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Abstract

Tay-Sachs or Sandhoff disease results from a deficiency of either the a.- or the S-subunits of g
hexosaminidase A, respectively. These evolutionarily related subunits have been grouped with the
“Family 20” glycosidases. Molecular modeling of human hexosaminidase has been carried out on
the basis of the three-dimensional structure of a bacterial member of Family 20, Serratia
marcescens chitobiase. The primary sequence identity between the two enzymes is only 26% and
restricted to their active site regions; therefore, the validity of this model must be determined
experimentally. Because human hexosaminidase cannot be functionally expressed in bacteria,
characterization of mutagenized hexosaminidase must be carried out using eukaryotic cell
expression systems that all produce endogenous hexosaminidase activity. Even small amounts of
endogenous enzyme can interfere with accurate K, or Vjnax determinations. We report the
expression, purification, and characterization of a C-terminal Hisg-tag precursor form of
hexosaminidase B that is 99.99% free of endogenous enzyme from the host cells. Control
experiments are reported confirming that the kinetic parameters of the Hisg-tag precursor are the
same as the untagged precursor, which in turn are identical to the mature isoenzyme. Using highly
purified wild-type and Arg?!1-Lys-substituted hexosaminidase B, we reexamine the role of Arg?l1
in the active site. As we previously reported, this very conservative substitution nevertheless
reduces kg4t by 500-fold. However, the removal of all endogenous activity has now allowed us to
detect a 10-fold increase in Ky, that was not apparent in our previous study. That this increase in
K, reflects a decrease in the strength of substrate binding was confirmed by the inability of the
mutant isozyme to efficiently bind an immobilized substrate analogue, i.e., a hexosaminidase
affinity column. Thus, Arg?!1 is involved in substrate binding, as predicted by the chitobiase
model, as well as catalysis.

The human lysosomal ,&Hexl isozymes are dimeric enzymes composed of a-, encoded by
the HEXA gene 15023-g24 (1) and/or g-, encoded by HEXB gene 5913 (2), subunits. Since
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the primary structures of the a.- and B-subunits share 60% sequence identity, both are
evolutionarily and therefore structurally related (3). Thus, any of the three possible dimeric
combination of these subunits generates an active isozyme. The three isozymes vary both in
their p/and their heat stability, with Hex B (86) being both the most stable and the most
basic [Hex B (86) > Hex A (a.f) > Hex S (aa)]. Only Hex A and B can be readily
detectable in normal human tissue, whereas these isozymes can hydrolyze many of the same
neutral substrates, both natural (e.g., S~GIcNAc terminal Asn-linked oligosaccharides) and
artificial (e.g., MUG); only Hex S and Hex A can efficiently hydrolyze negatively charged
natural (e.g., S-GIcNAc-6-sulfate terminal keratan sulfate) and artificial (e.g., MUGS)
substrates. Interestingly, only Hex A is able to hydrolyze negatively charged Gy
ganglioside in vivo; but to do so, it requires a substrate-specific cofactor, the Gy activator
protein (Activator) encoded by the GMZA gene [5q 31.3-33.1 (4)]. This small, heat stable
protein forms a water-soluble complex with the ganglioside and likely blocks the normal H-
bonding interaction between terminal residues of sialic acid and GalNAc (reviewed in ref 5).
Thus, both Hex A and the Activator are required in vivo to prevent the lysosomal
accumulation of Gpyo (mainly in neuronal tissues where gangliosides are most actively
synthesized) and any of the three forms of the severe neurodegenerative disease known as
Gmz2 gangliosidosis. Whereas defects in either the a.- or S-subunits comprising Hex A result
in two of these three forms, Tay—Sachs disease (the most common) or Sandhoff disease,
respectively, defects in the Activator protein result in the third, rare AB-variant form
(reviewed in ref 6).

Understanding how a given mutation in any one of the above three genes produces its
associated clinical phenotype is a goal of many clinical biochemists. To achieve this goal, a
complete understanding of the structure—function relationships of the affected protein is
necessary. Two major components in establishing such relationships are the development of
an accurate three-dimensional structure and the identification residues involved in protein—
substrate and/or protein—protein interactions. Although human Hex has been crystallized,
diffraction was only to 3.2 A, insufficient to produce an atomic model (7). However, all the
members of a given hydrolase family (8) are believed to be evolutionarily related and have
similar three-dimensional structures (e.g., ref 9). Thus, molecular modeling of human Hex
has been carried out on the basis of the three-dimensional structure of bacterial chitobiase, as
both are part of the glycosyl hydrolase “Family 20” (10). However, the accuracy of such
modeling is variable and dependent on the degree of primary sequence similarity between
the protein with the known structure and the protein being modeled (11). A sequence
alignment of the active site regions of human a-subunit and the monomeric bacterial
enzyme shows that there is only a 26% identity of amino acid residues. Furthermore, this
degree of identity is based on an alignment that is only achieved by generating many large
gaps in the human sequences, although these gaps are predicted to be at loop structures (10).
Outside of this region, there is little sequence similarity. Thus, while the modeling of
bacterial chitobiase may be helpful for characterizing the active site of human Hex, the

ER, endoplasmic reticulum; CRM, cross-reacting material; &-lactone, 2-acetamido-2-deoxy-D-glucono-1,5-lactone; NTA,
nitrilotriacetic acid; CD, circular dichroism; Q, molar ellipticity (deg cm? dmol'l).
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validity of the model and the accuracy of the alignment on which it is based must be
determined experimentally.

