass markers; Hercules, CA, US.A.) are
indicated to the left of (A); the apparent molecular mass of the enzyme is 53 kDa. The positions 77 W E X F R
of the isoelectric point standards (Pharmacia LKB #1860-202 pl markers; Piscataway, NJ,
U.S.A.) are indicated in pH units to the right of (B); the apparent pl of the enzyme is 4.6. #82 F 8 I 8 W 8 R
#89 N QT GDJVACTG S Y TTLW
3 . 0O, 1 . 0, 11 -
1.5 min; 54 °C for 1 min; and 72. C for 40 min; followed by 30 s116 EAEDLGILOQDAETITETLF
cycles of the same programme with the extension step at 72 °C 8 D P 8
reduced to 2 min. A final extension step at 72 °C was performed
for 5 min. The product of the outer amplification was diluted #117 G MV 8L S8LTFTCTIWPOQTPE
1:20 with water, and an aliquot (1 xl) used as template for nested p P NSV
PCR. Nested PCR used the primer pair MS and Q, (100 nM of
. o #126 A I NF Q F DFFAKTPTITFI
each) for 30 cycles of the following programme: 94 °C for D GD Y P
1.5 min; 54 °C for 1 min; and 72 °C for 2 min; followed by an
extension step at 72 °C for 5 min. The resulting PCR products #502 8 ¢ I a8
were gel-purified and ligated into pCRII. Recombinant trans-
formants were selected as described [17]. Clone B1 represented #92a A ¥W&HS YDSBSLF
the complete 3" end of the cDNA, including the polyadenylation
Signal, #92B G T A D F F A V Q Y Y T
5’-Directed RACE was performed using first-strand cDNA
#92¢ G P CVWDTTFTUHOTG GG GE

that was primed with the primer RAS from the 3" end of clone
A1l (see Figure 4, upper panel). Two first-strand reactions were
combined (40 xl total) and desalted using a Centricon 30 and
1 x TE buffer (10 mM Tris/HCI, pH 7.8, 1 mM EDTA). The
cDNA was resuspended in a final volume of 34 ul of 0.1 x TE.
Aliquots (11 ul) were resuspended in a final volume of 20 ul
containing 100 mM potassium cacodylate, pH 7.2, 2 mM CoCl,,
0.2 mM dithiothreitol (DTT) and 15 units of terminal deoxynu-
cleotidyl transferase (Gibco-BRL). The mixture was incubated
at 37 °C for 5 min, 65 °C for 5 min, and then placed on ice. PCR
was performed with 1 xl of the terminal transferase reaction as
template. A combination of the primers Q, (3.5nM) and Q,
(100 nM) was used in the sense orientation and the primer MAS

Figure 2 Peptide mapping and amino acid sequencing

Upper panel: chromatogram of the separation of trypsin-digested cytosolic 4-glucosidase on a
(18 reversed-phase HPLC column. The numbered peaks represent fractions yielding the
sequences shown in the panel below. Lower panel: amino acid sequences of the tryptic peptides
isolated by HPLG above. Peptides 47, 51, 77, 82, 89, 116, 117 and 126 were single sequences
obtained from the respective fractions identified in the chromatogram shown in the upper panel.
Peptides 50A, 92A, 92B and 92C were present as a mixture of peptides in their respective
fractions. The sequences of these four peptides were deduced later from the cDNA sequence
(see Figure 5). X = indeterminate amino acid assignment; the third residue in peptide 77 was
determined to be a cysteine by inspection of the cDNA sequence.
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(100 nM) used in the antisense orientation, with the final reaction
volume being 50 xl. The thermal cycler programme was as
follows: first cycle: 94 °C for 1.5 min, 45 °C for 2 min, and 72 °C
for 40 min; second cycle: 94 °C for 1.5 min, 54 °C for 2 min, and
72 °C for 40 min; cycles 3-33: 94 °C for 1.5 min, 45 °C for 2 min,
and 72 °C for 2 min. A final extension step was conducted at
72 °C for 5 min. Nested PCR (100 gl final) was conducted using
the primers Q, and LAS (100 nM each) and 1 ul of the outer
amplification reaction (diluted 1:20 with water) as template.
Thermal cycler parameters were as follows: 94 °C for 1.5 min,
54 °C for 1 min, and 72 °C for 2 min, 35 cycles total. PCR
reaction conditions were otherwise identical to those described
above. A single broad band of PCR product (approx. 400 bp)
was produced, ligated into pCRII, and cloned as described
above. The clones generated (C1-C32) were heterogeneous in
length, differing in the extent of the 5 cDNA sequence they
contained. The longest clone (C19) contained the presumed
translation initiation codon and 56 nucleotides of 5" untranslated
region.

Direct sequencing of PCR products

The nucleotide sequences of both strands of the cDNA were
determined by direct sequencing of PCR products amplified
from first-strand cDNA. A series of overlapping PCR products
were generated that spanned the region from base 55 to base
1621 in the sense strand, and from base 57 to base 1553 in the
antisense strand (see Figure 4, lower panel). PCR products were
labelled with biotin at the 5" end of one of the primers and
purified for sequencing using streptavidin-coated magnetic beads
(Dynal, Lake Success, NY, U.S.A.) [20]. Each segment of each
strand was sequenced at least twice, using as template the
products of separate PCR amplifications. The sequence of the 5’
untranslated region from base 44 to 54 was determined by
sequencing three separate clones isolated during the 5-RACE
procedure. The sequence from base 1 to 43 was determined from
the sequence of the longest 5'-RACE clone (C19).

In vitro phosphorylation assays

Phosphorylation of the cytosolic f-glucosidase by PKC was
attempted in vitro using purified rat brain PKC. A concentrated
buffer stock was prepared [0.4 M Tris, pH 7.3, 0.4 M NaCl,
2mM CacCl,, 0.2 mg/ml phosphatidylserine, 40 ug/ml diacyl-
glycerol], sonicated in a water bath for 10 min, and placed on ice.
Purified p-glucosidase (0.4 ug) was mixed in a final volume of
20 pl with 5 ul of concentrated buffer, 20 uM ATP, 10 mM
MgCl,, 0.9 uCi of [y-**P]JATP, and 90 m-units of PKC. Control
reactions included PKC alone, PKC plus histone H1 (4 xg), and
cytosolic f-glucosidase alone. The reactions were incubated for
30 min in a 37 °C water bath, then dialysed for 2 h against 1 litre
of water as described [21]. The dialysate was lyophilized in a
Speed Vac, and prepared for either SDS/PAGE or IEF analysis
as described above, with Coomassie Blue staining. Autoradio-
grams were exposed for 2 h and compared with the stained gels.

Phosphorylation of the purified #-glucosidase in vitro by CK2
was investigated by combining the f-glucosidase (0.4 4g) in a
final volume of 20 xl with 20 mM Mes, pH 6.9, 130 mM KCI,
10 mM MgCl,, 4.8 mM DTT, 25 uM ATP, 1 xCi of [y-**P]JATP,
and 0.2 m-unit of CK2. Control reactions included CK2 alone,
CK2 plus casein (4 ug), and p-glucosidase alone. Reactions were
incubated at 37 °C for 15 min in a water bath, followed by
precipitation with 2 ul of 0.0159%, (w/v) sodium deoxycholate

Al126N GCI AAI AAI TCI AAI TGI AAI TTI AT

Al26C TCI TAI CCI TCI ATI AAI ATI GGI TT

898 ACI GGI GAI GT(GCT) GC(ACT) TG(CT) GG

Q; CCA GTG AGC AGA GTG ACG AGG ACT CGA GCT
CAA GCT TTT TTT TTT TTT TTT T

Q CCA GTG AGC AGA GTG ACG

Q GAG GAC TCG AGC TCA AGC

Ls TCC TGG TCA CGT CTG TTA C

LAS GTA ACA GAC GTG ACC AGG A

Ms GAA GAC CAA GGT GGA TGG T

MAS ACC ATC CAC CTT GGT CTT C

RAS AAG TGA TAG GGA CAC CAT AC

Figure 3 Sequences of primers used for RT-PCR and RACE

Primers A126N and A126C correspond to the antisense complements of the N- and C-termini
of peptide 126. Primer 89S corresponds to the sense orientation of peptide 89. Primers Qy, Qg,
and Q, were identical to those described by Frohman for RACE [19].

A126C

895 Al A126N
— -
ATG TAA
; ; AAA(A)n
Qr
Ls 3'RACE ‘_Qo
— MS -
- B1 TAA - Q
: AAAAn
@/ MAS s
- s -
Q> p1g -
c19
5'RACE
- =
— =
-
——
- =T
- -
-
ATG TAA
1

AAA(A

Figure 4 Cloning and sequencing strategies

Upper panel: the generation of clone A1 using the degenerate primers shown in Figure 3 is
indicated in the upper box. The generation of the RACE clones B1 and C19 is indicated in the
lower boxes. The sizes and locations of clones and primers are shown to scale with reference
to the full-length mRNA, shown by the heavy black line. Vertical staggering of the primer pairs
indicates nested PCR amplifications: upper and outer sets of primers represent outer
amplifications, while lower and inner primer pairs represent nested amplifications. Primers Q;
and RAS were used to prime the first-strand reactions for clones B1 and C19 respectively. Lower
panel: sequencing of the cDNA. Leftward arrows represent antisense-strand sequencing;
rightward arrows represent sense-strand sequencing. Solid arrows indicate direct sequencing
of PCR product; broken arrows represent sequence obtained from cloned PCR products.

and 2 gl of 1009, (w/v) trichloroacetic acid. Precipitates were
spun briefly in a microfuge and the pellet washed with 20 ul of
water. The pellet was resuspended in 5 ul of gel loading buffer
and analysed by SDS/PAGE as described above. Autoradio-
grams were exposed for 48 h and compared with the Coomassie
Blue-stained gels.
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Sequence analysis

Amino acid sequence analysis and alignments were performed
using the Wisconsin Package (GCG, Madison, WI, U.S.A.).
Database searches were performed using the NCBI BLAST
algorithm [22]. Sequences identified by BLAST with scores of
150 or greater were selected for further analysis. Individual
sequences were analysed for known structural motifs using
MOTIFS, pairwise sequence alignments performed using GAP,
and multiple sequence alignment performed using PILEUP.

CCTAACTCC TC ACC 56
ATGGCTTTCCC TTGGT TGCCCACCGCAGCCTATC 116
1 M A F P ADLVYGGLUZPTA AAY QVEG
GGC A >CC TGGGACACATTCACCCATC 176
21 G WD ADGR RGP CV WDTTFTHQG G
#92C
GAGAGAGTTTT AGAACCAGAC AGCTATACTC 236
41 E RV F KNQT G DV A CG S Y T L W E
* #89 A
GA AACAGC TCATTACCGCTTTTCTATTTCCTGG 396
61 E DL K CTIXKQULGULTH HTYRTESTI S W
#82
TCACGTCTGTTACC CGA TTCATCAACCAGA TGACTATTAC 356
81 S RLLPDGTTGT FTINA QI KTGVDY Y
#51
AACAAGATCATTGATGATTTGTTAACAAATGGGGTTACACCTGTGGTGACACTCTACCAC 416
101 N X I I DDULULTNZGVYVTZ®PVVTTULTYH
TTTGATTTGCCTCAGGCTT CA AGAGGCAATCATTGAA 476
121 F DLPQALTED UG QGG GUWILSEA ATITIE
GTCTTTGACAAATATGCCCI TTTGCTTC ACC' GAATCGAGTCCGGCAGTGG 536
141 V FDKYAQ QP CPFSTT FGNIR RVRIQW
ATCACCATAAATGAGCCCAATGTTCTT 'TTCTTTGCT 596
161 I T I NZEBUPNUVILGCAMGTYDTULGTF F A
~
C TTCTCAAAT C "TACCAAGCGGCTCATAATATGATTAAGGCT 656
181 P GV S QI GT GG Y Q A AHNMTIIKA
CATGCCAGAGCCTGGCACAGTTACGATTCCTTATTCC AAAGCAGA 716
201 H ARAWHEH S Y D S L F RZEIZKUG QI KTGMUV
#92A
TCCCTATCACTTTTTTGTATCTGGCCGCAACCAGAAAATCCCAACTCAGTGCTGGACCAG 776
221 S L S L P C I WP Q PENUPNZGSVLTDZQ
#117 ~
AAAGCTGCTGAAAGAGCGATCAACTTTCAATTTGATTTCTTTGCTAAACCTATATTCATT 836
241 K A ABRAINTFQF DTV FTFAIKZ®PTITFTI
#126
GATGGCGATTATCCTGAACTTGTCAAGTCCCAGATTGCCTC AAAGCAAGGC 896
261 D GD Y P ELY K S QI ASMSETZ KT QG
#50A ~ +
TATCCATCATCGAGGCTTTCCAAATTCACAGAAGAAGAGAAGAAAATGATCAAAGGCACT 956
281 P S S RL S KPFTEETEIZ KIZ KMTIZKTG GT
+ N e
GCTGATTTCTTTGCTGTGCAATATTACACGACTCGCTTCATCAGGCACAAGGAGAATAAG 1016
301 A DFF AV QY YTTRTPFTIRIEIKENDNK
#92B +
GAAGCAGAACTTGGCATTCTTCAGGATGCAGAGATTGAGCTTTTCTCTGATCCTTCTTGG 1076
321 E A E L G I L Q DAETIEBELTF SDGP S W
#116 +
A >CGC ATACGTAAACTGCTGAAC T 1136
341 K GV GWV RV YV P WG IRIKTILTULNTYTI
AAGGACACGTATAATAACCC TTACATCACTGAGA TTCCCC C 1196
361 K DT Y NNUPUV I ¥ I TENGTVFUPQDD
CCGCCATCTATTGATGACACCCAGCGTTGGGAATGTTTCAGACAGACATT ACTA 1256
381 P P S I DDT QW RUWECT FRUOQTTFEETL
~ + #77 ~
TTCAAAGCTATCCATGT! A TAATCTTCAGC >GTGGTCTCTTCTG 1316
401 F KA I EVD XKV NULAGQLTYGCAWSTLL
s
GATAACTTTGAATGGAATGACGGATACAGCAAACGGTTTGGTCTCTTTCATGTTGATTTT 1376
421 D NF EWNUDGZY S KRFGLTFHVDTF
+
GAAGATCCAGCTAAACCTCGAGTCCCTTATACTTCAGCCAAGGAGTATGCCAAGATCATC 1436
441 E D PAKUPRUYVPY TS A KETYAZ KTITI
- %1 s
CGAAAC] C A >CCC A 'CCCCCAGAGA 1496
461 R NN G L E R P Q Tem
TCTGCTTTGGGAAAAGAAA TCTACTTCI TCTC TTCAAG 1556
TTGCCTCTCTTCTAGT ATCAGGAAATCTGTC ATTTAAAATAG 1616
CCTCTAACTTTTTTGTATTTTAATCAAAATACAAAATGAAAATAAAAARATCAGA 1671