Recently, comparative molecular modeling of Hex from Streptomyces plicatus, Sp-Hex, also
a member of Family 20, has been made from the chitobiase structure (12). The overall three-
dimensional structure that was generated for Sp-Hex is similar to the predicted model of
human Hex (10). However, Sp-Hex shares only 25% and 30% sequence identity to human
Hex and chitobiase, respectively.

Analysis of missense mutations associated with Gyy» gangliosidoses in hopes of identifying
active site residues in human Hex has not been as informative as initially predicted, because
most of these point mutations result in the retention of the mutant protein in the endoplasmic
reticulum (ER), due to the ER’s tight “quality control system” (reviewed in ref 13 and 14).
The most well-studied exception to this common scenario is the aArg178His (15, 16)
substitution, which is associated with the B1 variant form of Tay—Sachs disease. B1 patient
samples have a unique biochemical phenotype (15, 17, 18); they express near-normal levels
of Hex A activity when assayed with neutral substrate (e.g., MUG) but have little or no
activity toward a-specific substrates (e.g., MUGS). These observations lead to the
hypothesis that Arg178 was at or near the active site of the a-subunit (15).

We analyzed the biochemical consequences of the aArgl78-His mutation by mutating the
aligned codons in the B-subunit to produce a stable mutant Hex B homodimer for analysis
(19, 20). Kinetic analysis of our most conservative substitution, fArg?11Lys, indicated that
the mutant Hex B underwent normal intracellular transport, was stable in the lysosome, and
had a nearly normal Kj,. However, its “specific activity at Vinax”, that is, a value
proportional to A, Was only 0.2-0.3% of the normal, indicating that SArgZl! and by
extension aArgl’8 take part in catalysis (19).

The above observations differ somewhat from the role of gArg2l1 predicted by the
chitobiase molecular modeling (10, 12). Human BArg21Y/aArgl’8 aligns with c-Arg37? in
chitobiase and sp-Arg162 in Sp-Hex. From the chitobiase model, it is known that Arg37® sits
at the base of a binding pocket for NAG-A, the $-1,4-linked 2-acetamido-2-deoxy-
glucopyranosyl residue at the nonreducing end of chitin and plays the most critical role of
any residue in substrate binding and orientation (Figure 1). No role in catalysis was
predicted from the model. However, while mutational analysis of purified Arg162His Sp-Hex
expressed in bacteria did reveal that its K, had increased by 40-fold, its specific activity at
Vimax (Keat) Was also found to be reduced 5-fold, relative to wild type. Thus, while the sp-
Argl62 appears to be principally involved in substrate binding, the reduction in the gy of
mutant Sp-Hex indicates that sp-Arg162 also has a role in catalysis.

Because human Hex B cannot be functionally expressed in bacteria (data not shown), and all
eukaryotic cells contain lysosomal Hex activity, it is difficult to determine an accurate K,
for a mutant enzyme with a Vg Of only ~0.2%, that is, a signal-to-noise problem. As well,
the limited solubility of MUG (~8 mM, normal K, ~0.7 mM) compounds this problem
when trying to analyze a mutant isozyme with a greatly increased Kp,. Previously reported
methods to increase the “signal (from translated human cDNA) to noise (endogenous Hex)”
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ratios have resulted in values of 30:1 (21), 75:1 (22), and 50-100:1 (20, 23). For purposes of
determining if a naturally occurring mutation is neutral or disease-causing, this signal-to-
noise level is more than sufficient (24-27). However, this ratio is too low to unequivocally
identify a mutation that severely increases K, or one that neutralizes the catalytic acid or
base residue present in the active sites of glycosidases. In the latter case, a decrease of
several orders of magnitude would be expected (e.g., refs 28 and 29).

In the present study, we report a method for the generation of a C-terminal Hisg-tagged pro-
Hex B from permanently transfected CHO cells. We demonstrate that this novel form of Hex
B is secreted and is easily purified away from the endogenous CHO-Hex. We further
demonstrate that the kinetic properties and thermostabilities of both pro-Hex B and pro-Hex
B-Hisg are the same as those of the mature form. As an initial attempt to test the validity of
the bacterial chitobiase model using this approach, we reevaluated the effects of the
conservative BArg211Lys substitution on the purified isozyme’s Ky, and A for MUG. As an
additional control, we analyzed the ability of the mutant to bind immobilized CNAG, a Hex-
substrate analogue (30). From these new data, we are able to definitely assign to fArg?1,
and by extension aArgl’8, a role in substrate binding as well as confirming its important
role in catalysis.