Figure 5 c¢DNA and amino acid sequences of the cytosolic f-glucosidase

The amino acid sequence numbers are specified along the left-hand side of the sequence;
nucleotide sequence numbers are shown to the right. Underlined amino acid sequences
represent the sequences of the tryptic peptides shown in Figure 2(lower panel). () =
consensus N-glycosylation site; (/\) = consensus phosphorylation site for CK2; (+) =
consensus site for phosphorylation by PKC; ( x ) = consensus phosphorylation sequence for
both CK2 and PKC. The doubly underlined sequence at amino acid residues 370-375
represents the consensus active site sequence (see the text).

RESULTS
Protein purification and peptide sequencing

The protocol employed to purify the cytosolic f-glucosidase is
summarized in Table 1. The specific activity of the pure enzyme
was 16.0 umol/mg of protein per min, which is 2-fold greater
than the highest value previously reported for the enzyme from
guinea pig liver [12]. The purity of the enzyme was assessed on
silver-stained SDS/PAGE and IEF gels. The apparent molecular
mass was 53+ 1 kDa, and the isoelectric point was 4.6 (Figure 1).
Attempts to sequence the intact enzyme were unsuccessful,
indicating a blocked N-terminus. Purified enzyme (100 pxg) was
subjected to exhaustive trypsin proteolysis, and the resulting
peptides were separated by reversed-phase HPLC (Figure 2,
upper panel). Eight of the resultant fractions were pure and
yielded single sequences; an additional four fractions yielded a
mixture of sequences (Figure 2, lower panel). Comparisons of the
peptide sequences with the GENBANK, Brookhaven, and
SWISS-PROT databases indicated that peptides 51, 82, 89 and
126 were homologous with LPH from human and rabbit intestine
[23], while peptides 47, 77, 116 and 117 were unique.

cDNA cloning and sequencing

The elucidation of the full primary structure of the cytosolic -
glucosidase was achieved in two phases. First, overlapping
fragments of the full-length cDNA were cloned and sequenced
using RT-PCR. In the second phase, the nucleotide sequences of
the cloned fragments were confirmed by direct sequencing of RT-
PCR products amplified from the first-strand cDNA. This
redundancy was necessary because sequence obtained from a
single PCR-generated clone is more likely to reflect random
errors introduced by Taq polymerase than is sequence infor-
mation obtained directly from PCR products [24].

Table 2 Amino acid composition of cytosolic S-glucosidase

The amino acid compositions predicted from the cDNA sequence and measured with the purified
enzyme are shown. The amino acid composition of the purified enzyme was determined as
described in the Materials and methods section. Values for the acid/amide pairs Asp/Asn and
Glu/Gln are reported as the sums D+ N and E~+Q for the composition determined from the
pure enzyme. The accuracy of this method is + 10%. Abbreviation: ND, not determined.

Residue Predicted Observed
A 30 35
C 8 ND
D 32 *
N 21 *
D+N 53 55
E 29 >
Q 24 *
E+Q 53 58
F 32 34
G 36 39
H 9 9
| 28 25
K 28 31
L 34 36
M 6 ND
P 24 25
R 20 21
S 24 24
T 23 24
\ 26 26
W 14 ND
Y 21 21
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We isolated the initial clone by performing RT-PCR with
degenerate oligonucleotide primers derived from the sequences
of tryptic peptides 89 and 126 (Figures 2 and 3). The sense (89S)
and antisense (A126C/A126N) orientations of the RT-PCR
primers were designed on the basis of the relative positions of
their homologous sequences in LPH. Peptide 89, from which
primer 89S was developed, is homologous with amino acids
946-956 in domain III and 1419-1429 in domain IV of human
prepro-LPH. The corresponding regions for peptide 126 were
residues 1146-1165 and 1620-1639 of domains III and IV
respectively. {The sequence of pro-LPH contains three fully
repeated domains of approx. 450 amino acids. The two C-
terminal domains (III and IV) are retained in the final mature

E.colil ESFLWGGALA ANQSEGAFRE

GDKGLTTVDM

protein as functionally independent S-glucosidase activities [23].}
First-strand cDNA, generated from total liver RNA with an
oligo-dT,, ,, primer, was used as template. A single 622 bp
amplimer was cloned and sequenced. The nucleotide sequence of
the clone, designated Al, contained a single full-length open
reading frame that included the coding sequences of peptides 89,
82, 51, 117 and 126.

Using oligonucleotide primers derived from the sequence of
clone Al, the 5 and 3’ ends of the cDNA were amplified and
cloned by the RACE procedure described by Frohman [19]. 3'-
directed RACE was accomplished using the primer pairs Q,/LS
(outer) and Q,/MAS (nested), with first-strand cDNA primed
with Q, as the template for the outer amplification. Five PCR

100
DIALMAEMGF

50

IPHGEHRMAV KLGLEKRFQL RDDEFYPSHE ATDFYHRYKE

E. chrysanth
B. napus

S. alba

. esculenta
T.repens

A. sativa
LPHIII
LPHIV
Cytbgl

B. circulans
C. thermocel
T. maritima
C. sacch.

B. polymyxa
A. faecalis
M. bispora
C. fimi

L. lactis
Consensus

.. .DDNI

ALESAKQVKP

«+++GHARA

101

KVFRTSIAWS
TCLRISIAWT
TGYRFSIAWS
TGYRFSFAWS
NAFRMSISWS
DAYRFSISWP
DSYRFSISWP
KAYRFSISWS
SHYRFSISWS
THYRFSISWS
KVYRFSISWP
KSYRFSISWP
KAYRFSISWP
KAYRFSIAWT
LHYRFSVAWP
EAYRFSLAWP
RVYRFSVAWP
QAYRFSIAWP
NGIRISIAWS
--YRFSI-W-~

E. coli

E. chrysanth
B. napus

S. alba

M. esculenta
T. repens

A. sativa
LPHIII
LPHIV

Cytbgl

B. circulans
C. thermocell
T. maritima
C. sacch.

B. polymyxa
A. faecalis
M. bispora
C. fimi

L. lactis
Consensus

201
LHSPFSGAGL
LHAPFTGVGL
PTRGYGAGSD
PTRGYALGTD
VGFAHDDGVF
SMNAYAYGTF
CGLGYGTGLH
AWLGYGSGEF

* AYQGYGYGTA
CAMGYDLGFF
AFLSNYLGVH
SLLGHFLGIH
AIVGHLYGVH
AFLGYFHGIH
SILGYGTGEH
VWLSHLYGVH
AFLATHRG. .
AFLGYASGVH
GDGQYLVG@KF