MATERIALS AND METHODS

DNA Construction

Cloning procedures were as described by Sambrook et al. (31). To construct DNA encoding
pro-pB-Fxa-Hisg-COOH, a 1.8-kb fragment, containing S-chain cDNA and Factor Xa-Hisg
sequences, was amplified using the sense primer (5’-
AGTAAGCTTGCGGCCGCAGAAGTC-GGGTCCCGAGGCT-3") and the antisense primer
(5'-CGG-GTCTAGAGCGGCCGCTTCAATGATGATGATGATGAT-
GTCTACCCTCGATCATGTTCTCATGGTTACA-3"). The reactions were performed in a
100-£L mix containing 10 ng of plasmid DNA, 20 mM Tris-HCI (pH 8.8), 10 mM KClI, 10
MM (NH,4)2SO4, 2 mM MgSQy, 0.1% Triton X-100, 0.2 mM each of dNTPs, 0.4 zM each
primer, and 1 unit of Vent DNA polymerase (BioLabs Inc., Beverly, MA). The cycling steps
used were as follows: 1 cycle of heat denaturation at 95 °C for 5 min; 28 cycles of each
consisting of denaturation at 95 °C for 30 s, annealing at 56 °C for 1 min, and extension at
73 °C for 1 min; and 1 cycle of 73 °C for 7 min in a Perkin-Elmer-Cetus thermal cycler
2400. The PCR product was digested with Xbal, purified with Geneclean kit (Bio 101 Inc.,
Vista, CA), and subcloned into expression vector pcDNA3.1HisA-1, which contains
neomycin gene as a selective marker. pcDNA3.1HisA-1 is modified from pcDNA3.1HisA
(Invitrogen Inc., Carlsbad, CA), in which the Hindll1-Xbal polylinker sequence was
replaced with Himdl11-Xbal-Nof—-Xbal linker to facilitate the subcloning procedure. The
resulting fusion expression plasmid is designated as pcDNA-B-Hisg. For construction of
pcDNA-B*-Hisg encoding a Arg211Lys substitution, a 1.5-kb BstX| fragment was excised
from pHexB43 (Arg Lys) (19) and used to replace the corresponding DNA fragment in
pcDNA-B-Hisg. The mutation and the orientation of the insert were verified by DNA
sequencing using T7 DNA polymerase sequencing kit (Pharmacia) before transfection of the
DNA into CHO cells.
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CHO cells were maintained in a-MEM supplemented with 10% fetal bovine serum, 100
Lg/mL streptomycin, and 100 gg/mL penicillin, at 37 °C in 5% CO». Transfected cells were
grown in the same media containing 400 tg/mL G418. For large-scale purification of Hex,
cells were plated and grown in the 850 cm? roller bottle (Becton Dickinson Labware,
Lincoln Park, NJ) at 37 °C in 5% CO, incubator. When cells reached confluence, they were
then washed twice with PBS and replaced with serum free media (GIBCO-BRL). The media
were collected for subsequent protein purification (see below).

Transfections were performed using Superfect Reagent (Qiagen Inc., Valencia, CA) by
essentially following the manufacturer’s instructions. CHO cells were grown overnight until
they were about 40% confluent. Ten micrograms of DNA was mixed with 40 wg of Superfect
reagent (Qiagen) in 800 zL of serum-free MEM. The mixture was incubated for 10 min at
room temperature to form DNA-Superfect complex. The complex was then added dropwise
to the culture dishes and incubated for 2 hr at 37 °C. Next, the cells were washed and refed
with a-MEM plus 10% FCS for 2 days. Following this, the cells were trypsinized and
replated at a 1:8 dilution in a-MEM with 10% FCS and 400 pg/mL neomycin. Two weeks
later, drug-resistant colonies were picked and grown in 24-well plates. The medium and the
lysate from the surviving cells were assayed for Hex activity, and those producing the
highest levels were selected for further growth and analyses. For cells transfected with
pcDNA-B-Hisg* encoding a Arg?11-Lys substitution, G418-resistant colonies were screened
by Western blot analysis using human anti-Hex B antibody.

Heat Stability Assays

Cells were harvested and lysed in a buffer of 10 mM Tris-HCI (pH 7.5) and 5% glycerol
through five sets of freeze-thaw cycles. For protein purification purposes, cells were directly
lysed in a native binding buffer (10 mM sodium phosphate, pH 7.8, and 0.5 M NaCl) for Ni-
NTA chromatography or 20 mM citrate—phosphate buffer (pH 4.5) containing 0.5 M NaCl
for CNAG affinity chromatography (see below). Protein concentration was determined by
the Lowry method (32). Human Hex activity from cell lysates and media was measured
using a MUG substrate based on a MU fluorescent assay (20). Heat stability of purified
human placental Hex B (mature form), Hex B isolated from the media of Tay—Sachs
fibroblasts (pro-Hex B), or the Hisg-C-terminally tagged Hex B from the media of
transfected CHO cells (pro-Hex B-Hisg) was determined at 60 °C, and the #,, was
calculated from the best-fit line generated by plotting log (percent remaining activity) versus
minutes of incubation (25).