G

E. coli

E. chrysanth
B. napus

S. alba

. esculenta
T. repens
A. sativa
LPHIII
LPHIV
Cytbgl

B. circulans
C. thermocell
T. maritima
C. sacch.

B. polymyxa
A. faecalis
M. bispora

C. fimi

L. lactis

PDRLNSSSFE
TDILSSKNEG
PDDFSRKYFP
FSDLNRSCFA-
WQVPKRDWFP
+ese. . GTER
.. .GRFP
. . .MAFP
++ .MSIHMEP
.. .MSKITEP
+ « +MNVKKEFP
....MDMSPP
MSENTFIFP
DPNTLAARFP
SDAAGDLSFP
TTRPSGRQFS
+++ «MTKTLP

RLFPQGD.EI
RIFPQGD.EA
RIIPRGKRSR
RIVPKGKVSR
RVIPSGRRRE
RVLPKGKLSG
RILPKGTLDG
RIFPTGR.NS
RILPDGT.TR
RLLPDGT. TG
RVLPQGT.GE
RIFPEGT.GK
RILPEGT.GR
RIFPDGF.GT
RIMPAA. .GI
RIIPDGF.GP
RIVPDGS.GP
RIQPT@S.GE
RIFPTGY..G
RI-P-G----

VFEE...
..PP...
APG.RCSPMV
APG.RCSPKV
APG.RCSSWV
APG. RCSDWL
APGARCSAGM
PPGVK.....
APGVS.....
APGVS.....
APGNK. .
APGIK.....
APGMR.....
APGIK.....
APGHE.....
APGER.
APGAA.....
APASP.....
PPGIKY....

AHFLWGGAIA
KDFIFGVASS
KDFIFGVASS
DDFIFGTATS
PGFVFGTASS
PEFMFGAASA
DDFLWGVSSS
EGFIWSAASA
ADLVGGLPTA
SDFKWGVATA
KDFIWGSATA
EGFLWGVATA
KGFLWGAATA
ATPMWGTSTS
GDFLFGVATA
DGPIWGAATA
DDFLWGSATA
KDFIFGGATA

------------------ r- --F--G-A—-

TPNQOGIAFY
EPNEAGLAFY
GVNKDGINYY
GVDQAGLDYY
GVNEEGIQFY
GVNREGINYY
GINHEGIQYY
SINSHGVDYY
YINEAGLNYY
FINQKGVDYY
. VNRAGLDYY
. LNOKGLDFY
. VNQKGLDFY
. VNQKGLEFY
. INEEGLLFY
. INEKGLDIY
. VNPAGLDFY
. FNQAGLDYY
EVNEKGVEFY
—-N--G--FY

veese..DSD
DPT. .CYAGN
DTKQRCYGGN
+ « NRQCLAGD
« + KLNCTGGD
.. TCVIPEED
........ D.

. DLAKVFQSHH
H

DGKGLSTSDL
+.GRGLNVRDG
. GRGVNVWDG
KGRAPSVWDI
DGKGPSIWDT
GGKGPSSWDN
DGKGPSTWDN
DGKGLSTWDT
DGRGPCVWDT
DGRGMSTWDT
DGKGESTWDR
DGAGMSTWHT
DGKGESTWDR
GGRTPSTWDT
DGRKPSTWDA
DGR@. . LWDV
GGRGPSTWDT
DGKGPVAWDK
~@-G---WD-

ANQVRGAYLT
AYQ.ACCL. .
AYQIRBGGR. .
AYQIRGEATA
AFQYEGAAFE
AYQIEBGAWNE
AYQIRGAWDA
AYQIEGAWRA
AYQVEGGWDA
AYQIRGAYNE
AYQIERGAYNE
SYQIRGSPLA
SYQIEBGAWNE
SYQIRGGTDE
SFQIBGSTKA
AYQIBGAWRE
SYQIRGAHDE
AYQARGATHT
-YQ-BG---~

150
GIEPLVTLCH
GIQPLVTLSH
GITRFVTLIH
NITRFVILIH
GLERFVTIFH
GMQPYVTLFH
GIKPYITLFH
NIFPMVILFH
SIQPQVIIYH
GVTPVVILYH
GIEPFCTLYH
GIMPAITLYH
GITRFVIIYH
GIERVVTLYH
GLIPMLTLYH
GIKTYATLYH
GITRYPTLYH

RSVFEECKKY
DRLFDELAKY
HGLIDGLIDK
HNLIDALLEK
NDVINEIISN
NNLINEVLAN
NDLLDCLIEN
NRLINGLVAS
VRLIDTLLAA
NKTIIDDLLTN
HRLVDELLAN
KRLTNLLLEN
NRIIDTLLEK
DRLINKLVEN
EHLLDEIELA
DRLVDGCKAR
DRLVDELLGH
SDLVDRLIAA GIKPVATLYH
HKLFAECHKR HVEPRFVTLHK
——————————— I-P--TLYH

250
HQLVASALAT
HOLVASARAV
NQLLAHATVV
NQLLAHAAIV
NLLLSHAAAV
YQLLAHAAAA
NLLLAHAETV
TVIKAHARVY
NLIKAHAEAW
NMIKAHARAW
HLLVAHGRAV
NLLLSHGKAV
NLLRAHARAV
SLMLSHFKVV
HILMCHGIAS
HINLAHGFGV
HLLLGHGLGL
....TTSTSR
NMMVSHARAV

QDOVKYQAAH
LAAIK.QAIH
SSTEPYIVAH
SSTEPYIVAH
SATEPYIVAH
SGREPYLARH
ALRNPYIVGH
PGWAPYRIAH
PGTAPYIVGH
. GTGGYQARK
. .QLAIDVSK
. .RTSLEVSH
. .YVAFRAVH
. . KVAMDVVH
. .REAFTARK
. .EAALAAMH
... PRFRAVH
. .SRPCAPS.

FSHRYP. ...
FSKETP....
PTHKYP....
FCHSHP....
FTHT.P....
PSHT.P....
FTHQ.G. ...
FAHT.P....
FSHT.P....
FSHT.P....
PTHQ.K. ...
¥CQI.P....
FCNM.P....
FSHT.P....
FSRT.P....
YLEDN.....

..FGEIVTR QPGDSGIKDV
SGPDHGNGDT
SGSDLKNGDT
I.LDGSNGDV
1.KDRTNGDV
I.MDKSNADV
NVKDNATGDI
RVENDAIGDV
RVFKNQTGDV
. KVKNGDNGNV
. NIADGHTGDV
NVKNGDTGDV
. NILYGHNGDV
. KVIGGDCGDV
. HVFGRHNGDI
. KVASGHTGDI
. KVLNGDTGDV

.. . YWYTAEP
D-

r

FDVEMHLVTE
YEMPYGLVEK
WDLPQVLODE
WDLPQTLODE
WDTPQALQDK
WDVPQALEDE
WDTPQALADE
WDLPQALQDI
WDLPQTLODV
FDLPQALEDQ

WDLPQALQDQ .
WDLPOKLQDK .

WDLPFALOLK

WDLPQKLQODI .
WOLPOWIEDE .