Western Blot Analysis

Equal amounts of total protein from each sample of cell lysate or purified protein were
resolved by SDS-PAGE using the Laemmli gel-buffer system (12.5% gel) and a Bio-Rad
minigel system (33). Proteins were transferred to nitrocellulose, and the filter was blocked
with 5% skim milk, as described previously (24, 34). The primary antibody was a rabbit
antihuman Hex B. A horse-radish peroxidase-conjugated goat antirabbit 1gG (1:10 000
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dilution, Immux) was used as the secondary antibody. The nitrocellulose was developed
using the Amersham ECL system and exposed to Hyperfilm.

Ni-NTA Chromatography

The Pro-Bond beads (Invitrogen Inc., Carlsbad, CA) were prepared by washing twice with
sterile water and three times with the native binding buffer. One milliliter of gel was packed
in a small column and equilibrated in the same buffer. Cell lysates or media from control
CHO or transfected cells were supplemented with NaCl to a final concentration of 0.5 M to
reduce the nonspecific binding before they were directly loaded onto the Pro-Bond column.
Nonspecifically bound proteins were removed by washing the column twice with 3 mL of
native binding buffer and three times with 3 mL of native wash buffer (10 mM sodium
phosphate, pH 6.0, and 0.5 M NaCl). Hisg-containing proteins were eluted with increased
concentration of imidazole (30 mM, 80 mM, and 500 mM) in the native wash buffer.
Samples were concentrated to a point where 2-5 gL was needed per Hex assay using
Centricon-10 (Amicon) membranes pretreated with 1% human serum albumin overnight and
rinsed with large amounts of water. The 2 mL, 500 mM imidazole, human Hex-containing
fraction was first concentrated to 50-100 A and then diluted with 5 mL of citrate—
phosphate buffer, pH 4.2, and reconcentrated to reduce the level of imidazole and correct the
pH for Hex assays. Generally, it was found that <4 x4 of the 500 mM imidazole-containing
native wash buffer could be added to the 200-L assay mix without affecting Hex activity
measurements. The purity of the proteins was examined through SDS-PAGE followed by
Coomassie Blue staining.

Circular Dichroism (CD) Spectra

CD spectra were recorded on a Jasco J-720 spectropolarimeter, from the mature placental
Hex B, wild-type Hex B-Hisg, and mutant Hex B-Hisg, at concentration of 0.5 mg/mL in 10
mM phosphate (pH 6.0) buffer. Each curve was the average of four scans, recorded between
190 and 250 nm in a quartz cell (Jasco) with a path length of 1 mm.

Determination of Kinetic Parameters

The apparent K, and Vinax Values were determined for the MUG substrate using
concentrations ranging from 0.1 to 4 mM (34). These constants were calculated using a
computerized nonlinear least-squares curve-fitting program for the Macintosh,
KaleidaGraph 3.0. Thus, the individual substrate concentrations and their corresponding
initial velocity measurements were directly fitted to the Michaelis—Menten equation, V4 =
Vinax[ SV (Km + [S]), making possible the calculation of an accurate standard error (35).
Values of A5 [mol of MU released h™1 (mol of each purified enzyme)~1] were calculated
based on each enzyme’s calculated specific activity at Vfax and a M, of 130 000 g/mol for
Hex B. For the mutant Arg?1Lys form of Hex B, accurate individual .y and Ky, values
could not be ensured because of the limited solubility of MUG; however, an accurate

Keat! Ky ratio could be determined from the slope of the best-fit straight line generated from
a[S] (MUG from 0 to 1.25 mM) versus Vj plot using a known, constant amount of purified
protein (1.6 10).
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Hex Affinity Chromatography
The affinity ligand, 2-acet-amido- N-(e-aminocaproyl)-2-deoxy-B-D-glucopyranosylamine
(CNAG), was coupled to Sephacryl S-200 according to Mahuran and Lowden (30). For
purification of pro- and mature Hex B from Tay—Sachs fibroblasts, the media or lysate
samples were dialyzed in 10 mM sodium phosphate buffer (pH 6.0) containing 0.2 M NaCl
before being loaded on a CNAG column. After washing to remove nonspecific proteins with
three gel vol of 10 mM sodium phosphate buffer and 0.5 M NaCl, the Hex protein was
eluted with 10 mM Tris-HCI (pH 8.5).

The degree of binding to the affinity ligand beads was also used as a qualitative means of
comparing the apparent Ki,’s of the wild-type and mutant forms of Hex B. The beads were
first pretreated with 0.1% RNase A overnight to block any nonspecific binding sites. After
washing the beads three times to remove the RNase A, 10 yg of purified Hex protein was
loaded on a 0.3-mL minicolumn. The column was then washed twice with 2 mL of 10 mM
sodium phosphate buffer, pH 6.0, and 0.2 M NaCl (wash buffer). Finally, the specifically
bound Hex protein was eluted with the same wash buffer containing a competitive inhibitor,
150 M &-lactone (2-acetamido-2-deoxy-glucono-1,5-lactone, Toronto Research Chemicals
Inc.). The binding affinity of each form of Hex B was assessed by the percent of Hex protein
eluted with &-lactone, as determined by the Lowry method (32).