WOLPLTLMGD
WOLPQTLEDR
WOLPQPLEDE
FDTPEALHSN
WD-P--L---

KIAHEVNPON
KACHDMIPDA
DLYRKNY.S.
DLYRTNY.AF
HQYRKYYQGT
RLYKTKYQAS
DVYNKFYKG.
HTYDEKYRQE
HLYNDVYRAS
HSYDSLFREK
TLFRELGISG
KLFREMNIDA
KVFRETVKDG
KAVKENNIDV
NLHKEKGLTG
EASRHVAPKV
RLRSAGA. .G
TASRAARSAR
KLYKDKGYKG

YGSWRNRKLV
HG@WGNRLTI
YEGFLDPQII
YEGFLDRQII
YGGFLSRDIV
YRGFLGRNIV
YKDFLDRRIV
- GGWENPALI
.GGWENETIV
.GOWLSEAII

EFFSRYARTC
DCFERYARTV
HDFKHYANLC
QDFKDYADLC
YDYLQYADLL
DDFRDYAELC
KDYTDYATVC
DLFDSYADFC
QRFKEYADVL
EVFDKYAQFC
DAFAEYAELM
DYFTEYSEVI
DWFAEYSRVL
NYYFDYAMLY
QHFKTYASVI
HAFQRYAKTV
YRFAEYALAV
YRFVEYARKL
.GDFLNRENI EHFIDYAAFC
O mmmm - r--YA--~

FYPYSCKPED
LYPLTSKPED
MITRWFLPYN
MITRWFLPYD
LFTFWYEPLS
LVSHWFEPAS
LDVMAYEPYG
LSTHWAEPKS
ISSDWAEPRD
LFCIWPQPEN
AVPYRRT...
HYPASEK...
FEPASEK. ..
VYLQTERLGY
VDAASER. ..
AIPASD....
VIEARP....
REPARDARRR

QVECMLAGGN
QIGNMLLGAM
ceo 1..GPV
ONGKI. .GPV
OKGKT. .GIT
ONGII..GIT
DDGQI . . GMV
QKGVI. .SLS
QGGVI..SIT
OKGMV. . SLS
EIGIAPNTSW
QIGIALNLSY
KIGIVFNNGY
EVGITLNLTP
KIGITLNMEH
PVGLVLNAHS
QLGLTLSLSP
SSARTRPSRS
EIGVVHALPT
P

AIDFYHRYPQ
TCDSFSYWQK
SCESYTRWKK
AVDFYNRYIQ
AIDEYHRYKE
AANSYYMYKE
ACDSYHQLDA
ACDSYHKIAE
ACGSYTLWEE
ACDSYHRVEE
ACDHYHRYEE
ACDHYNRWKE
ACDHYHRFEE
ACDHFHHFKE
ACDHYNRWEE
ACDHYHRYAD
AVDHYHRVPE
ASDFYHKYPV
A-D-Y--Y--

FEAFDGLVKY
FARYRHKVKR
FQEFGHKVKN
FKEFGGKVKN
FERFGDRVKP
FKEFGDRVKH
FEHFGDKVKN
FQTFGDRVKF
FQRLGDKVKF
FSTFGNRVRQ
FKELGGKIKQ
FKNLGDIVPI
FENFGDRVKN
INRYKDKVKK
MDRFGERINW
MARLGDRLDA
HRRLGDRVRC
AEVLGKRVDL
FEEFPE.VNY
- F-- Y-

VWAALEKD. .
VMESLHON. .
DTDPDSIAAT
ESDPACIEAA
DSKVD. VQAA
KEKAD. VDAA
NNFLD. QQAQ
PGVPRDVEAA
PSNQEDVEAA
PNSVLDOKAA

. .KEDMEAC
... AEDIEAA
...EEDIRAV
KVSEIEREMV
... PEDVARA
. .GEADLKAA
.....GVRGG
RLRRLRRGOA
PENPADVRAA

DIALFAEMGF
DIDVLDELNA
DVEIMGELNA
DIKNVKKMGF
DIGIMKDMNL
DVRMLKEIGM
DLNMLRALKV
DLVTLONLGV
DLKCIKQLGL
DVQLLKDLGV
DIKIMKEIGI
DIEIIEKLGV
DVSLMKELGL
DVQLMKQLGF
DLDLIKEMGV
DVRLMAGLGD
DVEIMKSLGL
DLELAEEYGV
e 1--

200
WLTFNEINIM
WLTFNEINMS
WLTINQLYTV
WITINQLYTV
WMTFNEPSAY
WITLNEPWGY
WETFNEPHSF
WMTFNEPMYL
WITLNEPFVI
WITINEPNVL
WITFNEPWCM
WFTHNEPGVV
WITLNEPWVV
WITFNEPYCI
WNTINEPYCA
VATFNEPWCA
WITLNEPWVAA
WITLNEPWCS
WITFNEIGPI
W-T-NE----

KRGLDFM. . .
ERAIDFH. ..
DRMLOQF. . . .
RRYVQF. ...
ERAINF....
LRVNGHW. . . .
ELSFSL. ...
REMHQF. . ..
SLSSQL. ...
IRRDGF. . ..
ERAFQF. ...
GRRVDA. . ..
PHRHHRERGL
ELEDII....

Consensus

-PG
PG

Figure 6 For legend see facing page
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E. coli

E. chrysanth
B. napus

S. alba

M. esculenta
T. repens

A. sativa
LPHIII
LPHIV

Cytbgl

B. circulans
C. thermocell
T. maritima
C. sacch.

B. polymyxa
A. faecalis
M. bispora
C. fimi

L. lactis
Consensus

E. coli

E. chrysanth
B. napus

5. alba

M. esculenta
T. repens

A. sativa
LPHIII
LPHIV

Cytbgl

B. circulans
C. thermocell
T. maritima
C. sacch.

B. polymyxa
A. faecalis
M. bispora
C. fimi

L. lactis
Consensus

E. coli

E. chrysanth
B. napus

S. alba

M. esculenta
T. repens

A. sativa’

LPHIII
LPHIV

Cytbgl

B. circulans
C. thermocell
T. maritima
C, sacch.

B. polymyxa
A. faecalis
M. bispora
C. fimi

L. lactis
Consensus

301 350 400

....RENLFF IDVQARGTYP AYSARVFREK GVTI...... . .NKAPGDDE ILKNTVDEVS FSYYASRCAS AEMNANNSSA ANVVKSL... +evvenenss

....REWLFF GDVQVRGAYP GYMHRYFREQ GITL... . .NITAQDKQ DLKATVDFIS FSYYMTGCVT TDEAQLEKTR GNILNMV... ..

.....LGWFM GPLTNG.TYP QIMIDTVGER .......... LPSFSPEESN LVKGSYDYLG LNYYVTQYAQ PSPNPVHWAN HTAMMDAGAK LTFRGNSD..

..... HGWYM EPLTKG.RYP DIMRQIVGSR .......... LPNFTEAEAE LVAGSYDFLG LNYYVTQYAK PKPNPYPSET HTALMDAGVD LTFNNSRGEY

.....FGLWM DPMTYG.RYP RTMVDLAGDK ...... .... LIGFTDEESQ LLRGSYDEFVG LQYYTAYYAE PIPPVDPKFR RYKTDSGV.N ATPYDLNGNL

++...LGWFM HPLTKG.RYP ESMRYLVRKR .......... LPKFSTEESK ELTGSFDFLG LNYYSSYYAA KAPRIPNARP AIQTDSLI.N AT.FEHNGKP

.....IGWFL EPMVRG.DYP FSMRSLVGDR ......... . LPFFTKSEQE KLVSSYDEFVG INYYTSRFAK HIDISPEFIP KINTDDVYSN PEVNDSNGIP

....SLGWFA HPIFRNGDYP DTMKWKVGNR SELQHLATSR LPSFTEEEKR FIRATADVFC LNTYYSRIVQ HKTPRLNPPS YEDDQEMAEE

....MGGWFA HPIFKNGDYN EVMKTRIRDR SLAAGLNKSR LPEFTESEKR RINGTYDFFG FNHYTTVLAY NLNYATAISS FDADRGVAST

....QFDFFA KPIFIDGDYP ELVKSQIASM SEKQGYPSSR LSKFTEEEKK MIKGTADFFA VQYYTTRFIR HKENKEAELG ILQDAEIELF

...SG.DWYL DPIYFG.EYP KFMLDWYENL GYKPP....I VDG..DMELI ..HQPIDFIG INYYTSSMNR YNPGEAGGML SS...EAISM

...AG.RWYL DPVLKG.RYP ENALKLYKKK GIELS....F PED..DLKLI ..SQPIDFIA FNNYSSEFIK YDPSSESGFS PA...NSILE

.. .NNYPLFL NPIYRG.DYP ELVLEF..AR EYLPE....N YKD..DMSEI ..QEKIDFVG LNYYSGHLVK FDPDAPAKVS ...... FVER

...DN.QLFL DPVLKG.SYP QKLLDYLVQK DLLDSQKALS MQQ..EVKEN ..FIFPDFLG INYYTRAVRL YDENS.SWIF PI...RWEHP

...IN.RWFA EPLFNG.KYP EDMVEWY... GTYLNGLDFV QPG..DMELI ..QQPGDFLG INYYTRSIIR ..STNDASLL QV...,EQVHM

...HNGAFF. DPVFKG.EYP AEMMEALGDR ......MPVV EAE..DLGII ..SQKLDWWG LNYYTPMRVA DDATPGVEFP AT..MPAPAV

...LANRQFL DPALRG.RYP EEVLKIMAGH ARLGH..... PGR..DLETI ..HQPVDLLG VNYYSHVRLA AEGEPANRL. PG..SEGIRF

PRPAARRRVP QGGLRGHRAP HRLVLRRAGR PRAHPHPAHR ARR..QLLLD RPREEGQRAG ADPGKPGPDG HRASEHSSWV GADEVEWLPQ PG..e.....

....HNKFIL DATYLGHYSD KTMEGVNHIL AENGGELDLR DEDFQALDAA ..KDLNDFLG INYYMSDWMQ AFDGETEIIH NGKGEKGSSK YQIKGVGRRV
e DF-- ---Y.

400 450 500

RNPYLQVSDW GWGIDPLGLR ITMNMMYDRY QKP..LFLVE NGLG...AKD EFAANGEIND DYRISYLREH IRAMGGTIA. DGIPLMGYTT WGCIDLVSAC

PNPYLESSEW GWQIDPLGLR YLLNFLYDRY OKP..LFIVE NGLG...AKD KIEENGDIYD DYRIRYLNDH LVQVGEAID. DGVEVLGYTC WGPIDLVSAS

...... ETKN .SYYYPKGIY YVMDYFKTKY YNPL.IYVTE NGIS...TPG NETRDESMLH YKRIEYLCSH LCFLSKVIKE KHVNVKGYFA WSLGDNYEFD

PGPVFAEDAN .SYYYPKGIY YVMDYFKTKY NNPL.IYITE NGIS...TPG SESRCEAIAD YKRINYLCSH LCFLRKVIRE KGVNIRGYFA WALGDNYEFC

IGPQ.AYSSW .FYIFPKGIR HFLNYTKDTY NDPV.IYVIR NGVDNYN.NE SQPIEEALQD DFRISYYKKH MWNALGSLKN YGVKLKGYFA WSYLDNFEWN

LGPM.AASSW .LCIYPQGIR KLLLYVKNHY NNPV.IYITE NG...... RN SSTINTV... TSRIPF. .t woovenenane tomennones covenennns

IGPD.VGMYF .IYSYPKGLK NILLRMKEKY GNPP.IYITE NGTADMDGWG NPPMTDPLDD PLRIEYLOQH MTAIKEAIDL GRRTLRGHFT WSLIDNFEWS

PSWPSTAMNR . ..AAPWGTR RLLNWIKEEY GDI.PIYITE NGVGL....T ....NPNTED TDRIFYHKTY INEALKAYRL DGIDLRGYVA WSLMDNFEWL

RSWPDSGSFW .LKMTPFGFR RILNWLKEEY NDP.PIYVTE NGVSQ...RE ....ETDLND TARIYYLRTY INEALKAVQ. DKVDLRGYTV WSAMDNFEWA

PSWKGVG. .W .VRVVPWGIR KLLNYKDDTY NNP,VIYITE NGFPQ...DD ....PPSIDD TQRWECFRQT FEELFKAIHV DKVNLQLYCA WSLLDNFEWN

PK...TDIGW ..EIYAEGLY DLLRYTADKY GNP.TLYITE NGACY...ND GLSLDGRIHD QRRIDYLAMH LIQASRAIE. DGINLKGYME WSLMDNFEWA

EK...TDMGW ..IIYPEGLY DLLMLLDRDY GKP.NIVISE NGAAF...KD EIGSNGKIED TKRIQYLKDY LTQAHRAIQ. DGVNLKAYYL WSLLDNFEWA

PK...TAMGW ..EIVPEGIY WILKKVKEEY NPP.EVYITE NGAAF...DD VVSEDGRVHD ONRIDYLKAH IGQAWKAIQ. EGVPLKGYFV WSLLDNFEWA

EY...TEMGW ..EVFPOGLF DLLIWIKESY PQI.PIYITE NGAAY...ND IVTEDGKVHD SKRIEYLKQH FEAARKAIE. NGVDLRGYFV WSLMDNFEWA

PV...TDMGK ..EIHPESFY KLLTRIEKDF SKGLPILITE NGAAM...RD EL.VNGQIED TGRHGYIEEH LKACHRFIE. EGGQLKGYFV WSFLDNFEWA

VK...TDIGW ..EVYAPALH TLVETLYERY DLP.ECYITE NGACY...NM GV.ENGEVND QPRLDYYAEH LGIVADLIR. DGYPMRGYFA WSLMDNFEWA

PT...AVTAW .PGDREDGLR TLLLRLSRDY P.GVGLIITE NGAAF...DD R.ADGDRVHD PERIRYLTAT LRAVHDAIM. AGADLRGYFV WSVLDNFEWA

PH...TAMGW ..NIEPDGLV DLLLELRDRY P.SQPLAITE NGAAF...YD TVSEDGRVHD PERVGYLHDH VDAVGEAID. KGADVRAYFV WSLLDNFEWR

APDYVPRTDW DWIIYPEGLY DQIMRVKNDY PNYKKIYITE NGLGY....K DQFVDKTVYD DGRIDYVKQH LEVLSDAIA. DGANVKGYFI WSLMDVFSWS

————————— W ——-=-B-Gm= =-L———-=-Y ———==-YITE NG-~---== =—=======D ==RI-¥~—-= -—==—--Y-= ---—---Y-- W---D-F-W-

500 567

TGEMSKRYGF VFVDRDDAGN GTLTRTHRKS FWWYKKVIAS NGEDLE.... vevvvviven ovennns

KAEMSKRYGF IYVDRDDAGH GSLERRRKKS FYWYQSVIAS HGKTLTR... «ovvenenen venaves

KG.FTVRFGL SYIDWNN... VT.DRDLKLS GKWYQKFISP AIKNPLKKDF LRSSLTFEKN KKFEDA.