RESULTS

Fusion constructs encoding the human prepro-S-polypeptide with either an N-terminal
(placed after the signal peptide, data not shown) or C-terminal Factor-X-Hisg tag (pro-5-
Fxa-Hisg-COOH) were permanently transfected into CHO cells. No Hex activity was
detected in the media of cells transfected with the N-terminal tagged S-cDNA. When lysates
from these clones were analyzed by Western blotting, only bands corresponding to the
precursor (ER) form were seen (data not shown). These data indicate that the N-terminal tag
prevents the transport of the protein out of the ER. Media from clones transfected with the
cDNA encoding the C-terminal tagged Hex B (pcDNA--Hisg) contained up to 5-fold higher
levels of Hex activity than did medium from a nontransfected control (Table 1). The level of
Hex activity in transfected cell lysates was similarly increased (Table 1).

Western blot analysis of lysate protein from pcDNA-S-Hisg-transfected cells, and cells
transfected with pEFNEO- S [encoding the unmodified prepro-f-chain (23)] produced
similar levels of immunoreactive bands with M; corresponding to the mature, lysosomal ;-
chain (26 and 28 kDa * an N-linked oligosaccharide) (Figure 2, lanes gand S-His),
indicating that the C-terminal Hisg-fusion enzyme is efficiently transported out of the ER
and targeted to the lysosome (34).

We next attempted to purify the His-tagged wild-type Hex B from cell lysates by Ni2*-NTA
chromatography. The level of Hex activity recovered from cell lysates by this method was
very low, that is, only 2% of Hex activity initially added to the Ni2* column (Table 1). This
result indicated that the His-tag is cleaved when Hex reaches the lysosome. Since high levels
of Hex activity are also secreted from the transfected cells, we attempted to purify the pro-
Hex B-Hisg from the expression medium; 71% of the Hex activity was recovered after
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imidazole elution from the Ni2* column (Table 1). SDS—PAGE followed by Coomassie blue
staining detected a single band corresponding to pro-g8 (65 kDa) polypeptide (Figure 3A).
Western blotting using antihuman Hex B antibody further confirmed the identity of the 65-
kDa polypeptide as the g-subunit of Hex (Figure 3B). In contrast, <0.01% of endogenous
Hex from nontransfected CHO cell lysate or medium was bound and eluted from the Ni2*
column (Table 1).

Biochemical Properties of pro-Hex B and pro-Hex B-Hisg

Since Hex isolated from cell medium is in its precursor form (36), the biochemical
properties of pro-Hex B, as well as pro-Hex B-Hisg needed to be determined and compared
with those of mature Hex B before the effects of any substitution mutation could be
assessed. Pro- and mature forms were purified from the medium and the lysate, respectively,
of Tay—Sachs fibroblasts by CNAG affinity chromatography (30). The specific activity for
MUG of these purified enzymes and that previously reported for the purified human
placental isozyme (30) were all similar (Table 2), as were their apparent K, values (Table 2,
KFigure 4), i.e.,  ~0.7 mM. Taken together, these data demonstrate that the pro-Hex B has
the same kinetic parameters as the mature isozyme and that the C-terminal His-tags in pro-
Hex B have no effect on these parameters. As well, the heat stabilities of the purified
fibroblast pro-Hex B, mature placental Hex B, and the C-terminal His-tagged form of pro-
Hex B were very similar (Table 2). Thus, the His-tag on each subunit does not appear to
affect the stability of the folded dimer.

Examination of the Role of BArg?l! in the Active Site of Hex B

Whereas previous studies indicated that Arg?!1 is an active site residue in Hex B and that it
is probably involved in catalysis (19), molecular modeling from chitobiase predicts that this
residue is only involved in substrate binding. To determine the exact role of gArg?11,
pcDNA-B*-Hisg encoding a Arg?11Lys substitution was transfected into CHO cells. Western
blot verified that lysates from cells transfected with pcDNA-B*-Hisg, like those from cells
transfected with the wild-type S-cDNA, contained the mature (lysosomal) form of mutant
Hex B (Figure 2, lane g*-His). Additionally, like the His-tagged wild-type enzyme (Table 1),
the mature form of the mutant Hex B appears also to have lost the C-terminal Hisg-tag
during its normal proteolytic processing in the lysosome (data not shown). Therefore, mutant
Hex B*-Hisg was purified from the expression medium. The elution from the Ni2* column
was carried out with increasing imidazole concentration. Kinetic parameters for the MUG
substrate were determined (Table 3). Interestingly, the apparent K, value increased with
increasing imidazole concentrations, peaking at >80 mM. The pooled fraction between 80
and 500 mM produced a K, ~8 mM (Figure 4); no further Hex was eluted at higher
concentration. The specific activity of the enzyme in this fraction, using 1.6 mM MUG was
reduced to 0.05% of the wild-type Hex B (Table 2). Accurate K, and Vi values for the
Hex B* eluted at 500 mM could not be assured because of the limited solubility of the MUG
substrate. However, the Vinax/ Km and thus the Aqi/ Ky, ratios were calculated from the initial
velocity slope. Since this ratio represents the rate for the first irreversible step in substrate
hydrolysis, the formation of the internal oxazoline intermediate (C-1 joined to the former
acetamido-oxygen) (37), these data indicate that the wild-type enzyme accomplishes this
step at a rate ~6000-fold greater than that of the mutant (Table 2). These results are
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consistent with the idea that (a) the 80 and 30 mM fractions of enzyme contained increasing
amounts of endogenous as compared to mutant human Hex B; (b) the ~10-fold increase of
Ky in mutant Hex B as compared to wild-type enzyme indicated that Arg?!® is indeed
involved in substrate binding; and (c) additionally, the greatly reduced Agai/ Ky ratio
indicates that Arg2! must also play an important role in catalysis.

To verify that the Arg211Lys substitution in Hex B affects substrate binding as well as
catalysis, the ability of the mutant protein to specifically bind a CNAG affinity minicolumn
was assessed (30). While over 70% of wild-type pro-Hex B-Hisg binds to and can be eluted
from the CNAG column with &-lactone (a strong competitive inhibitor), only 7.4% of mutant
protein bound, consistent with its higher K, for MUG substrate.

Physical Properties of the Wild Type and Mutant Proteins

As a further control the CD spectrum of the nearly inactive mutant, His-tagged pro-Hex B
was compared with that from the wild-type His-tagged pro-Hex B and the mature Hex B
purified from human placenta (Figure 5). No significant differences were detected between
the two His-tagged proteins, indicating that the secondary structures within the protein were
unaffected by the mutation. Small variations in the spectrum were seen in comparing the
tagged, precursor forms with the mature placental Hex B. However, such changes would be
expected from the posttranslational removal of ~18 residues [in the lysosome (36)],
converting the monomeric pro-g-subunit into its mature form of three polypeptide chains
held together by disulfide bonds (38) and the addition of 12 residues comprising the tag.

DISCUSSION

In vitro mutagenesis and mammalian cell expression is now a routine approach to
demonstrating the links between mutations and biochemical causes of human disease. For
Tay—Sachs and Sandhoff disease, all such studies to date have used eukaryotic cells to
express human Hex. This is because in using prokaryotic expression systems, neither the a-
or B-subunits are properly folded in vivo, nor can they be re-folded in vitro into functional
dimers, possibly because of their need of N-linked oligosaccharides. Thus, all previously
reported kinetic data include some contribution from the residual endogenous Hex of the
host cells. Using various enrichment methods, the best results have still been <100/1, signal/
noise ratio (19, 21-23). This ratio is not sufficient to characterize the role of active site
residues where a signal/noise ratio of >6000/1 is often needed (28, 29). To circumvent the
interference from endogenous Hex, we engineered cDNAs encoding a Hisg-tag at either the
N- or C-terminus of Hex B. The C-terminal (Figure 2), but not the N-terminal, Hisg-tagged
Hex B was transported to the lysosome; thus, it passed the quality control system in the ER
indicating that no abnormal folding patterns were introduced into the protein (39, 40).
Consistent with this idea, the heat stability of the pro-Hex B was not affected by the addition
of the His-tag (Table 2). However, the C-terminal His-tag itself is apparently removed in the
lysosome along with other pro-peptides during the normal formation of the mature Hex B
form (36, 38, 41). The rapid loss of the tag is consistent with its being in an exposed position
on the folded, dimeric isozyme. Fortunately, large amounts of human Hex are secreted into
media of transfected cells. Therefore, we were able to purify the human pro-Hex B-Hisg
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from the expression medium by Ni2*-NTA chromatography. A comparison of Hex isolated
from the media of CHO cells transfected with the wild-type pro-Hex B-Hisg and mock
transfected cells indicated a signal-to-noise ratio of ~50,000/1 (Table 1). The
thermostabilities, specific activities (using 1.6 mM MUG), Ky, and A5 for MUG of the
purified pro-Hex B, pro-Hex B-Hisg, and the mature Hex B forms were found to be nearly
identical (Table 2, Figure 4). Consequently, this novel Hex construct makes mutational
analyses of the isozymes’ active site possible.

Our previous data revealed that SArg211 is an active site residue in human Hex B. The very
conservative Arg211Lys substitution as well as (a) Arg2!tHis, (b) Arg2!1Thr, or (c) a double
mutation (Arg2!His and His?12Arg) reversing the wild-type Arg?11His?12 sequence
producing His?11Arg?12 resulted in similar, nearly inactive dimeric Hex B dimers, i.e.,
~0.5% of the specific activity of wild type when expressed in COS cells (19). The
conservative Lys substitution was the only one found to produce no detectable changes in the
intracellular transport and/or stability of the Hex B protein (19). Furthermore, when the
Lys2!1 mutant B-subunit was expressed with the human wild-type a in CHO cells,
heterodimeric Hex A was formed, which was fully functional when assayed with labeled
G2 ganglioside and purified human Gy activator protein (42). These data demonstrate
that the Lys21! substitution mutation has no effect on protein folding and is therefore the best
mutant construct to use in the characterization of the role of Arg2! in the enzyme’s active
site.