KG.FTVREGL SYVNWDD... LD.DRNLKES GKWYQRFING TAKNPVKODF LRSSLSSQSQ KKRLAC.

IG.YTSRFGL YYVDYKN... NL.TRYPKKS AHWFTKFLNI SVN..ANNIY ELTSKDSRKV GKFYVM.

LG.YLSRFGI VYIDRND... GC.KRIMKKS AKWLKEFNGA TKK..LNNKI

NG.YTVKFGL YHVDENN... TNRPRTARAS ARYYTEVITN NGMPLAREDE

TG. FSERFGL HFVNYSD... PSLPRIPKAS AKFYASVVRC NGFPDPATGP

DG.YSKRFGL FHVDFED... PAKPRVPYTS AKEYAKIIRN NGLERPQ...

EG.YGMRFGL VHVDYD.... .TLVRTPKDS FYWYKGVISR

YG.YNKRFGI VHVNFD.... .TLERKIKDS GYWYKEVIKN

EG.YSKRFGI VYVDYS.... .TQKRIVKDS GYWYSNVVKN

MG.YTKRFGI IYVDYE.... .TQKRIKKDS FYFYQQYIKE

WG.YSKRFGI VHINYE.... .TQERTPKQS ALWFKOMMAK NGF....... ..

EG.YRMRFGL VHVDYE.... .TQVRTVKNS GKWYSALASG FPKGNHGVAK

YG.YHKR. GI .TMRRIPRES ALWYRDVVRR NGLRNGE...

Y6.YDRRFGI .THERIVKDS GLWYRELVRT RTIAPAEDAA

NG. YEKRYGL . .TQERYPKKS AHWYKKLAET QVIE......

-G-Y--RFG- -——-R----§ --WY

Figure 6 Alignment of the amino acid sequences of the cytosolic S-glucosidase and selected f-glucosidases

The sequences of the S-glucosidases from Brasica napus (B. napus)(S19146), Sinapis alba (S. alba)(S19149)[EC 3.2.3.1], Manihot esculenta (M. esculenta)(S23940), Trifolium repens (T.
repens)(S16580), Avena sativa (A. sativa)(X78433), human LPH domains Il (lactase, [EC 3.2.1.108]) and IV (glucosylceramidase, [EC 3.2.1.62]) (LPHIII and LPHIV)(S01168), Microspora bispora
(M. bispora)(A48949), and Cellumonas fimi (C. fimi)(M98649) were truncated as appropriate at their N- and C-termini to exclude transmembrane domains and other non-homologous regions from
the alignment. A consensus sequence was calculated at selected positions with well-conserved sequences. Amino acids and consensus sequences identical among 16 or more sequences are shown
in bold-face type. Gaps in the alignment are indicated by dots (). The identities of the other £-glucosidases are as follows: Cytbgl = cytosolic /-glucosidase from guinea pig liver; E. coli =
Escherichia coli (S27553)[EC 3.2.1.86]; E. chrysanthemi = Erwinia chrysanthemi (C42603); B. circulans = Bacillus circulans (A48969); C. thermocellum = Clostridium thermocellum (S17215);
T. maritima = Thermotoga maritima (S41561); C. saccharolyticum = Caldocellum saccharolyticum (S03813); B. polymyxa = Bacillus polymyxa (JW0038); A. fecaelis = Agrobacterium faecalis
(A28673); L. lactis = Lactococcus lactis (M28357)[EC 3.2.1.85]. [GenBank or SwissProt accession numbers for each sequence are indicated in parentheses; the EC numbers for enzymes other
than p-glucosidases (e.g. EC 3.2.1.21) are indicated in brackets where appropriate.]

products, ranging from 200 to 1100 bp, were produced and
cloned. The largest clone (B1) included the stop codon and the
polyadenylation signal, and overlapped at its 5" end with the
sequence of clone A 1. 5’-Directed RACE was performed in a two-

step procedure. The first-strand cDNA was generated using the
primer RAS derived from the nucleotide sequence of clone Al.
A poly(A) tail was added to the first-strand cDNA with terminal
deoxynucleotidyl transferase. Fully nested PCR was performed,
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using as the outer primers a mixture of Q, and Q, in the sense
orientation and the primer MAS in the antisense orientation.
The primer pair Q,/LAS was used for the inner amplification. A
broad band of PCR products of approx. 400 bp resulted, from
which clones were generated. Of the 32 clones that were screened,
the largest (C19) included the translation initiation codon and 56
bases of 5" untranslated region, and overlapped at its 3’ end with
the sequence of clone Al. The strategy for RT-PCR and RACE
is summarized in Figure 4 (upper panel).

We determined the sequence of the cytosolic f-glucosidase
cDNA by directly sequencing overlapping PCR products. Using
a series of primers in both the sense and antisense orientations,
we sequenced the full length of both strands of the coding region
of the cDNA (Figure 4, lower panel). Each segment of each
strand was sequenced at least twice, using as template separate
PCR products amplified from first-strand cDNA. The complete
sequence is shown in Figure 5. It consists of 1671 nucleotides
from the 5-untranslated region to the start of the poly(A) tail.
The open reading frame codes for a total of 469 amino acids; the
predicted mass of 53744 Da is identical with that estimated by
SDS/PAGE (Figure 1). The amino acid composition predicted
from the cDNA sequence agrees with that obtained by acid
hydrolysis of the purified enzyme (Table 2). The complete
sequences of the eight pure tryptic peptides are contained in the
coding sequence with only a single discrepancy; the aspartic acid
residue at position 16 of peptide 117 (Figure 2, lower panel) is
predicted to be the asparagine residue at position 233 in the
cDNA sequence (Figure 5). Re-examination of the chro-
matogram corresponding to the 16th amino acid sequencing
cycle for peptide 117 showed the presence of approximately
equimolar concentrations of the phenylthiohydantoin derivatives
of aspartic acid and asparagine. On the basis of this evidence, we
concluded that significant hydrolysis of the amide bond of the
side chain of Asn-233 had occurred, and that the correct residue
at this position is asparagine. Fractions 92 and 50 of the tryptic
digest yielded two or more amino acids at each sequencing cycle.
This indicated that two or more peptides were present in fractions
92 and 50. By comparison of the amino acids resulting from each
sequencing cycle with the amino acid sequence predicted from
the cDNA, the sequences of three peptides from fraction 92 and
one peptide from fraction 50 were deduced (Figure 2, lower
panel).