In our early studies, we determined that the SArg?1Lys mutant Hex B* dimer produced an
apparent K, of 1.3 £ 0.4, and a specific activity (based on total lysate protein) at Viax
decreased 400-fold (19). It is possible that the kinetic parameters measured previously for
Hex B* were distorted by the presence of a minor contaminant of endogenous COS or CHO
cell Hex and/or a small amount of interspecies dimers, i.e., a Hex B dimer of COSS-
human, co-immunoprecipitated with the mutant human Hex B. This would have the effect
of lowering apparent K, values if the true K, value for the mutant were higher than that of
the wild-type enzyme. This effect would be particularly pronounced if the mutant enzyme
was also severely catalytically impaired. The presence of the His-tag on the mutant, but not
on the contaminating endogenous enzyme, should allow better separation of these activities.
Any untagged CHO Hex B or single-tagged interspecies Hex B would be bound less tightly
to the Ni2* column than would the double-tagged human isozyme. It is therefore significant
that the samples of Hex that eluted at lower (30 and 80 mM) imidazole concentrations
exhibited substantially lower K, values (0.7 and 1.5 mM, respectively) than that eluted at
high (500 mM) imidazole (K, = 8 mM). These earlier fractions presumably therefore
contained endogenous CHO g-subunits, and at least in the 80 mM fraction, a mixture
containing significant amounts of the human BArg?1Lys mutated protein (Table 3).

The apparent K, of 8 mM for MUG obtained with the pure SArg211Lys Hex B (Tables 2
and 3) is approximately 10-fold higher than that of the wild type. Thus Arg?!! plays an
important role in substrate binding, as predicted by the chitobiase model (Figure 1).
However, the ~500-fold reduction in A, also demonstrates that Arg21! must play an even
more important role in catalysis (Table 2, Figure 4). Replacement of the equivalent residue
in Sp-Hex, Arg162, by His yielded a mutant in which the K, was increased 40-fold and the
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specific activity at Vjhax value was decreased by 5-fold relative to wild type (12). Thus in
both cases, significant changes occurred to both A4t and Kpy,; however, the relative
magnitude of these changes differed between the two enzymes.

To further verify the above-described effect of the SArg?11-Lys mutation on the Kp, of
human Hex B, a substrate affinity column was used. We found that only ~7% of the mutant
as compared to ~70% of the wild-type Hex B could be bound and eluted from the column
with a strong competitive inhibitor, &-lactone (10 pg of each were loaded, and the percent
“bound and eluted” was calculated from Lowry protein assays, Table 2).

Three observations concerning the etiology of the G2 gangliosidoses also indicate that it
would be highly unlikely that a mutation whose major effect is on the binding of the
terminal S-GalNAc residue of G2 ganglioside would be the cause of human disease, e.g.,
the classic B1 variant (aArgl78-His) (43). The first is the generally accepted “critical
threshold” hypothesis that indicates that only 5-10% of normal Hex A levels are needed to
prevent ganglioside storage (44). The second observation is that Gy, ganglioside levels are
increased by ~500-fold in the brains of patients with Gy» gangliosidosis (45). Thus, even a
major increase in the K, of Hex A can be compensated for in vivo by the 90-95% of
“spare” Hex A. If this is still not sufficient to prevent storage, for a Hex A with a much
higher K, the continual increase in substrate concentration in the lysosome would result in
increased hydrolysis rates. Finally, the binding of the S-GalNAc residue makes up only a
small portion of the binding strength for Hex A’s true in vivo substrate, the Gy,
ganglioside/Gy, activator protein complex, which includes protein—protein interactions
occurring outside the enzyme’s active site (34). The Kj, for this complex has been estimated

at 0.2 zM (46).

The crystal structure of the Serratia marcescens chitobiase complexed with its substrate
showed that the residue equivalent to SArg?11, c-Arg349, is directly involved in substrate
binding, interacting with both 3C-OH and 4C-OH of the S-GIcNAc residue in the —1 subsite
(the binding site for NAG-A) and thereby apparently docking the substrate in its proper
orientation in the active site (Figure 1). In an apparent contradiction to our experimental data
demonstrating a 500-fold decrease in .y, these authors suggested no role for c-Arg34? in
catalysis (10). However, it is difficult to assign a distinct role based solely upon a single
three-dimensional structure since, although the residue may appear to make good hydrogen
bonds to the substrate in the complex, it is quite possible, in fact quite probable, that the
interactions would be even stronger at the transition state, thereby assisting catalysis. Indeed,
although not directly commented on in the paper, the chitobiase model does support such a
role for c-Arg34? in catalysis. The structure of the chitobiase—substrate complex indicates
that the nonreducing NAG-A (GIcNAC) residue is distorted when bound by c-Arg349, taking
on an apparently energetically unfavorable 4-sofa confirmation, which results in the
glycosidic oxygen being placed closer to the catalytic acid, c-Glu®49 (10). This distortion of
the sugar ring is likely critical to efficient catalysis by c-Glu®40. Distortion of the sugar is
also likely necessary to stabilize the oxazoline intermediate. Additionally, several recent
crystallographic analyses of glycosidases trapped at various stages along the reaction
coordinate diagram have provided evidence for such strengthening of interactions in the
intermediate complex. Of particular interest in this regard are the structures of the Family 13
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glycosyl transferase, cyclodextrin glycosyl transferase in its free enzyme form and trapped
as the Michaelis complex and the covalent glycosyl-enzyme complex (47). Several
interactions with the sugar, including that of a highly conserved Asp bridging the substrate
2- and 3-hydroxyl groups, are seen to tighten along the coordinate. Mutation of this residue
results in severe effects on both A, and Kjy,. Other examples include complexes with the
Family 5 cellulase Cel5A from Bacillus agaradhaerens (48) and with the Family 11 xylanase
from Bacillus circulans (49). Indeed, in this latter case, a highly conserved arginine residue,
Arg12 is found bridging the 2- and 3-hydroxyl group, very reminiscent of the case with the
Family 20 hexosaminidases. Surprisingly, however, mutations at this center only affect
catalytic parameters in a very modest way.

In conclusion, our data demonstrate that the conserved Arg residues in the subunits of
human Hex, aArg!78 and SArg?11, like their aligned counterparts in Streptomyces Hex,
spArg62 play important roles in the enzymes’ active site(s). Furthermore, these functions
are consistent with those predicted for the corresponding c-Arg3? in the chitobiase model.
They include (a) an involvement in the initial, ground-state binding of the substrate, as
suggested by higher mutant K}, values, and (b) the stabilization of the transition state(s)
assisting catalysis, as suggested by lowered mutant A4 values. However, the latter function
appears to be more important for catalysis by the human isozymes than by Streptomyces
Hex. It will be interesting to see crystallographic data on complexes of enzymes from this
family with both analogues of the oxazoline intermediate and of the transition state to find
out how these tighter interactions are affected.
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Figure 1.
Residues of the active site of chitobiase (10) (residue numbering as -#), with the proposed

aligning residues from S. plicatus Hex (residue numbering as Sp-number) and the human
Hex S-subunit (residue numbering as, S-number), are shown binding to NAG-A of
chitobiose (V,V -diacetylchitobiose); darker structure shows both the NAG-A and NAG-B
components. Figure was adapted from Mark et al. (12).
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Figure 2.
Western blot analysis using an antihuman Hex B 1gG of lysates from mock-transfected CHO

cells (CHO) or CHO cells transfected with pEFNEO-2, encoding wild-type prepro-g-chains
(B); pcDNA-B-Hisg, encoding a C-terminal His-tagged form of prepro-g-chains (8-His); or
pcDNA-His-8*, encoding a SArg211-Lys substitution C-terminal His-tagged form of prepro-
B-chains (B*-His). Each lysate sample analyzed contains an equal amount of total protein
(20 1g). The positions of bands corresponding to the pro-8- (65 kDa) and mature B-chains
are indicated on the right. Protein standards are shown on the left.
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Coomassie blue staining (A) and Western blot (B) detection of purified proteins isolated
from the serum-free medium of untransfected CHO cells (CHO) or CHO cells transfected
with pcDNA-His-g, encoding the C-terminal His-tagged prepro-g-chain (8-His); pcDNA-
His-B*, encoding a Arg21Lys substitution C-terminal His-tagged prepro-g-chain (8*-His);

or cells transfected with pEFNEO- g, encoding the wild-type prepro-S-chain (8). The

purification of Hex for the former three (lanes CHO, $-His, and B*-His) was carried out
using Ni-NTA column under native conditions, while the untagged pro-Hex B form (lane p)
was purified by CNAG affinity chromatography. The location of M, standards and the pro-g8

are indicated.
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Figure 4.

Kinetic analyses of purified pro-Arg?llLys-Hex B-Hisg, (pro-Hex B*-Hisg) solid triangles
(1600 ng/assay); mature placental Hex B, solid squares (0.8 ng/assay); pro-Hex B, solid
diamonds (0.7 ng/assay); and pro-Hex B-Hisg, solid circles (0.5 ng/assay). Actual
experimental data points are plotted with the computer-generated best-fit curves overlaying
them. R values were all = 0.996. The K and Viax (not normalized for the amount of g

protein used) values determined from each plot are given in Table 2.
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CD spectra (nM vs Q, molar ellipticity x1073) of two forms of pro-Hex B-Hisg-tagged, wild
type and mutant (B*), as compared with mature Hex B purified from human placenta.
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Table 3

Km Values for the Pro-Hex B-Hisg and Pro-Hex B*-Hisg (Arg211Lys) Forms of Hex B Elution at the Various

Imidazole Concentrations from a Ni2*-NTA Column?

Km®

imidazole® (mM)  pro-Hex B-His;  pro-Hex B*-Hiss

0 0.65+0.08 0.65+0.10
30 0.70+£0.10 0.68 +0.07
80 0.68 +0.09 1.52+0.12

500 0.66 +0.07 -gd

aThe enzymes were expressed in transfected CHO cells and isolated from the media.
b_ .o .
Eluting imidazole concentrations.

c . ) . . .
Km values are expressed in mM MUG, + the standard error as calculated from the best-fit curve based on the Michaelis—Menten equation (R
values were all 0.998).

d. -
The accuracy of the Km value could not be ensured due to low solubility of MUG substrate.
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