The amino acid sequence contains potential sites for post-
translational glycosylation and phosphorylation. A consensus
sequence for N-glycosylation (NQT) was observed at Asn-46;
however, amino acid sequencing of peptide 89, which began with
Asn-46, gave no indication of modification of this residue.
Several consensus sequences for phosphorylation by the serine/
threonine kinases CK2 [25] and calcium-dependent PKC [26] are
present in the sequence: nine for CK2 and seven for PKC.
Potential phosphorylation sites in the amino acid sequence are
shown in Figure 5. Incubation of purified cytosolic f-glucosidase
with [y-**P]JATP and either PKC or CK2 did not result in the
incorporation of detectable [**P]phosphate into the s-glucosidase
(results not shown).

Sequence analysis

According to the classification scheme described by Henrissat
and Bairoch [27], the cytosolic S-glucosidase is a Family 1 f-
glycosidase. These authors classified 482 glycosidase enzymes
into 45 families based upon amino acid sequence similarities.
Family 1 includes f-glycosidases from prokaryotes, plants and
mammals. The amino acid sequences of 18 Family 1 enzymes

Table 3 Homologies of selected Family 1 p-glucosidases and gluco-
cerebrosidase with cytosolic f-glucosidase from guinea pig liver

The full names, GenBank or SwissProt accession numbers, and EC designations are indicated
in the legend for Figure 6.

Enzyme source % Identity % Similarity
E. coli 271 50.1
E. chrysanth. 29.8 58.2
B. napus 34.7 56.2
S. alba 371 58.0
M. esculenta 38.0 62.7
T. repens 39.9 62.2
A. sativa 36.9 62.3
LPHIII 459 67.5
LPHIV 454 66.2
B. circulans 39.4 61.8
C. thermocel. 38.3 61.7
T. maritima 411 63.0
C. sacch. 35.7 59.4
B. polymyxa 38.1 61.0
A. faecalis 34.8 58.0
M. bispora 36.4 57.8
C. fimi 33.0 53.9
L. lactis 345 55.6
Glucocerebrosidase 145 43.5

were compared and aligned with that of the cytosolic f-
glucosidase (Figure 6). The two functional g-glycosidase domains
of mammalian LPH showed the greatest sequence similarity with
the cytosolic S-glucosidase, with domain IIT of LPH showing a
slightly greater similarity to the cytosolic enzyme than domain
IV. No homology was observed between the cytosolic f-glu-
cosidase and glucocerebrosidase (Table 3).

DISCUSSION

The principal result of this study is the elucidation of the cDNA
and amino acid sequences of the cytosolic f-glucosidase from
guinea pig liver. Homologies with the amino acid sequences of
other f-glucosidases permit the identification of critical active-
site residues and the prediction of the general folding pattern and
active-site topology. These data also suggest a probable evol-
utionary lineage for this enzyme.

An inherent problem in sequencing clones derived from PCR
products is the high error rate in nucleotide incorporation. This
results from the lack of proofreading activity in Taq polymerase
[16]. One means of avoiding this pitfall is to directly sequence
PCR products [24]. To further minimize the possibility of
sequence errors introduced by Tag polymerase, we sequenced
each region of the cDNA at least twice with the products of
separate PCR reactions. This included sequencing the full length
of both the sense and antisense strands, using multiple sequencing
primers to generate overlapping stretches of sequence. The
identity of the cDNA sequence was confirmed in two ways. First,
the coding sequences of all of the tryptic peptides were represented
in the cDNA open reading frame. Secondly, within the margin of
error of amino acid composition analysis, the amino acid
composition of the pure enzyme matches that predicted from the
cDNA sequence (Table 2). The distribution of the peptide
sequences along the length of the cDNA sequence reduces the
likelihood that the cDNA sequence represents a different but
closely related gene product (Figure 5). A total of 142 amino
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acids in the cDNA sequence (309,) were represented in non-
overlapping peptide fragments.

The consensus sequences for serine/threonine phosphorylation
raised the possibility that the cytosolic f-glucosidase might be
regulated in response to intracellular second messengers. We can
exclude neither the possibility of non-exchangeable phosphates
nor the possible requirement for unique in vivo conditions for
phosphorylation by PKC or CK2. However, in the absence of
other evidence, our inability to demonstrate in vitro phosphoryl-
ation of the enzyme leads us to infer that the phosphorylation
consensus sequences for PKC and CK2 are probably cryptic in
the native f-glucosidase. Likewise, the absence of heterogeneity
seen at Asn-46 during amino acid sequencing and the absence of
a signal sequence confirm earlier reports that the cytosolic f-
glucosidase is not glycosylated [8—10].

The assignment of the cytosolic p-glucosidase to glycosyl
hydrolase Family 1 explains several of its distinguishing catalytic
features. First, the cytosolic #-glucosidase will hydrolyse glyco-
pyranosides of either epimer at the C-4 position of the sugar (i.e.
f-D-Glc or p-p-Gal). It also hydrolyses glycopyranosides lacking
the C-6 hydroxyl (e.g. f-D-Fuc) [7-9]. This broad substrate
specificity distinguishes the cytosolic p-glucosidase from gluco-
cerebrosidase [9]. Such a broad substrate specificity is charac-
teristic of Family 1 #-glycosidases [28-30]. Secondly, the cytosolic
p-glucosidase shows greater amino acid sequence similarity with
domain IIT of LPH versus domain IV. This supports the inference
of Mantei et al. [23] that the glycosylceramidase domain IV of
LPH is the phylogenetic precursor of the lactase domain. The
guinea pig liver p-glucosidase and domain III of LPH share
several catalytic properties, including the ability to hydrolyse
p(1-6) disaccharides [11,31] and poor activity towards gluco-
sylceramide [9,30]. The cytosolic f-glucosidase may have evolved
from a partial duplication of the LPH gene, similar to the
duplications which resulted in the contemporary structure of
LPH [23].

Recent studies of other Family 1 p-glycosidases have provided
structural and mechanistic insights directly applicable to the
cytosolic f-glucosidase. Withers and associates, studying the f-
glucosidase from Agrobacterium faecalis (EC 3.2.1.21), have
conclusively identified Glu-358 as the catalytic nucleophile [32].
This residue lies in the highly conserved consensus sequence
YITENG, and it forms the covalent enzyme sugar intermediate
which is characteristic of configuration-retaining glycosidases
[33]. Using covalent labelling methods, Keresztessy et al., have
shown that Glu-198 of the f-glucosidase from Manihot esculenta
(EC 3.2.1.21) is the proton donor responsible for catalysing the
glycosylation and deglycosylation steps in the catalytic mech-
anism [34]. This residue lies in another consensus sequence
(INEP) that is highly conserved among Family 1 glycosidases.
The X-ray crystal structures of the Family 1 f-glycosidases from
Lactococcus lactis (EC 3.2.1.85) and Trifolium repens (EC
3.2.1.21) confirm the identity of the proton donor [35,36]. The
crystal structures also demonstrate that Family 1 j-glycosidases
share a common (x/ /), folding motif with the active site located
in a pocket lined with charged and aromatic residues [35,36]. The
amino acid residues corresponding to the catalytic nucleophile
and the acid catalyst in the cytosolic f-glucosidase are residues
Glu-373 and Glu-165 respectively (Figures 5 and 6).

In summary, the cDNA sequence of the cytosolic #-glucosidase
establishes the evolutionary lineage for this enzyme, and accounts
for many of the enzyme’s previously reported catalytic properties.
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These data provide the foundation for future studies of the
structure, function and regulation of expression of this enzyme.
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